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PREFACE 

It is customary for the proceedings of a workshop such as this one to 
include a summary of the conclusion.-,. In this case, a letter from the 
chairman, Burton Richter, was sent to Dr. Greg Canavan a few weeks after 
the conference ended. This lc-.-ter was the cover for a summary based on 
the preliminary reports of the subsection chairmen, which, owing to the 
press of time, I put together without consulting the other members of the 
organizing committee. These documents became the real record of the con
ference and thus are reproduced here as the summary reports. To reduce 
redundancy, the preliminary reports of the subsection chairmen have been 
replaced by their final reports. 

Many people contributed to the success of the workshop, but special 
recognition is due for the cooperation of the subsection chairmen, and for 
the support provided by Judy Zelver and the rest of the secretarial staff 
of the Accelerator and Fusion Research Division of LBL. Also, thanks are 
due to those who attended from accelerator laboratories outside the US. 
Their participation was essential to fulfilling the goals of the confer
ence. My cochairman, Terry Godlove, joins me in expressing our apprecia
tion to all of the alove, and to everyone e'se who participated in the 
study session. 

Bill Herrmannsfeldt 
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?/ November 1^79 

Dr. G. Canavan 
Office of Inertial Fusion 
Department of Energy 
Washington, D.C. 20545 

Dear Greg: 

I am enclosing a summary of th-_ work of the Heavy Ion Accelerator 
Study Session which was held under the auspices of your office 
October 29, to November 9, in Berkeley. This summary was prepared by 
W.B. Herrmannsfeldt, who was chairman of the Organizing Committee of 
the Conference, from the reports of the heads of the various working 
groups at the Conference. This meeting was organized to bring together 
members of the world community of accelerator physicists to examine 
potential problem areas in the design of heavy ion drivers for inertial 
fusion. It is gratifying to note that these experts found no fatal 
flaws in the heavy ion drivers but, as you might expect, they aid find 
some matters which needed further theoretical as well as experimental 
work. 

After the formal end of this study session, I convened i meeting 
of some of the participants to discuss what they thought needed doing 
in the light of the work in the study session. Their first conclusion 
was that the pellet designers had gone too far in lowering the beam energy 
for heavy ion drivers to 5 GeV. This low energy makes space charge 
problems i i these drivers much more severe than the old 20 GeV case. A 
good compromise for both the pellet design and the driver design will 
probably be about 10 GeV. The pellet designers should specify the energy, 
peak power, and beam radius required for a 10 GeV driver ana the 
accelerator designers should then carry out new reference designs for 
the required systems. The next workshop in this series should concentrate 
on the review of these reference designs. 

Four areas which needed more work were identified in this study. 
These are 1) final transport in vacuum with space charge; 2) longitudinal 
stability in induction linacs with emphasis on wave form tolerances; 
3) longitudinal stability in storage rings; 4) longitudinal-transverse 
coupling in induction linacs which operate in an unusual mode with many 
transverse and few longitudinal oscillations during acceleration. 





HEAVY ION ACCELERATOR STUDY SESSION 
W.B. Herrmannsfeldt 

Stanford Linear Accelerator Center 

Objective 
To study the physics of high-intens'ty 

heavy-ion accelerators to assess their promise 
as ignitor systems for inertially confined 
fusion. 

Participation 
Approximately one hundred accelerator 

scientists participated in the study session 
held at the Claremont Hotel, Oakland, California 
for two weeks during the period October ?9 to 
November 9, 1979. 

Organization 
The study session was jointly soonsored by 

the Office of Inertial Fusion, (OIF) U.S. 
Department of Energy and the Lawrence Berkeley 
Laboratory, (LBL). The chairman of the 
conference was Professor Burton Richter, 
Stanford Linear Accelerator Center (SLAC). The 
organizing committee was chaired by W.B. 
Herrmannsfeldt, SLAC, and T. Godlove, OIF. 
Other members of the organizing committee were: 
A. Maschke and E. Courant, BNL, R. Martin and 
T. Khoe, ANL, and D. Keefe and L. S.nith, LBL. 

The study was divided into five working 
groups with attendees participating in one or 
more of these according to their specific 
interests and areas of specialization. Chairmen 
for these groups were chosen from among the 
attendees who were not part of one of the funded 
OIF heavy-ion fusion (HIF) programs. (More than 
half of the attendees were from programs other 
than HIF, including universities, foreign 
countries, high-energy physics, etc.) The 
working groups and their cochairmen were: 

Low-beta Accelera'ors: R. Jameson, LASL and 
P. Lapostolle, France. 

(Beta refers to the velocity in units of the 
velocity of 1ight, v/c.) 

Linear Accelerators: S. Penner and M. 
Wilson, both NBS. 

Storage Rings: L. Teng, FNAL, E. Courant, 
BNL, and N. M. King, Great Britain. 

Final Transport in Vacuum: A. Garren, LBL 
and I. Hofmann, West Germany. 

Final Transport in Gas: C. Olson, SLA. 

Background 
This was the fourth in the series ot annual 

workshops held to study thp subject of heavy ion 
accelerator drivers for inertial fuiion. Since 
the status of the field has changed rapidly 
during this period, the purpose and style of 
each of these sessions nas also changed. 

The first Claremont meeting, held in the 
same hotel ir, 1976, actually preceded formal 
funding for accelerator laboratories for HIF. 
This study was held to test f,e validity of 
early claims by proponents that HIF was in fact 
feasible, and to identify the most promising 
techniques and most critical questions. 

The second workshop, held at BNL in 1977, 
sa*v a multitude of proposed systems and 
subsystems Deing sorted out to enab > the 
community to better concentrate nn comparable 
approaches. Some of the theoretical studies, 
such as the space charge limits for beam 
transport, began to show some progress. 

The third workshop, held at ANL in 1978, 
resulted in over 400 pages of technical 
proceedings complete with a comparative 
evaluation of the complete driver systems 
proposed by each of tne three major centers; 
ANL, BNL and LBL. During this workshop, one of 
the systems, that using synchrotrons as the 
principal elem-nt for increasing tne total 
energy in the beam, was more or less dropped 
leaving two main line approaches: 1; a 
conventional rf accelerator with a system of 
storage rings for current multiplication, and 
2) a single-pass linear induction accelerator 



2 
propelling a single high intensity bunch of ions 
using waveform shaping to compress the bunch and 
increase the current. Both approaches require 
the use of a system of pulsed induction modules 
followed by a system of tranport magnets 
extending over a distance sufficient to allow 
the beam to ba 11istically compress 
longitudinally to achieve the peak pulse power 
needed to ignite a fusion pellet. 

It should be noted that the synchrotron 
approach, which was dropped at least partially 
because of the limited funding and manpower 
available to study it, has continued to be 
studied by two Japanese laboratories which were 
represented by three attendees at this year's 
workshop. 

Finally, the 1979 study was convened with 
the express purpose of looking carefully at the 
physics questions (as opposed to questions of 
systems, pellets, economics, etc.) posed by the 
two mam-line approaches. These questions were 
t'j be formulated and examined particularly in 
tne iIant of recent experiences with other new 
accelerator systems such as storage rings for 
hign-energy pnvsics and induction accelerators 
for weapons-related activities. The majority of 
attendees, and all of the cnairmen of tne 
working groups, were from such outside groups, 
and many had not attended any of the previous 
workshops. A brief discussion of target 
parameters and the results of recent theoretical 
work in pellet design wa presented by way of an 
introduction for new workers. A significant 
change in beam requirements was identified by 
R. Bangerter, L L L , wno presented tne following 
table of target beam parameters: 

Case 
Beam energy 1 MJ 3 MJ 10 MJ 
Peak power 100 TW 150 TW 300 TW 
Kinetic energy 5 GeV 10 Gel/ 10 GeV 
Spot radius 1 mm 2.5 mm 3 mm 
Pulse length (total) 20 ns 40 ns 70 ns 
Pulse length (peak) 5 ns 16 ns 20 ns 

Ions at or above A = 200 atomic mass are 
assumed. Comparison with data given tc previous 
workshops shows that, while the multimegajoule 
cases continue to be favored as higher-
confidence for achieving useful gain, the 
kinetic energy allowed for the ion beams has 
decreased. This requires a corresponding 
increase in beam intensity, although some growth 
(about a factor of two) has occured in spot 
radius and peak pulse length. Qualitatively, of 
course, increased intensity adds to the 
difficulty or" achieving the necessary beam 
parameters while increasing the spot size and 
the peak pulse length increases the permitted 
six-dimensional beam emittance, thus easing the 
requirements. Paradoxically, increases in beam 
energy and kinetic energy tend to make the 
accelerator parameters some, at less stringent. 
This is because it is easier to contain and 
transport a higher energy beam in which 
overcoming collective (space charge) forces 
requires a relatively smaller fraction of the 
total force needed for confinement. 

Technical questions 
A representative lisv. of specific technical 

questions was defined by the organizing 
commi ttee: 

(1) For low-beta and rf linacs: 
a) Preservation of emittance during 

combining of beamlets. 
b) Coherent instabilities in the main 

accelerator. 

(2) For induction 1 .nacs: 
a) High current injector systems. 
b) Coherent instabilities, botn transverse 

and longi .udina I. 
c) Waveform tolerances and jitter. 

(3) For storage rings: 
a) Injection requiring debunching and 

stacking. 
b) Rebunching in the ring. 
c) Coherent effects, both transverse and 

longitudinal. 
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d) Vacuum requirements. 
e) Charge exchange. 
f) Extraction. 
g) Cooling techniques, if useful. 

(4) Final Transport, vacuum: 
a) Longitudinal pulse compression. 
b) Geometric aberrations. 
c) Chromatic aberrations. 
d) Beam splitting. 
e) Coherent effects. 

(5) Final transport, gas (may be required in a 
power reactor): 
a) Charge and current neutralization. 
b) Two-stream instability. 
c) Availability of "windows" for beam 

transport, i.e., ranges of pressure in 
which beam transport and reactor 
first-wall protection are compatible. 

Test Beds 
The two largest DOE laboratory programs in 

H1F, AMI and LBL, have each developed proposals 
to design and construct accelerator systems, 
called Test Beds, to demonstrate the principal 
parameters and components needed to construct a 
full-scale prototype driver. The test beds 
would be far too small and too low in energy to 
be useful as pellet drivers, but should serve to 
provide for the testing of components and 
verification of theoretical stability 
calculations. The study session did not have 
time to assess jdquately the degreee to which 
the proposed test beds would fulfill these 
requirements, but did establish some specific 
questions which the test beds should be designed 
to answer. 

'working Group Summaries 
At the end of the study session the meeting 

site was shifted to the LBL auditorium to allow 
unlimited attendance by interested scientists 
who "nad not been able to participate in the 
worl'Shcp. The reports began with a summary of 
the target parameters described above. Then the 

workirq groups reported their findings starting 
with the final transport groups and working 
backwards. 

(1) Final transport in gas: The group 
considered possible reactor scenarios to test 
the compatibility of the reactor environment 
(diameter and kind and pressure of gas) with the 
problem of transporting the beam to the target. 
The presently favored design concept, using 
either a lithium fall or a lithium wetted wall 
operating at about 375"C, would have a pressure 

-4 -3 / in the ranqe 10 to 10 Torr. (This 
temperature is about the same as the operating 
temperature for light water reactors.) The 
group found that transport at pressures up to 
about 10" Torr for a reactor radius of five 
meters would be suffciently unaffected by the 
two-stream instability to be effectively 
stable. The 0.1 to 1.0 Ton- "window" that had 
been defined earlier (assuming ^ noble gas to 
provide reactor front wall protection) appears 
to be closing off with the lower kinetic 
energies called for (5-10 GeV). A practical 
problem with this scenario is the difficulty of 
pumping a noble gas well enough to .voir beam 
loss due to stripping in the last focu'.ing 
magnet, "he pinch mode, similar to that 
required for light ion beam fusion, still 
appears to be a possible transport mode. The 
most promising conclusion, however, is that the 
newly found window, coinciding with the 
parameters of the li? id lithium reactor 
scenario, provide; a final beam transport 
scenario consistent with the favored reactor 
system. 

(2) Final transport in vacuum: The 
transport line from the accelerator and/or 
storage ring to the reactor i., evacuated. The 
problem of stable transport in this system is 
complicated by the face that the bean, is rabidly 
compressina longitudinally, thus causing the 
current to be continuously increasing. The 
approach used by the working group was to design 
the best possible system without space charge 
and then to modify the solution assuming uniform 
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charge density in both the transverse and 
longitudinal directions. The designs resulting 
from this approach would then be tested using 
the numercial simulation methods developed for 
the space charge limited transport studies by 
Haber, Penner, Laslett, etc. These simulations, 
which were beyond the capabilities of the 
workshop during the limited time available, 
would account for the nonuniform space charge 
distribution. An example beam line was designed 
by K. Brown and J. Peterson during the study. 
It consists of three one-half wave modules and 
includes sextupole magnets for chromatic 
correction. Second order calculations yielded 
85 transmission onto a 4 mm diameter target 
with 3 momentum spread. The relatively large 
momentum spread permits higher currents to be 
transported below instability thresholds, and is 
a significant parameter for all the preceding 
parts of an accelerator system. The principal 
effect of including space cnarge was to increase 
the maximum beam radius from 25 to 36 cm. In 
spite of the promising result given above, there 
was concern expressed in the summary that 
chromatic correction schemes may in practice do 
more harm than good, and that momentum spreads 
should be limited to * 1 . The final transport 
group also issued a call for an intensified 
program of numerical calculation for the full 
simulation of these transport system. 

(3) Storage Rings: The working group on 
the storage rings developed parameter sets for 
each of the three target cas^s. The special 
situations considered include: 

a) Stacking at injection, with resulting 
emittance dilution, 

b) Bunch compression in the ring prior to 
extraction, 

c) Losses due to charge exchange collisions, 
d) Current limitations imposed by coherent 

longitudinal effects. 

Among the more significant conclusions was 
the finding that injection and ejection elements 
must be carefully protected against significant 

beam loss. The workshop resulted in a more 
intensified look at problems of coherent 
longitudinal instabilities. The thresholds for 
such instabilities were used to define the 
maximum currents to be stored. The limitations 
are acceptable if the coupling impedance can be 
limited to - 25 ohms per mode. Even if this 
should be difficult, the growth times for the 
instabilities may be longer than the necessary 
storage time. The spokesman for the working 
group called for intensified efforts to 
determine charge exchange cross sections o f ions 
suitable for the HIF application. One rati.er 
high cross section for cesium was reported from 
the University of Belfast by the delegates from 
Great Britain. There was also a call for 
intensified studies of the coherent longitudinal 
effects and the structure impedances that can 
drive longitudinal instabilities. The summary 
concluded that there are important and 
fascinating problems but "no insuperable 
obstacles" were found. 

(4) Linacs: The linac working group 
considered both rf linacs and induction linacs. 

RF linacs: The problem of merging beams by 
frequency multiplying, and the resultant 
emittance dilution, attracted the most 
attention. Numerical methods exist to treat 
these problems and need to be applied. 
Impedance effects and possible resulting 
instabilities need further study. The working 
group reported their concensus that transverse 
blowup is not to be expected and longitudinal 
blowup is unlikely but need to be calculated. 

The induction linac presents a very 
different, and in some ways, a simpler case than 
the rf linac. However, because there is so 
little relevant experience, there are more 
questions remaining than for the rf case. Most 
of these questions deal with longitudinal 
stability; the use of feedback control, waveform 
tolerances, behavior of the bunch ends, etc. 
Transverse dynamics, at least in the absence of 
transverse-longitudinal coupling, appears to be 
in good theoretical shape. 



The recommendations of the linac working 
nroup include development of numerical methods 
of treating the problems described above and 
careful diagnostics to ensure useful 
measurement? when beams are available from the 
proposed test bed systems. The conclusions were 
that "no fatal flaws were found and the 
concensus is that there probably aren't any." 

(5) Low-beta accelerators: There are now 
several candidate systems for the low-beta 
accelerator for injection into the rf linac. 
These include, a) conventional high voltage 
injection into a low frequency Wideroe linac. 
b) the rf quadrupole accelerators first 
developed in Russia and now being tested at 
LASL, and c) the arrays of small electrostatic 
quadrupoles, called MEQALAC by A. Maschke of BNL. 
The low-beta working group considered many of 
the same problems faced by the linac group, and 
emerged with essentially the same conclusions 
described above. They ran some comparisons of 
the three systems defined above to check the 
scaling laws reported. They concluded that 
adequate safety margins exist for all 
parameters, although the necessary intensity 
could require some beam scraping. Scraping at 
low energy is quite tolerable and, in the worst 
case, simply requires more branches to the linac 
trees at slight overall increased cost. 

5 
European and Japanese Programs 

The foreign delegates were asked to describe 
their HIF programs during the summary session. 
S. Kawasaki of Karasawa University gave a brief 
discussion of the synchrotron program in Japan 
and discussed energy balance accounting in 
fusion. Since a fusion power plant of the same 
size is expected to be somewhat more expensive 
than a similar fission plant, it. was not 
surprising that the energy balance payoff period 
is similarly longer. 0. Bohne of GSI described 
the German effort. It is presently split 
between GSI, Frankfurt and Garching ind is only 
just beginning to be funded. N.M. King 
described the Drogram in Great Britain. Some 
funds that sre available are earmarked for 
university programs. This permits starting such 
work as the charge exchange cross section work 
described earlier, but makes it difficult to 
begin serious work in a laboratory such as 
Rutherford which could act as a focus of the 
university efforts. John Lawson discussed 
broader international collaborations, either 
among the European states or with independent 
alliances with the U.S. DOE programs. Since the 
classification problems do not directly affect 
the accelerator systems, the heavy ion drivers 
would be ihe ideal vehicle for such colla
borations. 
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SUMMARY OF LOW-g LINAC WORKING GROUP 

R. A. Jameson 

Los Alamos Scientific Laboratory 

and 

P. Lapostolle 

GANIL 
Requirements 

The linac is required to deliver a certain current within a pre
scribed 6-D phase space volume to the storage ring(s). Ion sources 
exist with brightness greater than can be handled by linacs. Adequate 
brightness for the storage rings can be preserved through the linacs if 
the current is shared by multiple linacs at the low-S end, with funnel-
ing to a single linac as beta increases. 

Assumptions 
Quite adequate safety margins can be insured, perhaps at the expense 

of a few extra low-S linac branches, (1) by requiring that the ratio of 
space charge to restoring force be <0.5 in transverse and longitudinal 
phase space, implying a tune shift 0;'ar S5 0.7; (2) by keeping the beam 
loading on the rf system <50% (probably over-restrictive); and (3) by 
realizing that beam scraping can be tolerated to any degree in the low-B 
linac, since no radioactivity is induced. 

Scaling Laws 
Scaling laws for currer.L. limits work very well within the range of 

the assumptions. At the Workshop some scalings pertinent to phase-space 
density and emittance growth under various conditions were compared to 
simulation and experimental results. Further work in this area would be 
useful to clarify design issues and relative merits of various structures. 

Problem Areas 
There appear to be no fundamental problem areas in meeting the low-B 

linac requirements. 
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Emittance dilution must be controlled. The assumptions above 
essentially assure this, at the expense of a linac tree to split up the 
current at the low-6 end. Two modes of operation were proposed by the 
various participants: one where the emittance always remains smaller 
than the machine acceptance even if growth occurs, and another where 
the acceptance is filled and some particles are lost. Further work is 
needed to clarify the trade-offs involved. 

Combining the branches of the linac tree can be done in a variety 
of ways by stacking, funneling and interlacing the beams transversely 
and/or longitudinally. Schemes are possible which keep the emittance 
within the requirements. Nominal allowances for growth should be made 
for some tuning error during operation. Rf deflectors would be required 
for longitudinal interlacing: detailed design and simulation work is 
needed, particularly at the final highest-6 combination sections. 

A detailed simulation combining all elements of a linac tree lias 
not been done - this is easily within the capability of existing codes 
and would quickly answer questions about emittance dilution for proposed 
designs. 

Some further experimental work in determining voltage breakdown 
limits at various frequencies with actual beams would be most helpful 
in eventual performance optimization. 

Wall effects, structure impedance interaction;;, beam loading and 
coherent effects do not appear to be problems within the range of the 
assumptions - at least for conventional structures. New types such as 
the RFQ require scrutiny. The induction linac is a rather independent 
line of approach and much more experimental evidence is needed to arrive 
at level of confidence similar to rf linacs. 

Machine Studies 
Test programs under way at ANL (Dynamitron + independently-phased-

cavities + Wideroes), LBL (long drift-tubes), BNL (multiple-beam-electro
static-focusing linac (MEQALAC)), and LASL (radio-frequency-quadrupole 
(RFQ) structure) seem adequate to provide beam to subsequent stages where 
the problems are harder, and provide options for eventual optimization. 
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Studies on the low-6 accelerators will be very useful in pushing the 
performance to the ultimate levels and understanding effects in detail. 

Computer Simulation 
As stated above, detailed simulation of complete systems should 

resolve most remainirg questions for conservative designs where the 
assumptions are applied. Existing codes have good accuracy and have been 
experimentally verified in terms of what happens to the main 95% or so 
of the beam. 

Simulations can help develop guidelines or formulas for predicting 
emittance growth. 

We used simulation tools at the Workshop to partially test r. new 
code against the PARMILA standard, and to simulate th-1 AMI Wideroe and 
the BNL MEOALAC to check scaling. 

Design of the low-3 sections will benefit from code development (e.g. 
3-D space-charge) when it becomes necessary to optimize system efficiency 
and performance. 

Finally, comparison of simulations with experiments on the linacs 
will push hardest the development of the experimental techniques. 

Furthe_r_ Remarks 
We expand the summary above, prepared immediately after the Workshop, 

with the following rer ~ks. 

Reqniremen t_s an_il_ A_s_sumpt ions 
The assumptions above are very conservative. Even though the economic 

impact of the low-beta section is small in terms of total facility cost, 
there has been and will be interest in optimizing this sect-ion. This would 
involve operating with tune shifts ^0.7, closer to (or even near) the space-
charge limit. I\^ must be_ strongly emphasi zed, however, that the HIF re
quirement is on six dimensional brightness, and the requirement is reason
ably stringent. Few of the designs presented so far have adequately 
considered the overall Drightness requirement. Little is known about 
emittance behavior, except at the limits of zero or saturated current. 
Also, "current limits" mean different things to different authors, and 
the definition being used in a particular case is often not stated. 
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Saturated vs. Unsaturated Operation 
Two asymptotic regions are commonly used in diccussions of linac 

operation: a low-current region where things are essentially linear and 
a high-current region where the linac is saturated. We must carefully 
separate these two extrema from each other and also from the region where 
we usually operate a linac, which usually turns out to be in neither 
asymptotic region. The scaling laws for each of these regions are very 
different from each other, a point that needs to be emphasized. 

Direct comparison between designs running in these two very different 
operating modes, and "scaling" inferences drawn from these comparisons are 
rather too common in the HIF literature to date.' We argue with this method 
of inferring general properties and deciding "best approaches," lather than 
with the results of the particular cases. In other words, such comparisons 
should not be called scaling." 

In the low-current region, single-particle dynamics essentially holds, 
the particle loss is low or zero, and the tune depression is small. Since 
the particle loss is negligible, it is meaningful to talk about a ratio 
of exit to entrance emittance (dilution factor). The brightness of the output 
beam is linear with input current if the input emittance is constant, or 
conversely, if the input brightness is constant, so is the output brightness 
if the machine always operates in the very-low-current mode. Few real 
linacs operate in this region (but the c;--p^rHIIAC ~-y be one of their.). 

In the intermediate region, tune shift is significant and em^ttance 
blow-up is not negligible. Scaling equation?; which account for emittance 
behavior do not exist yet, but particular cases can be investigated quite 
well with computer simulation codes. I_t JLS_ essential that emittance as 
well eas current be considered in system designs. 

Scaling Laws 
"Scaling laws" presented without proper explanation can be confusing, 

if not outright misleading. 
Using linearized equations of motion and assuming ellipsoidal beam 

bunches with uniform charge distribution and no emittance growth, general 
equations result for the transverse and longitudinal beam envelope behavior 

^Including these proceedings. Let the reader beware. 
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in periodic focusing systems with acceleration. These equations, written 
in terms of the forces acting on the particles, are the same for all rf 
linacs. 

The equations may then be rewritten in forms specific to a particular 
type of linac. For example, the rf-quadrupole linac has continuous focus
ing and may be formulated in that manner, or may be represented by an equiv
alent hard-edged q:;ad system. The number of 6>.'s per focusing period has 
a particularly frong influence. 

Certain criteria may then be placed on the linac performance, for 
example on the phase advance per period at zero current, a , or on the phase 
advance with current, o, or on both o and o. 

Further, physical constraints appropriate to a particular type of 
structure or focusing method (e.g. electrostatic or electromagnetic) may 
then be added. Cost constraints, for instance from rf power requirements, 
can also be folded in. 

The resulting equations, and numbers from them, can be extremely con
fusing to someone else, unless the derivation is made very clear. That is 
why we want to emphasize that the basic equations are the same, but perform
ance and physical constraints can change the effect of a parameter drastic
ally . Further, direct comparisons of examples using two different sets of 
assumptions are likely to be misleading. A particularly good elucidation 
of this point is given by Reiser for transport systems. For application 
to linacs, the longitudinal properties must be taken into account simulta
neously, but the concepts are the same. 

It was very apparent at the Workshop that a consistent comparison of 
various low-beta linac types has not been made. By systematically deriving 
relations for different sets of constraints, in the manner of Reiser, rather 
than imposing the constraints a priori and insta.itJy jumping to o nclusions 
and specific designs, we would at least clarify the issues and might even 
find more attractive systems. 

We did check various specific designs currently under consideration, 
and found that the calculated current limits agreed well with computer code 
simulations in which the input current was raised until the output current 
saturated. We also found that the envelope equations, used with a tune shift 
o/o = 0.4, give a value for the saturated transverse output emittance 
which agrees very well with computer simulations. The limit formulas must 
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be applied on the basis of experience gained from the simul.it ions as to the 
point in the machine where the 'bottleneck'' occurs. For example, in the 
I.AS1, RFO, the current limit bottleneck occurs at the end of the gentle 
buncher, where the bunches arc u<->1 t-formod and the rapid acceleration begins. 
In nachines where bunched beams are injected, the current is licited at the 
injection end. 

Having Rained this confidence in the agreement between computer codes 
and the formulae at the current limit, we could, and should, now proceed 
as suggested above to refine our estimates of performance bounds, including 
saturated omittance and current loss. 

The scaling relationships also arc quite accurate and useful at lower 
currents, except that they do not account for omittance growth. Some sys-
tematic numerical experiments have been done" which provide some insight 
into emittance f.rcwth, but there are no useful formulas vet. however, 
meaningful system comparisons could be made by assuming reasonable growth 
factors. In this regime we must also he aware of the ion source brightness 
and how it varies as the current is changed, either by changing the ion 
source parameters or bv various types of scraping. 

F_un_n_eli_n_£ 
Some of the important requirements on funneling schemes were reempha-

sized at the Workshop, in particular the desirability of filling every 
accelerating bucket in each stage. The geometries of the RFi] and V.'ideroe 
structures are particularly suited to accomplishing this, while other 
multi-channel conf igur;. t ions may not be. 

Computer simulation work is needed on the Tunneling regions to design 
suitable transport lines and deflectors and look at possible emittance 
growth. With proper design, it is expected that the funneling sections 
will not degrade the emittance significantiy. Accelerator arrays having 
close-packed beam channels and intrinsic longitudinal phasing (thus 
avoiding flight-path differences in the tunneling transport) are clearly 
preferable. 

At the lowest energy end of the system, there may bo some advantage 
in running in a cur rent-saturated mode, with the consequent beam los.; 
and geometry defined emittance. This might, for example, avoid another 
level in the tree while not compromising the emittance required downstream 

http://simul.it
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by ^n excessive amount. At the funneling points in the tree, the degree 
to which the space charge limit is approached can easily be controlled 
by choosing the appropriate velocity for the transition point. Considera
tion of longitudinal matching will also be important in the funneling 
region. 

Computer Simulation 
We wish to reemphasize our belief that existing rf linac simulation 

codes are quite adequate to proceed with more detailed designs and system 
comparisons. Simulation of induction linacs is less advanced; the problem 
is complicated by the extreme aspect ratio of the beam bunch. 

Experiment vs. Simu1at ion 
It was mentioned in the initial summary above that existing codes 

for rf linacs have been experimentally verified for the main part of the 
beam. It must be said that a spectrum of opinion could be found on this 
point. The above statement is considered reasonable if the modeling is 
done with extreme care, and if physics clearly not in the present simulations, 
like neutralization effects, is also clearly not a factor in the experiment. 
The main particle-tracing codes for rf linacs are six-dimensional and include 
non-linear effects; thus there is general confidence in the physical descrip
tion for the bulk of the beam. A whole host of detailed considerations 
come into any discussion of the entire beam, including fringe particles. 
The main point is there is not a wide body of experimental verification, 
and research accelerators will be very helpful. Development of diagnostic 
techniques is necessary, and the work involved in an overall verification 
program is far from trivial. An area which will be particularly hard to 
measure experimentally, and to simulate properly, is the initial injection 
and beam bunching region, where neutralisation and longitudinal-transverse 
coupling effects will complicate the situC-ion. 
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ANL LOW BETA DEVELOPMENT (PHASE 0) 

J. M. Watson 
Argonne National Laboratory 

Introduction 

The HIF group at Argonne National Laboratory is currently developing the 
initial Accelerator demonstration Facility (ADF) for the rf linac reference 
concepts. This has been dubbed Phase 0 since it is a preliminary step be fore 
our two proposed ADF's which could deposit 10 kJ (Phise I) and 500 kJ (Phase II) 
on target. Phase 0 is a $25 million project over a three-year period. 
Unfortunately, much of the funding expected for this project wcs withdrawn 
from the FY 1980 budget, thereby delaying its completion by a year. 

The basic configuration of Phase 0 is shown in Tig. 1. The iow-beta front 
end consists of a high voltage preaccelerator followed by an array o f 12.5 MHz 
independently-phased linac resonators and Wideroe linacs to accelerate 25 inA 
of Xe 5 to 20 MeV. The beam is then stripped to charqe state +8 ^nd accelerated 
in a 25 MHz Wideroe to 220 MeV. It will be injected into a ring (using the 
Princeton-Penn accelerator magnets) housed in t he ZGS tunnel. The extracted 
beam will be compressed, split into four beams and focussed onto tarqet foils. 

Phase 0 could demonstrate adequate beam quality and intensity throi.^h 
many stages common to a HIF driver: 

Ion source 
Low-beta acceleration 
Charge stripping 
Frequency jump with simulated funncn'r.q 
Multi-turn injection into a storage ring 
Storage ring vacuum and instabilities 
Extraction 
Compression 
Beam splitting 
Final focus 
Energy deposition 
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STRIPPER (Xe" *Xe + 8) AND 
FREQUENCY-TRANSITION MATCHING 

20 MeV WIDEROE (3 TANKS) 
AT 12.5 MHZ (APRIL 1982) 

Fig. 1 ANL Phase 0 

Because we are trying to demonstrate accelerator technology at many stages in 
a short time, it is important that we develop and extend upon the techniques 
which have a reasonable probability of early success. To do the storage ring 
and final focus studies we will need a front end which can perform reliably 
over long periods. This has been among our considerations in determining the 
configuration of the accelerator. Even so, the HIF requirements are a 
considerable extrapolation from any existing heavy ion accelerators. The 
development of an ADF will require more extensive computer simulations during 
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its design than has been typical for HEP accelerators. They will also require 
a new generation of diagnostics for the evaluation of the bea.Ti characteristics 
in six-dimensional phase space as it passes through each stage of the facility. 

Prea ccelerator 

There are several advantages to operating the preaccelerator at the 
highest voltage possible. The current limit of the first linac tank is 
substantially increased and the very lowest frequencies and their associated 
frequency jumps are avoided. The high brightness of the source can be best 
maintained with minimal dilution during the difficult initial acceleration 
stage by using electrostatic acceleration with a Pierce geometry as far as 
practical. 

We have chosen an operating voltage of 1.5 MV for our Phase 0 pre
accelerator. We have high confidence that such a machine will be reliable 
for 50 mA operation. At this energy, a linac current limit of 25 mA can 
probably be achieved using conventional magnets. The preaccelerator and 
source have been described in detail elsewhere '''; therefore, I will primarily 
discjss our recent experience and present status. 

The current layout of our injector is shown in Fig. 2. The equipment 
si.own is installed and operational with the exception of the independently-
phased linac cavities C2 and C3. Their construction will be completed in a 
few months. The magnet BMl is used for energy and charge analysis of the beam. 
A Faraday cup has been placed immediate"1.'/ behind the independently-phased 
cavity CI in oir initial operation. The PAPS 1 and PAPS 2 monitors provide 
non-destructive horizontal and vertical profiles of the beam,and the toroids 
Tl and T2 non-destructively measure the current. The accelerating column was 
high voltage conditioned to 1.4 MV and 50 mA Xe beams were reliably 
extracted at 1.3 MV. A pulse length of 100 .isec and a repetition rate of 1/sec 
were typical during these tests. The protective grading rings on the inner 
surface of the accelerating column shell would not hold off the voltages 
involved above 1.4 MV. We also found that the ceramic at the high voltage 
end of the column was experiencing damage due to the overvoltages during 
conditioning sparkdowns. For the former problem, half of the rings were 
modified to increase the spacing. For the latter, a third intermediate 
electrode was added. This reduced the voltage across the last gap from 900 kV 
to 450 kV and spread this reduced transient from a sparkdown over twice as 
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nany insulators; thereby reducing overvoltages by a factor of four. We have 
::;ince conditioned to 1.1 MV with much less sparking and have experienced no 
additional damage. The present tests are being carried out at 1 M^V until a 
new outer shell has been fabricated. At that time, it will be conditioned a' 
high as possible. 

PREACCELERATOR 
1.5 MeV 

Fi.i-JSSING , 
QUADRUPOLES ' Q 0 2 

LQDJ 

12.5 MHr BUNCHER 

LOW-BETA J 
LINAC J C 2 

C 3 

F i q . 2 

ANL Injector 
Test Facility 

At this time we are tuning the beam line and column electrostatics to 
minimize beam losses through the rf buncher and first accelerating cavity. 
Bunching factors greater than 4 have been measured at Cl at 1 MeV. In fact, 
this provides a fairly clean resolution of the various xenon isotopes 
(approximately 15 nsec/amu) when using gas which has the natural abundances. 
Once the beam is transported cleanly through this section, the transverse 
omittances will be measured. Beam scraping on the vac.'u^ L-ipe has been seen 
to cause time-varying beam parameters (apparently due to ^arti',' neutralization 
developing) and forward directed electrons which are :iore intense than the 
lost ion beam. The expected normalized transverse emittances out of the 
preaccelerator at 1.5 MeV are 0.03 cm-mrad. 
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Low Beta Linac 

The low beta linac consists of three independently-phased short resonators 
followed by 12.5 MHz Wideroe linacs. The independently-phased cavities are 
in essentially a TT/5TT configuration. These are expected to transport 25 mA 
of Xe ' to 2.3 MeV. The th ree Wideroe tanks which are TI/3TT, TT/3IT, and TT/TT 
will accelerate the beam to 22 MeV. A detailed description of this system is 
available elsewhere". The three independently-phased cavities and first 
Wideroe tank are sketched in Fig. 3. The first independently-phased cavity 
(CI) IF. installed and operational. The next two will be completed in a few 
months. Construction of the first Wideroe tank has just begun; however, its 
completion will require more funding than is available in our FY 1980 budget. 

- C A P . L O i O i . o C A v i r y 

ONUM LOADED CAVITY 

£cc«a &<? 
3 0 CAP 

DOUBLE STU3 

WIOEFlOE 

CCftl 

mm&Mi&l 8.9 « « V 
OUT 

1 M 

Fig. 3 30 Gap II/3TT Double Stub Wideroe (Tank No. 1) and 
Independently-Phased Cavity Linac: 1.5 MeV to 8.84 MeV 

The 'ise of independently-phased cavit ies provides a great deal of 
f l e x i b i l i t y in at ta in ing the in ject ion requirements for the Wideroe ^nac. 
They can make up varying deficiencies in the preaccelerator performance and 
allow optimization of the accelerating gradient for minimal emittance growth. 
With the TT/5TT configuration adequate focussing is available to transport the 
25 mA beam. 
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A Wideroe linac is the only low-velocity structure with operational 
experience with heavy ions (albeit at low currents). After considering 
Widerb>'<: with electreostatic focussing and RFO's, it is evident that the 
structure with the highest comidence of performing reliably at present is 
a Wideroe with magnetic focussing. Our experience has been that the relia
bility of electrostatic quadrupoles has been too variable. RFQ's are not 
yet operational; they represent a more uncertain alternative. 

In Phase 0 the beam properties will be measured through the various 
sections of the linac. By comparison with realistic computer simulations, 
the optimal operating conditions for maximum current and minimum emittance 
growth (within reasonable economic constraints) can hopefully be defined. 
Preliminary results of simulations through the first Wideroe tank indicate a 
transverse emittance growth by a factor of three"'. Further studies are now 
in progress to determine if this can be reduced by lower accelerating gradients 
or higher injection c-nergies by using more independently-phased cavities' 
Also, to achieve ?5 mA of Xe ] through the first tank may require "overstuffing" 
with some beam loss. The above mentioned studies will also attempt to minimize 
these losses. 

Convulsions 

The rf linac ADF is getting underway with a high brightness beam of 
50 mA of Xe ' at 1.3 MeV already available. The short independently-phased 
linac cavities are nearing completion and construction of the first Widerb'e 
tank has begun. Because of the stringent current and emittance requirements, 
realistic computer simulations are needed for initial designs of the ADF as 
well as for understanding the performance of each sertioi . The experimental 
measurements will require a new generation of diagnostics which will accurately 
characterize the beam without altering it or being destroyed by it. The low 
beta section of the ADF is a challenge, but now appears solvable with the 
proper mix of simulation and experimental measurements. 
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APPLICATION OF THE RF QUADRUPOLE IN 
LINEAR ACCELERATORS FOR HEAVY ION FUSION* 

T. P. Wangler and R. H. Stokes 
Accelerator Technology Division 
Los Alamos Scientific Laboratory 

Los Alamos, NM 87545 

ABSTRACT 

The rf quadrupole (RFQ) linac structure is pro
posed as an alternative to a system composed of a 
buncher and independently phased cavities in the 
low-velocity acceleration section. Beam dynamics 
simulation studies have demonstrated that with the 
RFQ (1) high transmission and low beam loss are 
possible, (2) it is possible to use a low voltage 
0.25 MV dc injector and still obtain nigh output 
beam ..irrents, (3) the current required from the 
injector is reduced because of the high transmis
sion of the RFQ, and (4) the output omittance ap
pears to be at least comparable to that expected 
from a bunclier and independently phased cavities. 

k>>jp 

INTRODUCTION 
The low-velocity accelerator is an important element in heavy ion drivers 

for inertial confinement fusion. Tt is widely recognized that beam intensity 
limitations and radial emittance growth tend to occur predominantly at low vel
ocities in linear accelerator systems. The characteristics of the RFQ make it 
an attractive alternative approach to other designs that have been proposed. 

1,2 3 One proposal ' is to use a high voltage dc injector to accelerate a heavy-
+1 

ion beam, for example Xe , from the ion source to about 1.5 .-ieV. This is fol
lowed by an rf buncher and several independently phased cavities with magnetic 
quadrupoles between the cavities. At about 2.3 MeV, the Xenon beam is injected 
into a sequence of three Wideroe linacs and accelerated to an energy of about 
20 MeV. This arrangement provides for acceleration jf about 20 to 25 mA of Xe 

3 under current-saturated conditions. It is argued that the high voltage of the 
dc injector is desired in order to obtain a high current limit and a higher 
starting frequency (12.5 MHz) as compared with other possible schemes which use 
a lower voltage injector. In this paper we suggest an alternative approach, 
''Work performed under the auspices of tlie U. S. Department of Energy. 
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which would use the RFQ to accept the injector beam, bunch it and accelerate it 
to a few MeV. A major advantage of the RFQ is that a much lower voltage injec
tor (<2.S0 kV) can be used without lowering the space charge limit. In addition, 
the RFQ has tfie potential for adiabatic bunching, which can result in capture 
efficiencies in excess of 90% and minimal brightness reduction. Furthermore, 

4 as pointed out by Swenson, the RFQ lends itself to array-like configurations 
that can be used to increase the total beam intensity. The bundles from the 
different beam channels in the array can easily be combined so as to interlace 
longitudinally, as is desirable when funnellng prior to a frequency transition. 

The RFQ can operate at lower beta than conventional drift tube linacs 
because the focusing is obtained from the rf electric fields so there is no 
requirement to include magnetic quadrupoles within the small cells. This oppor
tunity to use a linear accelerator at low beta values permits adiabatic bunching 
of the dc beam, resulting in high . pture and transmission efficiencies (>90?). 
Adiabatic bunching is not restricted to low energies in principle, but its ap
plication at higher energies can become very costly in length. Good transmis
sion efficiency implies small beam loss. Reducing the amount of lost beam, and 
keeping the energy of lost particles low, may be important in order to minimize 
potential problems associated with localized heating of components by an intense 
beam. 

RFQ Design 
The l.ASL RFQ design approach has been reported previously."' In the most 

general case, it consists of combining four sections called the radial matching 
section, the sbaper, the gentle buncher and the accelerator section. The adia
batic bunching is done in the shaper and gentle buncher sections. The synchron
ous phase angle is ramped from -90° to its final value at the end of the gentle 
buncher, «•'. the beam reaches its minimum phase extent at this point. For this 
and other reasons the space charge limit typically does not occur for the dc 
beam at the input, but instead occurs at the end of the gentle buncher. In the 
case inhere the focusing force is restricted by the maximum obtainable electric 
field, for a given aperture size the current limit is found to scale approxi
mately as 

I -f E
 2 f 3 A 2 

A s (1) 
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where q and A are the charge state and mass number of the ion, E is the maximum 
surface electric field, Be is the ion velocity at the end of the gentle buncher, 
and X is the rf wavelength. One can also slow that the length of the gentle 
buncher section, for a fixed energy gain ratio within t lie section, scales as 

T « A B 3X L ct — — - — 
1 E

s ( 2 ) 

The length formulas for the shaper and accelerator sections are similar to Kq. 
(2). These formulas show that the current limit increases in proportion to ,•' 

3 but the length increases in proportion to ',• . Thus the advantage ot high energy, 
which raises the current limit, is soon offset by a rapidly increased structure 
length. 

RFQ Linacs for Heavy Ions 
We now present two examples of RFQ linac designs for singly charged Xenon. 

The first demonstrates acceleration under a current-saturated condition, which 
is always accompanied by high beam losses and an output omittance characterized 
by the geometric acceptance of the channel. The output omittance in this case 
is kept small by using a small bore. The second example illustrates accelera
tion under more lightly-loaded conditions where a smaller fraction of the input 
current is lost. 

Both examples contain the three sections mentioned earlier, the shaper, 
the gentle buncher and an accelerator section. The gentle-buncher initial anJ 
final energies were chosen to be 0.25 MeV and 2.5 MeV respectively. These 
choices represent a compromise between good performance for high beam currents 
and overall length. Then the initial energy, where the shaper section begins, 
was chosen to be 0.242 MeV in accordance with our standard design approach. 
A final energy of 5 MeV is arbitrary and could be increased without adding 
greatly to the length. A maximum surface field was assumed to be E = 15 MV/m, 
which we regard as a conservative operating point. 

The computer program that we use to study the RFQ beam dynamics is called 
FARMTEQ (a modified version of PARMILA). For the input we used a zero energy 
spread dc beam, whose initial transverse phase space distribution was generated 
by uniformly filling the volume of a A-dimensional hyper-ellipsoid. The normal
ized input emittances in both x,x' and y,y' phase space, which contain 100% of 
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the beam, were taken to he O.OITT cm-mr. This results in 90% of the input beam 
within 0.0077T cm-mr, and an rms input emittance of 0.0017n cm-mr. 

Table 1 is a summary of the parameters for the two cases. The frequency is 
12.5 MHz and the synchronous phase begins at -90° and ends at -32" in both cases. 
The initial and final vane modulation parameters m. and in are listed. * V is 
the inter vane voltage and r is the average radius parameter, whicii is equal to 

o 
the initial radial aperture. The lengtn 1. for both rases includes a radial 
matching section at the input. An importani difference between linacs 1 and 2 
is the aperture difference as is indicated 'uv r . Notice als" that although 

o 
linac 2 lias a larger voltage than 1 inac 1, it is longer because of its smaller 
vane modulation p. rameter m. 

Table II shows the results for linac 1 at four input beam currents. The 
entries include average input current, t., average output current I , and trans-

i o 
mission efficiency T. The normalized output transverse emittance at the 907 contour is •' ,, and the rms normalized output cmittanec is . Linac 1 is 90 nns 
operated essentially at its saturated current limit of slightly more than 20 mA 
for input current values larger than 30 mA. The apeiture limits the final nor
malized emittance to a relatively small value. The transmission at I = 30 mA 

l 

of 74.7" is still higher than most conventional single gap bundler configura-
t ions. 

Table 1 If shows some results obtained for linac 2 for four input beam cur
rents. The aperture of linac 2 is larger than linac 1 and consequently its 
acceptance is greater. In contrast to linac 1 there is almost no restriction 
caused by tile aperture at 1 . = 30 mA. This results in a high transmission 
(9o.9%) and a larger output emittance (£„.. = 0.031" cm-mr) than for linac 1. As 
the input current increases we observe the expected decrease in transmission. 
For input currents of 40 and r)0 mA, the output current approaches its saturated 
limit at a value greater than 30 mA. 

We see from the linac 1 results that, as might be expected, it is possible 
to obtain a high current beam with a small outpu' omittance at the cost of re
duced transmission. However, linac 2 probably best illustrates the advantages 
of the RFQ. For input currents less than 30 mA it captures and transmits nearly 
all of the injected beam and thereby minimizes any problems associated with beam 
losses. The output transverse emittance \: at 5 MeV obtained from the simula
tion code for I. < 30 mA is consistent with the estimate assumed in design stud-

I 
ies using the beam from the alternative buncher-independentlv phased cavitv 
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system. '-"or linac 2 at I, = 30 mA we caLculati' a two-dimensional output 
brightness of B = 6. 1 A/cm--mr-, where we have defined Llie li r i RII t ness ;b 
B = 2 ] / ' : - ; - . In addition, we have calculated the longitudinal output 
tance at tile 90',' contour and we obtain a value of 0.8V' MeV-deg. 
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TABLE I 

RFQ PARAMETERS 

Li nac 1 

q i 

Ion 132 Xe 

f(MHz) 1? . ? 

W.(MeV) 
t 0.242 

U (MeV) 5.0 

* . ( d e g ) -90 

t f f d e g ) -32 

m . 
i 

1.00 

m f 2.00 

V(MV) 0 .134 

r (cm) 
0 

1 .2? 

L(m) 2.3.3 

1 
n? 

"Xe 
12.5 
0.24 2 
5.0 
-90 
-32 
1.00 
1.48 
0.200 
1.81 
27.1 

TABLE II 
LINAC 1 RESULTS 

r (mA) 
i 

I (mA) o T(%) ' 90 (cm-mr )/r. {cm-m rms 

20 18.8 93 .9 0 .015 0 .0032 

30 22 .4 74 .7 0 .013 0 .0038 

40 ? 2 . 4 56 .1 0 .021 0 .0045 

50 2 1 . 1 42 .2 0 .021 0 .0045 



26 

TABLE I I I 

LINAC 2 RES0LTS 

.(mA) 
1 

I (mA) o T(%) • < i o f c , " r "J AT ( cra-mr) h. rms 
20 19.9 99 .7 0 .027 0 .005^ 

30 2 9 . 1 96 .9 0 .031 0 .0068 

40 33.8 8 4 . 4 0 .037 0 .0077 

50 33 .9 6 7 . 8 0 . 0 4 ] 0 .0085 
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BEAM BRIGHTNESS IK LOW BETA LINACS: A SENSITIVITY STLDY 

R. o. Burke 
Argonne National Laboratory 

and 

R. A. Sacks 
Science Applications, Inc. 

Int rockicL ion 

Heavy ion drivers for inertial confinen:eiH t us ion reactors depend on 
the ability to produce a high intensity, high qua] ilv beam with a minimum 
of in-machine loss. Deterioration of the beam qualitv, which subsequent I v 
leads also to beam loss, tends to occur in the early (low energy) stages of 
the acceleration process, since all nonlinear effects decrease with velocity. 
Accordingly, considerable effort has been investedl_ in studying tin 
various mechanisms of emitt.nice growtn in low energy accelerators. 

The current work does not directly address the specific causes for beam 
deterioration on a fundamental level. Rather, we present the results of a 
numerical study aiTied at gaining an engineering characterization of the 
dependence of the accelerated beam quality and intensity on various parameters 
in the 1inac design, the initial beam configuration, and the initial current. 
A dramatic improvement is observed when injection e> y Is raised, and some 
tentative suggestions are offered for techniques of a^.neving this increase. 

Wideroe Linacs 

Table (1) lists the structures we have investigated and describes their 
pertinent features. All are single tank Wideroe accelerators, operating in 
the ff-3n mode 'ad configured to accelerate Xe ions. They were designed 
using the WIDEROE linac code developed at Lawrence Berkeley Laboratoryu 

in collaboration with GSI. 5 The gap voltages and transit time factors are, 
therefore, electrically consistent with the rf frequency and the drift tube 
table. The only exception to this statement involves the gap asymmetry 
introduced by the TT-37T structure. This effect decreases the transit time 
factor in the gap upstream from a short drift tube and enhances it in the 
downstream gap. In an effort both to assess tiie importance of this effect 
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and to improve comparability with other reports we have deleted the asymmetrv 
from structures 3 and 4. 

Focussing was achieved with a FOl'ODODO scheme. Ouadrupole lenses were 
a constant length for each linac, with the length chosen so that it would fit 
easily within the shortest of the long drift tubes. A physical aperture with 
a 5 cm diameter was included throughout. 

Particle Dynamics Code 

Beam behavior and emittance growth were treated using the PARMILA code 
with slight locai modifications. PARMILA is a 6-1) simulation code which 
traces macroparticle orbits. Ouadrupoles are treated as thick lenses, gaps 
as impulse acceleration, and defocussing thin lenses including longitudinal/ 
transverse coupling and lowest order transverse non1inearities. The effects 
of momentum spread are treated naturally. Space . harge effects are calculated 
from a direct sum of Coulomb interactions witli a linear cutoff to avoid close 
approach singularities. These sums are computed at the midpoint of each drift 
tube, the midpoint of each gap, and the beginning and end points of each 
quadrupole. They are applied as an impulse to the particle momenta. A 
cylindrical aperture is included, and particles whose radii exceed the aperture-
are discarded. 

The emittance to be reported below arc computed from the normalized rms 
formul ae 

= 4 B \u~-WG1 - x')- - oT-"T) Tx r~lry' ]'2 

( i ) 

>-v = 4 p [ ( 7 - y ^ T y ^ ^ T 7 ! 7 - 77~~y) ( y " - - " ^ ) ' ] ' 2 

In Eq. (1), a bar refers to an average over the particles that are successfully 
accelerated. . is the velocity of the -' ' th particle divided by the speed of 
light, while x. and y. are its transverse coordinates. The transverse momenta l l 
are measured bv x.' = 3x./3z = (p )./(p ). and v.'. The factor of 4 is l l x l z L I 
appropriate for a Kapchinskij-Vladimirskij (K.V.) particle distribution8 in 
which the particle coordinates uniformly cover the surface of a four dimension
al hyperellipsoid in transverse phase space. For the runs using a waterbag 
distribution - uniformly filling the interior of that ellipsoid - the computed 
results have been multiplied by 3/2 to permit direct comparison of the results 
with those using the K.V. distribution. 

file:///u~-WG1
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Linac Tuning 

The importance of properly matching the input beam and the linao is well 
established. I'nf ortunatel y, while this concept is well defined lor transport 
lines, the situation in accelerators, especia.ly at low energy, is cons i derail I v 
less clear. The presence of acceleration, which generates momentum spread and 
phase dependent defocuss ing (arte* in the gaps, and results in inevitable 
omittance growth, invalidates the si:-ple ideas of envelope periodicity or 
constant particle phase advances, except as qualitative guides. The topic el 
optimal input beam parameters and quadrupolo settings in the context ot an 
accelerator requires substantial effort on a fundamental level. 

Rather than become enmeshed at this time in an extensive i nvest i jiat i on. 
we have adopted an iterative, heuristic procedure, which we call tuninj:. The 
ba^ic concept is that at approximately the cen'er ^\ the short drill lube 
separating a horizontally focussing region from a deloeussing one. the beam 
prolile (in the x-y plane) should be >•; ,cn l.ir. Furl lie rniorc , the rale ot 
divergence in one direction should match the rate c>f convergence in the other. 
Foi a ,..ri-..i. . . .uisjjert line, the mat'clud In at. .ith - satisfies these 
criteria exactly. 

Our tuning procedure, then, consists i^( adjust i Tie. the quad rupo 1 o strengths 
in equal polarity pairs so that 

Tx ~-~rr = (V -' y r 
(2) 

at the center oi the short drift tube following that p'i r' The initial beam 
parameters are chosen, within the constraint of yielding flv> given initial 
emittanee, to minimize both the early emittanoe growth and the disparitv in 
strength between the two lenses in the first few pairs. 

This procedure, of course, is n_o_t exact in the presence of acceleration. 
The results ootained by following it, however; ( P clearly form a lower bound 
for the obtainable optimum, (2) are sufficiently good in terms of final beam 
brightness to indicate that they are close to that optimum, and i) are 
sufficiently consistent to allow exploration of trends and sensitivitv analysis. 
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Results 

The purpose of our investigation <as to elucidate the variation in the 
obtainable beam quality and intensity as a functicn of injection energy, rf 
frequency, bunch length, energy spread, and initial transverse emittance. The 
results are displayed in Table II. 

The overall trends are quite clt.T. The most striking is the marked 
improvement afforded by injecting at ' MeV rather tha.i 2.3. There are, of 
course, significant difiiculties connected with achieving this injection. 
Increasing the beam brightness by more than a factor of 2, however, can justify 
some trouble. The approach that seems most promising is to extend the output 
energy of the combination of high voltage pre-acce1vrator and independently-
phased rf cavities beyond the 2.3 MeV that is the present goal of the Arg >np.e 
K1K Accelerator Demonstration Program. .he Dynaitu tron is a convenient pnwr 
supply for voltages of 5 MV, and oscillators with adequate power to drive the 
beams under consideration pose no difficulty. The accelerating column for 
total voltages above 1.5 MV pr^'ably should be divided into separate sections 
to block the path of back-streaming secondary particles. By inserting focussing 
lenses between the sections, it should be possible to control the growth of 
emittance tha_ otherwise occurs beyond the voltage where the Pierce condition 
must be abandoned. Making up the difference between the pre-accelerator output 
energy and the desired Wideroe input energy with independently-phased cavities 
also seems to make electrostatic quadrupoles more practical. This is because 
the smaller units are easier to design around the requirements of reliable 
voltage holding that is the larger Wideroe structure. Further modeling cC 

both the electrical and the transport properties of such systems is under way. 

The previously reported improvement associated with increasing the rf 
frequency is verified. Two notes of caution, however, are pertinent to this 
result. First, to obtain focussing in the 25 MHz schemes requires advanced 
technology quadrupole lenses. All 12.5 MHz lin^cs are tuned with a maximum 
magnetic field gradient of 5.5 kG/cm (13.75 kG pole tip field), corresponding 
to more or less standard iron core magnet technology. For the 25 MHz results, 
maximum gradients between 9 and 13 kG/cm are required - necessitating super
conducting quadruples. The second point pertains to the credibility of run 
Number 19, where the high frequency coupled witii tfu low particle energy lead 
to short drift tu e lengths of 1.5 cm at the linac entrance. With the drift 
tube length less than its aperture radius, many of the physical approximations 
made in PARMILA break down. Examples of these suspect approximations are: 
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(1) Assuming the electric fields vanish in the drift tube interii-r. 
(?) Representing the transverse electric field in the gap by tne 

first two terms in the power series of a single Besse] function, 
(3) Modeling the acceleration by an impulse at the gap center. 

The importance of this breakdown to the overall erai11am-e growth has not been 
investigated. 

Dependence on the other parameters investigated is much less Jramatic. 
The theoretically predicted maximum bunch length for Tiagnetic stability of 
± 18° appears to be somewhat conservative and better final beam hiightncss 
can be obtained by filling a 4 25° bucket tn the same average charge density. 
The decrease in final intensity associated witli filling a still longer bucket 
to the same charge density (Run f>) is probably associated with a failure ia 
the tuning procedure as the losses become large. The small extend to which 
decreasing the input emittance improved the final brightness in Run 7 over 
that in Run 2 is consistent with Chasman's results that there is a lower 
bound to the output emittance from a give'i linac. The more sizable improvement 
of Run 16 over Run 15 indicates that at the higher frequency and energy that 
limit has not yet been reached. Finally, the penalty associated with increasing 
the initial energy spread is of about the size that night be expected. 

Conclusion 

The numerical simulation code PARMII.A has been used t" describe and 
quantify the parametric variation of low energy Wideroe accelerators. All 
studies were performed on achievable engineering linac designs. The beam 
tuning procedure, applied consistently throughout, is a faithful operational 
analogue of actual hardware tuning. The striking increase in beam brightness 
achieved by increasing the injection energy motivates further efforts at 
developing advanced pre-injector techniques. One apparertiy achievable 
approach to such a pre-injector is a combination of big1" voltage, multi
section dc acceleration followed by independently-phased rf cavities. Another 
which has received considerable attention recently, is the RFi]'' concept. 
Further modeling work on both of these suggestions is necessary to explore 
and compare their characteristics. 
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Table I. Description of Linacs Studied3 

Energy Energy Quad 
Range Frequency Gradient Number TTF Length 

Linac No. (MeV) (MHz) (MeV/m) of Gaps Description (cm) 

1 2.3+8.8 12.5 1.0 30 Realistic 17.0 
2 5.0+10.3 12.5 1.0 20 Realistic 24.0 
3 5.0+11.4 12.5 1.0 24 Smooth 17.0 
4 5.0+9.0 25.0 0.8 40 Smooth 13.0 
5 5.0+10.3 25.0 1,0 40 Realistic 13.0 
6 2.5+4.83 25.0 0.65 40 Realistic 8.5 

The energy gradient, the average rate of increase in particle energy has been 
held approximately constant. The TTF description refers to whether the 
transit time factor realistically accounts for cell assymetry or artificially 
smooths the effect. 



Table II. Description of Initial and Final Beam Attributes3 

Maximum 

A* AE £ T Distri I o 
Quad 

Gradient *f E X e 
y B Tightness 

Run No. Llnac No. (dag) (MeV/nuc) (cm-mrad) bution (mA) (kG/cm) (mA) (cm-mrad) (cm-mra d) (A/cm2-mr,ulJ1 

1 1 18 5.0*10 .032 W.B. 25 5.5 17.7 .126 .177 . lbl 
2 1 18 5.0*10"'* .032 K.V. 25 5.5 18.9 .107 .113 .317 
3 1 25 3.6*10 - 1 ( .032 K.V. 25 5.5 18.9 .128 .112 .267 
4 1 32 2.81*10"'* .032 • K.V. 25 5.5 16.9 .104 .112 .293 
5 1 25 j.^w"1* .032 K.V. 34.7 5.5 22.8 .121 .110 .349 
6 1 32 2.81*10"'* .032 K.V. 44.4 5.5 1 7.8 .094 .112 .346 
7 1 18 5.0*10~' < .016 K.V. 25 5.5 20.0 .092 .107 .413 
8 1 18 1.5*10~ 3 .032 K.V. 25 5.5 13.4 .109 .099 .254 
9 2 18 s.o*!©-1* .032 K.V. 25 4.1 24.0 .087 .084 .666 , 
10 2 18 s.ono"1* .024 K.V. 25 4.0 ' 24.4 .081 .081 .752 
11 2 25 3.6*10 _ l t .032 K.V. 25 4.2 24.3 .086 .082 .700 
12 2 32 2.81*10" ' .032 K.V. 25 4.2 23.5 .093 .085 .604 
1J 3 18 2.46*10"'' .031 W.B. 25 5.5 23.7 .131 .139 .266 
14 3 18 2.46*10"'* .031 i,'.B. 40 5.5 31.2 .148 .140 .390 
15 4 18 2.46*10""* .031 W.B. 25 9.4 25.0 .053 .056 1.682 
16 4 18 2.46*10"'' .016 W.B. 25 12.0 25.0 .033 .041 3.718 
17 5 18 2.46A-10"11 .032 W.B. 25 10.3 25.0 .058 .063 1.388 
18 5 18 2.46*10"'' .032 W.B. 65 13.0 64.7 .080 .102 1.604 
19 6 18 3.48*10"'* .031 W.B. 25 13.0 25.0 .065 .067 1.163 
aA(|> Is the bunch half length in degrees (always centered on a synchi ronous phase of 32°) . AE is the : energy spre ad in MeV/ 
nuclei in. e Is the lnltia 1 normalized transverse emittanc* i in cm-i nrad. Under distribi jtion, W.B. refers to an ir litial water-x 
bag particle distribution, while K.V. signifies a Kapchinskij-Vladimirskij distribution. The initial and final currents are 
in mA. e and e are the normalized final transverse emittances calculated from F.q. (1). For those runs with water-bag dis
tribution, e„ reie rs to the actual size of the phase space region occupied by the beam, while the factor of 4 in Eq. (1) has 
been replaced by 6. The brightness is 2I/ire e , given on A/cm2 mrad . 
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DESCRIPTION OF THE Ml MEQALAC AND OPERATING RESULTS* 
R. Adams, J. Boruch, A. Bertsche, J. Brodowski, G. Gammel, R. Glasmann, 
J. Keane, A. Maschke, E. Meier, R. Mobley, K. Riker, and R. Sanders 

Brookhaven National Laboratory 

I. Introduction 

MEQALAC stands for Multiple Electrostatic Quadrupole Array Linear 
Accelerator. The first model, Ml, was designed, built, and tested in a three 
month period from July to October, 1979. Within a week of operation a Xenon 
output current of 85% of the calculated space-charge limit was obtained. 

In the following sections we will describe the Ml components and oper
ation, Some of the design choices were made to allow hand-fabrication with 
available tools (principally a table-top lathe and a table-top drill press), 
while others were influenced by the ion source development at hand. The major 
goal was to demonstrate the MEQALAC principle of accelerating multiple beams 
through arrays of strong focussing electrostatic quadrupoles. Xenon was used 
since it demonstrates the principles of a low beta linac as needed for the 
Heavy Ion Fusion program, without the complications of a heavy-metal ion 
source. 

II. Evolution of the MEQALAC Idea 
Our original plan for a heavy ion linac was a single bore Wideroe design 

operating at 2 MHz with a 500 kV Cockroft-Walton injector. (Figure 1.) It 
was realized early in the BNL program that magnetic focussing would be ex
pensive due to the high momentum of heavy ions. Thus our initial design 
featured electrostatic quadrupoles. 

Theoretical analysis of the space-charge limits ("Space-Charge Limits for 
Linear Accelerators"*) revealed no dependence of the current limit due to 
bore size. Moreover it was realized that electrostatic quadrupoles are 
amenable to small bore construction in matrix arrays, and that virtually no 
power is consumed for focussing. The injection energy is low enough to 
dispense with a Cockcroft-Walton entirely. The-e and other benefits of the 
MEQALAC concept are discussed in "MEQALAC; A New Approach to Low Beta 
Acceleration".2 

*kesearch carried out under the auspices of the United States Department of 
Energy under Contract No. EY-76-C-02-0016. 
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Figure 1. 2 MHz push-pull Wideroe showing four d r i f t tubes with e lectrostat ic 
quadrupoles. 
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III. Ml Components 

a. Ml MEOALAC Assembly 
Figure 2 shows the Ml. Table I lists the major machine parameters. The 

discussion in this subsection is intended to give an overview of the machine 
before describing the components in detail. 

TABLE I. Ml MEQALAC PARAMETERS 
Ion Accelerated 
No. of Beams 
Machine Type 
Injection Energy 
Output Energy 
Input ̂ 3/2 
Output/J^/2 
Rf Frequency 
Peak Rf Voltage 
Accelerating Voltage 
Stable Phase Angle 
Nominal Quad Voltages 
Repetition Rate 
Pulse Length 
Pre-Buncher 
Nominal Vacuum 
Gas Feed 
Calculated Avg. Current 

During Pulse - S.C.L. 
Measured Current 

X e + 1 

9 
Wideroe 
15.5-17.3 keV 
71.5-73.3 keV 
1.89 cm 
3.95 cm 
4 MHz 
5 kV 
3.5 kV/gap 
A^sin-1 3.5/5.0 45° 
_+ 2 kV 
10 pps (arc supply ltd) 
500 usee (arc supply ltd) 
(SA/2, 4 MHz, 1-1.5 kV 
lO" 5 torr 
Continuous 
3.3 mA 

2.8 mA 

The Wideroe assembly is suspended in the six inch Varian vacuum pipes 
shown. The ion source, operating at +15.5-17.3 kV t^c, is shielded by the 
screen enclosure and isolated from the metal pipe by a 6 inch diameter x 6 
inch long Pyrex vacuum pipe. The vacuum pump is a Welsh Turbo-Torr 1500 1/sec 
unit and it is mounted below the "cross" vacuum section. The upper port of 
the "cross" 
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Figure 2. Assembled Ml MEQALAC. 
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is used for quadrupole high voltage feedthrus. The forepump sits behind the 
lower left panel with the circular ventilation screen. 

The rf voltage is fed through the bottom of the "tee" section. The 4 MHz 
transmitter and tank circuit resonator are mounted in the far right rack. A 
Faraday cup is held on a rod inserted through a vacuum fitting on a Lucite end 
cover, and bias grid voltage and beam pickup connections are fed through the 
same cover. 

The tall rack enclosure to the left is exclusive to the ion source power 
supplies, controls, and cooling system. The upper section contains the HV 
deck, which holds the arc and filament supplies for the source. The lower 
portion holds the HV supply, an isolation transformer for deck ac power, and a 
freon circulation pump and radiator. The tilted panel has the high voltage 
control knob and a small oscilloscope used to monitor arc current. 

The accelerator has a pre-buncher "tube" or plate. The buncher tank 
circuit resonator is mounted beneath the ion source screen enclosure. The 
buncher rf is fed to the buncher tube through a Covar seal in the Pyrex pipe 
which isolates the ion source. 

b. The Quadrupole - Drift Tube Configuration 
Figure 3 shows the quadrupole array. The poles are made of 5/16 inch 

diameter aluminum, and arranged for nine beams with 5/16 bore diameter. It 
was estimated that a 1% (/V .003 inch) tolerance was needed on the position of 
any pole tip. To accomplish this, the arrays were made on precision fixtures 
(see Figure 4). 1/8 inch precision-ground steel rods are pinned to the frame 
and pole tips in the fixtures, thus avoiding thermal expansion problems had 
they been soldered. The insulators at the corners were made of Rexolite. 

Figure 4 shows the cover plates used to make a complete drift tube. The 
Ml has 8 drift tubes operating at rf potjnt'. •, 7 drift tubes at ground 
potential, and 5 LEET (Low Energy Beam Transport) quadrupole arrays, making 20 
quad arrays in all. The LEBT and ground drift tubes are screwed to the steel 
alignment plate shown in the figure. This plate is hung from the top of the 
vacuum pipe. The rf drift tubes are suspended from 1/4" Rexolite rods which 
run through the side plates attached to the quad arrays as seen in Figure 3. 

Rf connections are made to a copper bus bar which >-uns at the bottom of 
the vacuum pipe. Near the rf bus are two busses for the +_ dc quad voltages 
for the rf quads. The feed lines for these are run through the resonator 
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Figure 3. Nine beam quadrupole array. 
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m ,*. 

Figure 4. Quad arrays, drift tube cover plates, and precision fixtures. 
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coil. There are two busses above the Wideroe for the +_ quad voltages for 
ground drift tubes. The complete assembly is shown in Figure 5. 

The LEBT quads have separate busses and are run from a separate pov/er 
supply. In operation, they run at a lower potential for two reasons: 1) the 
LEBT quads must compensate for any emittance mismatch between the ion source 
and the accelerating section and 2) a small rf defocussing effect in the 
accelerating section is expected. 

The accelerating section has 16 accelerating gaps. The drift tube table 
(Table II) is calculated for 3.5 keV energy gain at each gap. The quadrupole 
lengths are proportional to the velocity of the particle. It follows that the 
same phase advance/cell is maintained by having the same voltage on all of the 
accelerator quadrupoles. Thus the Ml has a power supply which provides _+ quad 
voltage for the accelerating section [ nth extra output connectors to feed the 
rf qucds), and another which supplies _+ voltage for the LEBT quadrupoles. 

TABLE II. DRIf-T TUBE TABLE 

DRIFT ENERGY TRANSIT PARTICLE DRIFT ELECTRODE 
TUBE TIME VELOCITY TUE IE LENGTH 

FACTOR LENGTH 
NO EV M/S CM IN CM IN 

G 0 15500. 151262. _ _ _ _ 
RF 1 19000. 0.913 166126. 1.702 0.670 0.990 0.390 
G 2 22500. 0.926 181192. 1.890 0.744 1.080 0.425 
RF 3 26000. 0.935 195054. 2.063 0.812 1.163 0.458 
G 4 29500. 0.943 20796B. 2.225 0.876 1.240 0.488 
RF 5 33000. 0.949 220108. 2.376 0.936 1.312 0.517 
G 6 36500. 0.953 231600. 2.520 0.992 1.381 0.544 
RF 7 40000. 0.957 242539. 2.657 1.046 1.446 0.569 
G 8 43500. 0.961 253000. 2.788 1.097 1.508 0.594 
RF 9 47000. 0.964 263040. 2.913 1.147 1.568 o.. -
G 10 50500. 0.966 272708. 3.034 1.194 1.626 0.640 
RF 11 54000. 0.968 282041. 3.151 1.240 1.681 0.662 
G 12 57500. 0.970 291073. 3.263 1.28b 1.735 0.683 
RF 13 61000. 0.972 299831. 3.373 1.328 1.787 0.704 
G 14 64500. 0.973 308339. 3.479 1.370 1.838 0.724 
RF 15 68000. 0.975 316617. 3.583 1.411 1.888 0.743 
G 71500. 324683. 

Linac length ) = 41.( 317 + 16 x C 1.375 = 47 .017 err. 
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vacuur tank, the assembly hangs from the plate shown at the 
bottom. 
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c. Ion Source, Match to LEI3T, and Pre-Buncher 
The ion sourc? is a version of the LRL-CTR ion sources (Figures 6 and 7 ) . 

This type of source, with multiple distributee^ filaments in a chamber, 
produces a very q et and uniform plasma. The electron efficiency is low, but 
when operated witr xenon the filaments are long-lived even with cw filament 
operation for the :odest current densities needed. 

Figure 3 shoi. s a spectrum indicating -v 7CK Xe purity. 
Typical opera ing parameters are: 

TABLE III. ION SOURCE PARAMETERS 

Fil volt ge 7.5 Vac 
Fil curr nt 150 amps ac 
Arc current 25A 
Arc voltcge 50V 
Ion curr nt density 25 mA/cn? 

In operation, the filanents and gas run cw, and the arc voltage is 
pulsed. The current density is adjusted from 1-50 mA/cm^ by varying the 
filament power. 

Model studies were made with single channel transport systems (see Figure 
9) for obtaining a good match between the source and the acceptance of the 
channel. The calculated acceptance area of the channel is 40 7r"cm-mrad 
(u n norma 1 i. red), an' the calculated space-charge limit is 3.3 mA of xenon. One 
must fill the acce .ance of the channel uniformly in both einittance planes to 
approach the space :harge limit. 

Previous pm't* 'nee measurempntc with thi c c^.vr" yi^lri^ 25 mA of 
Xe +1 into 10 'Tr'cm- rad at 15.5 keV. Although these measurements were 
performed under space-charge neutral conditions after the extraction gap, it 
is clear that a considerable degree of emittance "spoiling" is necessary to 
fill the transport channel. 

We have found one special solution to this highly non-linear problem 
experimentally. The slits shown in Figure 5 are cut in concave "dimples" of 
1-1/4 inch radius in both the arc cover plate and grounded extraction plate. 
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• 'Jpi: 

Figure 6. Ion source and Pyr^x insulator. 
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The area of the extraction hole is 0.35 cnr, with an aspect ratio of 3:1. 
This gives us a converging beam in the dimension parallel to the slit, and a 
diverging bean in the direction perpendicular to the slit. We adjusted the 
quad channel position for maximum transported current, and obtained 2.4-2.6 mA 
of Xe + when the first quad end was 7/8 inch from the extractor plate. For 
the highest current levels, it was found that the arc voltage should be raised 
to 70-80 volts. 

In this case, the total current emerging from the extractor is ̂ 8 mA, and 
we transport "2.5 mA. We assume that the acceptance of the channel is well 
filled, but this has not been measured todate. 

With a 7/8" gap between the extractor plate and the first LEBT quad, we 
are able to insert a pre-buncher plate of 1/2 inch thick aluminum. This has 
nine 1/2 inch diameter holes and is suspended on the same Rexolite rods. The 
/3/V2 length between the centers of the buncher gaps is 0.75 inch. 

The drift length from the buncher to the first rf gap is 4 inches 
(through five LEBT quad arrays). This drift length is sufficient to give a 
45° phase shift with 1.5 kV buncher voltage. 

The instantaneous bunch current has the same transverse space-charge 
limit as the dc transport limit. Therefore we have competing "bottlenecks" in 
the transport at each end of the LEBT. This was verified in operation of Ml, 
by observing that the ion source could be run from 10-25 niA/cm^ current 
density without changing the output current. 

d. Rf System 
The rf system consists of two major parts; an amplifier and a resonator. 
The amplifier is a 4 MHz, 2 stage, 700 watt linear amplifier with 

broadband interstage coupling. The input rf amplitude range is 0 to 1 volt 
peak, for an output power level from 0 to maximum. The amplifier is 
single-ended throughout with the two output tubes driven in parallel. The 
input stage is operated in a class A mode with control grid modulation to 
compensate for beam loading. The interstage coupling is performed by a 
Tchebycheff filter so that tuning is unnecessary. The final stage tubes 
operate in a class AB^ mode. This stage operates in a stable fashion with 
grid and screen parasitic suppressors but no neutralization. Figure 10 shows 
the rf amplifier with covers removed. In the foreground at the left is the 
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"bucket" because of the increased influence of the space charge. The 2 cm 

limit on the radial excursion does not mean that these results are recovered 

when particles reaching beyond 2 cm along the accelerator are discarded. 

This is because particles which are beyond 2 cm at one point will be within 

this radius further along. The case with a physical stop of a given radius 

will be considered separately. 

The gap defocusing forces will also be reduced by operating with a 

smaller phase angle, although the space charge forces will then be increased 

for a given current due to the reduced phase spread, and the accelerator 

efficiency will suffer if the separatrix length is less than the spread 

allowed by the stability limits. 

In the remainder of this report we discuss these matters in greater 

detail. Section 2 contains a description of the phenomena which limit the 

allowable parameter range for beam and accelerator. In Section 3 we present 

the emittance calculations for some typical beam parameters and the Wideroe 

structure mentioned above. 
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final stage showing the twc 4CX350A tubes, plate choke and dc blocking 
capacitors. The rf plate connection is directed vertically and passes through 
a small duct (not shown) into the resonator compartment normally mounted 
above. The portions of the chassis in the background and those parts not 
visible in Figure 10 are the filament transformer, low voltage plate and bias 
power supplies, and first stage grid modulator PC board. 

The resonator is a three turn coil of 3/4 inch copper tubing with a nine 
inch mean diameter. The amplifier plate connection is made at the first turn 
to give a step-up turns ratio of 1:3, thus providing 5 kV peak rf at the 
accelerating gaps. The unloaded Q of the resonator with the accelerating 
structure connected was measured at 680. The noload or tank and accelerating 
structure losses amount to 300 watts. The remainder cf the Output power is 
beam loading. Figure 11 shows the resonator assembly with the side panel 
removed. The plate tap is clearly visible, passing through ie bottom panel 
from the first turn. The 3rd turn, or top of the coil has a flange to mate 
with a flanged bus from the accelerating structure just below a vacuum window. 
Two RG 58 coaxial cables for +_ DC voltage for the rf quads can be seen 
entering the bottom coil mounting flange. They leave through the top mounting 
flange and thus have rf isolation. From the top of the resonator to ground is 
a 300 pF vacuum capacitor for final stage tuning. Below the tuning capacitor 
is a 1:1000 capacitive divider for monitoring the gap voltage. 

The rf is switc >ed at the oscillator and modulated at the first stage of 
the rf amplifier from timing pulses generated at a master timing panel. 

The buncher is driven by a helical resonator and, in turn, driven by a 
commercially built wideband amplifier. The 4 MHz oscillator also provides the 
low level rf signal that drives the buncher amplifier. A separate rf 
amplitude control is provided, and a phase shifter is included so that the 
relative rf phase between the accelerating gaps and buncher may be tuned. 
Figure 12 is a block diagram of the complete rf system. 

IV. Ml Operating Results 
After running the Ml for several days, all systems were working together 

to produce the results shown in Figures 13-16, under the conditions of Table 
IV. 
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Figure 11. Rf resonator. 
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Full current (nine beans) at Ml output, 0.5 mA/div. vertical and 
50 jsec/div. horizontal. Bunch structure is integrated. 

Figure 14. Single beamlet current showing 4 MHz bunches. 1 nA/div. vertical 
and 50 nsec/div. horizontal. 
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Figure 15. Rf envelope from voltage pickup on resonator. The rf amplitude is 
boosted ^50 Msec before beam-on time, and the subsequent dip is 
due to beam loading. 

Mine Beam Witness Plate, 
after end of MEQALAC. 

Figure 16. Aluminum plate showing bear: irarhs. 
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TABLE IV. OPERATING CONDITIONS 
Source HEQALAC 

Fil Current: 133A LEBT Quads: +1.8 kV 
Arc Current: 29A Linac Quads: +2.25 kV 
Source Voltage: +17.3 kV Rf Voltage: 4.7 kV 

Buncher Voltage: 1.5 kV 
Vacuum: 2 x 10 _5 torr 

Figure 13 shows the output current of all nine beams collected in a 
single Faraday cup with a -300 V biased grid. The signal was terminated in 1 
k A with an integrating capacitor. The peak current is 2.8 mA. There is 
about a 10% rf signal passing the integrator. 

Figure 14 shows the bunch structure in a single beamlet. This signal was 
terminated with 5011. The instantaneous peak current is 2.8 mA. We obtain an 
experime-tal rf filling factor from these two results of 11 _+ IX. This is 
obtained by solving the relationship 

(2.8 mA/beam) x (9 beams) x (fill factor) = 2.8 mA Total Avg Current 
The error quoted is an estimate of several factors including different 

peak currents obtained for individual beamlets, which was probably due to the 
coarseness of the grid bias wires compared to the small beam sizes. 

The theoretical estimate of this filling factor for an optimum MEQALAC is 
13.3".3 This estimate assumes an equality between the longitudinal and 
transverse space-charge limits, and so the 11?, result is a measure of the 
validity of that assumption for the Ml. We suspect that we could improve the 
filling factor with the addition of a 2nd harmonic buncher. 

The theoretical estimate of the space charge limit is 3.3 mA total 
average current. We obtained 2.8 mA, or 85" of that estimate. 

Figure 15 shows the rf envelope and exhibits beam loading. At beam time 
a square wave pulse is added to the grid modulator. The additional rf 
amplitude needed to compensate for beam loading is seen to be "•'15%. This 
model is operating at greater than 30% beam loaded power. 

The operation of the quadrupoles was straightforward and trouble-free. 
We measured 0.2 mA of current drain from the quad supplies during beam time. 
The optimum quad setting for a broad »-ange of MEQALAC design is Vn = 0.115 
vinput' 5 where V-j n p ut is the input accelerating voltage of the 
:on. 
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At Vjnput = i 7- 3 k v » VQ j s ± 2-° k v « 0 u r b e s t results were 
obtained with VQ = +_ 2.25 kV. The theoretical estimate does not take into 
account the effect of rf defocussing. 

An important consequence of the above quad voltage relationship is that 
the focussing channel can be arbitrarily close to the ion source extraction 
gap. That is to say, if the ion source operates without sparking at the 
extractor, then tne channel shouldn't spark either. This is very favorable 
for future MEQALAC development since improvement calls for smaller beams and 
higher ion source current densities. 
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SPACE CHARGE NUMERICAL SIMULATION EXPERIMENTS 

P. M. Lapostolle 
GANIL 

Conments are presented here on the work contained in a CERN report. 

These comments are mainly oriented toward j comparison with the work of 

I Haber. ( b ) 

The CERN work was performed about 10 years ago, at the same tine as 

botn numerical computations and experimental measurements of emif'.ance growth 

in a linac were being carried out, in the hope of contributing to the under

standing of the phenomena or of being the start of some theory. 

1. Focusing System Considered 

FD Focusing: 

is defined by the betatron phase shift per focusing period at zero beam 
intensity (represented by and expressed in radians in the report; 

•i (radians) = • (deqrees). o 
The intensity of space charge is expressed by the dimensionless 

parameter: 
"• I 

mv ' : 

where q is the charge, m is the mass, v is the velocity of the particle, 

\ is the betatron wavelenath and I is the current (in coulombs Der unit o 
time). 

a) Etude numerique d 'ef fets de charge d'espace en focal isat ion periodique, 
by P. M. Lapostol le, CERN report ISR/78-13. 

b) Presented at HIF Workshop, Oct. 29-Nov. 9, 1979, Clarenont Hotel, Oakland, 
CA (See present proceedings). 

,1 
1 

) 
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There is a direct connection between $ and c/o : 

for 6 = 1.5 n / 0 = 0.5, 

for 5 = 2.0 0 I 0 = 0.4 
v ' -o 

(The l a t t e r value is the threshold of the f i r s t Gluckstern mode for a round 

beam, K-V d is t r i bu t ion . ) 

2. Part ic le F i l l i n g at the Input 

In most of the runs, 2,500 macroparticles were used with a random uniform 

d is t r ibu t ion inside a f ixed boundary. 

Such a f ixed boundary only exists for continuous focusing and is then 

defined through a Bessel funct ion. The boundary was approximated in actual 

cases by a properly sized ( f ina l adjustment empir ical) : 

hyperell ipsoid for 5 < 2, 

uniform d is t r ibu t ion in x,y and x 'y ' for 5 - 2. 

r~ 
// f'/W: 

/• m, •'•v. 
1 

In the case, 5 > 2, the potential well in which par t ic les niove is no 

longer paraboloidal, but tends to present a f l a t bottom v/here no restorinq 

'>» 
8 » 2 

5 « 2 
5 = 0 / 

force exists, except on the edges where the force extends over a thickness 
equal to the Debye length. 
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For - = 2, the Debye length is about equal to the bean radius. 

For large , individual particles do not perforn sinusoidal oscillations 

and their frequency spectrum may becone wide. (This was one reason not to 

take, during this work, 7-, as a paraneter but, rather, •, along with the 

fact that it was intended to keep the possibility of considering unequal 

sizes in x and y ) . 

Sone other distributions have been tested: a) KV, to check the stability 

limit (when stable, the 4-D surface immediately become slightly wrinkled due 

to statistical fluctuations, but with a constant thickness), b) Gaussian 

anv. uni forn-gaussian have also been tested to represent the output of a source. 

3. ^ethods of Computation 

Space charge is computed in free space, but assuming a 4-fold symmetry 
(2-fold only in certain cases). 

d i r e c t 10 x 10 box - to - | 
nodes computat ion S+ i n t e r p o l a t i o n 

or I 
FFT (16 x 16 or 32 x 11) ) 

J 

1 

1 
1 

i w>.. 
1 t 

The rec tangu la r mesh i s va r i ab l e (s ized to 1.1 outer p a r t i c l e s ) i n order 

to keep maximum accuracy. (The po ten t i a l on the boundary i s computed from a 

ser ies expansion of the outer p o t e n t i a l : w i t h a rec tangu lar mesh of aspect 

r a t i o l a r o e r than 1 . 1 , a 2-step computation i s performed, the f i r s t i s on a 

square nesh to compute the p o t e n t i a l on a close boundary which would enter 

the c i r c l e of convergence of the expansion. For example, consider the 2 - f o l d 

symmetry case i l l u s t r a t e d here: 
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•4- , 1st step 
! .7 

±-±L 
2nd step 

4. Results 
Detailed results appear in the report quoted (a). Only a summary and 

some remarks are given here: 

• For 90 , even f o r 0.4 
o 

/ ' 0 . 6 , larae en i t t ance increases o 

appear (as f o r KV). (The emit tance leve l reached ind i ca tes an overshoot 

e f f e c t i n t h i s case) . 

i For ••> ' 4n and la rge enough tune depression f , ~ / ' o ' 0 . 4 ) s lower 

increases are seen: the s n a l l e r the tune depress ion, the slower the i nc rease , 

t h t s c a l i e r the •- , the slower the increase (a t l eas t in the cases computed 

and w i t h 4 - f o l d symmetry assumed in the computat ions, on the CERN l i n a c , 

there was some experimental evidence of t h i s e f f e c t ) . 

• For cont inuous f ocus i ng , even w i t h tune depressions as la rge as 95 , no 

d e v i a t i o n f r on the o r i g i n a l d i s t r i b u t i o n was observed (apar t from the 

immediate s t a t i s t i c a l e f f e c t ) . However, no way was found to spec i f y the 

absence of o s c i l l a t i o n s . 

• I t i s mainly the outer par t of the beam which is a f f ec ted by higher 

order space charge e f f e c t s ; the cen t ra l core almost keeps i t s 2-D phase space 

d e n s i t y . (The 4-D is obviously conserved.) 

c I t i s not obvious how to determine from the s imu la t i on experiments 

whether or not a more s tab le d i s t r i b u t i o n e x i s t s . 

A few add i t i ona l t es t s were performed w i t h the s imu la t ion program: 

1 . F i lamenta t ion due to mismatch i n a continuous focus ing system, even 
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for cases with very large space charge, 
2 2 

x • + x = Ct 
mm max 

2 2 y . + y = c t min max 

The above leads, af ter damping has taken place, to an enittance increase. 

(Similar behavior was observed with a non-linear third-order f i e l d and no 

space charge.) 

2. Some early simulation work with non-circular beams which was not 

fol1 owed up: 

Start ing with 'J = « and unequal c , c , i t was found that e and 

<- become equal with the i r sum remaining constant (constant energy). Start ing 

with r, i- n (by a factor of '= 2) nothing v;as seen, neither with equal 

i n i t i a l energies in x and y , nor with equal emittances. (Tfiese runs were 

made when the program was not optimized, interpolations were crude and the 

accuracy was such that small variations were considered i r re levant . 
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LINAC SUMMARY 

S. Penner and M. Wilson 

National Bureau of Standards 

Goals 

To define the problem aroas for both the rf and induction linac scenarios, 

We are not addressing engineering or cost considerations. We also did not 

consider the test beds. 

Scenarios 

Since new target parameters were presented at the beginning of the Work

shop, detailed designs to match these parameters were not available. Thus, 

we did not do a detailed analysis of any specific design. The specific de

signs presented are not optimized. 

Rf Linacs 

The problem is to >"ake the beams available from the ion source and low-B 

systems (analyzed separately) with realistic current and emittance and ac

celerate them to the final energy, meeting the current and emittance require

ments of the storage rings. An example of how this aiight be done is illus

trated below 

low-B 
systems 

to SR's 

1 Alvarez 
200 MHz. 
300 ma 

2,5 MeV 30 MeV 150 MeV 
^ 8 km — 

600 MeV 10 GeV 
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Remarks 

1) Since the beams are merged by frequency multiplying, the normalized 

transverse emittance and the longitudinal emittance per bucket could both, in 

principle, be conserved. In practice, some emittance growth at injection and 

at each merge is anticipated. 

2) The design is based on limiting the space-charge tune depression 

to a conservative 25% (|J > 0.75 )J ) in both transverse and longitudinal space. 

3) The basic design can be varied to meet parameter changes of the 

low-3 section, the storage rings, or target requirements. 

Questions that remain to be answered 

1) Calculate the emittance growth all along the system especially at 

the low-F end and at each merging. Numerical tools for doing this almost 

exist [PARMII.A can correctly predict performance of existing proton linacs 

"for 957, of the beam" and can be applied to heavy ions as well ]. Other work 

reported in these proceedings, by Jorna and Randa treats the problem of 

heavy ion emittance growth and beam envelope behavior with space charge at 

the low energy end of the 1inac, but without merging. 

2) Study the impedance coupling of the beam with the structure. The 

concensus is that t r.insvers.' beam blowup is not expected at these currents, 

and longitudinal blowup is rather unlikely, but must be calculated. 

Induction Linac 

Here one takes a single high-current beam from the injector and low-r 

sections (1 2A @ 2 MV) accelerates it to final energy (~- 10 GeV) in a single 

accelerator (6 - 10 km long). The beam current is kept fairly close to the 

transverse space charge limit (u > 24°, ]i == 60°) throughout the accelerator. 



65 

This implies a gradual compression (shortening) of the beam pulse which is 

accomplished by shaping the accelerating voltage pulses so i_hat the back end 

of the pulse has slightly higher velocity than the front end. Conceptual]y, 

the difference from an rf linac is that a very large accelerating bucket is 

formed instead of many (2 x 10 ) small ones. But in the induction case, the 

shape of the bucket is adjuszed to optimize longitudinal motion, which isn't 

done in the rf case. 

Rema rks 

1) In a sense, this system is "simpler" than the rf case because th"re 

is no need to merge beams from parallel linacs, and there are no storage rings. 

2) High current electron induction linacs provide some technology base, 

but the applications to ions is new so there are new problems. Thus, then-

are more questions that remain to be answered than in the rf case. 

3) The number of synchrotron oscillations in the full length of I he 

machine is of order one. The number of transverse oscillations is of order 

100; very different from the rf case. 

Questions that remain to be answered 

1) Longtudinal dynamics - Optimization of bunch and acceleration profiles 

(A start on this problem is reported by S. Chattoopadhay, et al., in these 

proceedings. Also in these proceedings, M. Foss presents a computer design 

for bunching and acceleration in a high current proton induction linac, 

which might be applied to a heavy ion linac.). 

- Study of tolerances (preliminary work is reported in these proceedings 

in papers by S. Chattoopadhay et a 1, and by A. Faltens). 

- Effect of wall impedance and feedback control of beam (discussed also 

in the paper by A. Faltens, these proceedings). 
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- How do tin- ends of the bunch behave (erode)? (See the paper by 

D. Neuffer, these proceedings for more on this quest inn.1 

2) Transverse dynamics - the understanding of this in the absence of 

coupling to the longitudinal motion is in relatively good shape. 

V) I.onjj i tud inal-_t ransverse coiipl i ng - some of the longitudinal dynamics 

questions can't be adequately addressed without considering the couplings. 

Unlike rf linacs, the large aspect ratio of the beam bunch in an induction 

lin.ii- makes the full (-<) j mens iona 1 particle simulation vei'v difficult. Some-

proposed approaches include: two dimensional (>;-•/.) Simula! ion, "2-'.." 

dimension (K-Z), full 3-D simulation of the beam ends with a simplified 

model for the relatively uniform central 80-90" of I in- beam. 

Recommend at ions 

1) Develop numerical simulation techniques which can describe the lull 

3-D behavior of t lie beams in both rf and induct ion I inac cases. This would 

no; be a single program for all problems. 

2) Study the interaction of the structure with the beam, i.e., beam 

instabilities driven by the beam-structure coupling impedances. The trans

verse effects appear to be negligible, but the longitudinal ones need to he 

caleula ted. 

1) Kxper i men t al verfications <^( the results of theory and numerical 

simulation are needed. The proposed test beds should provide the data fei

nt least some of the effects of interest. Since the numerical work is 

already quite sophisticated, "crude" comparisons with experiment won't help. 

Very good diagnostic tools will have to be developed. 

4) Alternate methods of high current transport, such as charge-neutral 

transport employed in the Pulselac experiments at Sandia Labs, should continue 

to be investigated. 
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Conclus ions 

No fatal flaws in either rf or induction linacs have been iound. Tl 

concensus from preliminary simulation and analytic stiulies is ; li.it tiu're 

probably aren't any, but more work in the areas discussed is needed. 

R c f e r en c_cja 

1. R. J a m e s o n , D. S w e n s o n , l.ASI. P r i v a t e Conii i iunical i o n . 

http://li.it
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COMPUTER DESIGN OF A HIGH CURRENT, 
HIGH ENERGY PROTON LINAC 

M. H. Foss 
ARGONNE NATIONAL LABORATORY 

The accelerator produces enough i JLVM to make the same number of 

neutrons on the average as 0.5 mA of 80C MeV protons. The beam is delivered 

to the target in 200 ns pulses at 50 llz. The results are presented here 

because some of the problems are similar to HTF problems. 

in the Linac discussed here, the current at each point is constant 

throughout the pulse. Figure 1 demonstrates this scheme: A constant current 

is extracted from the ion source for a time dT = 2. This beam passes an 

accelerating gap at D - 0. The velocity profile is adjusted so that the beam 

is bunched. The time required for the beam to pass a point decreases linearly 

from dT = 2 to dT = 0 as the distance gees from 1) = 0 to D = 4. 

In the accelerator, all of the acceleration is done by induction 

cavities. The machine is divided into throe sections: a buncher, a debuncher, 

and a main accelerator. A 7.5A, 2 ms, pulse from a 750 kV preaccelerntor is 

compressed by a factor of 10 in the buncher and debuncher. These 200 ns pulses 

are then accelerated to 565 MeV. 

BUNCHER 

In the buncher, the speed of the leading edge of the bear is kept 

high enough so that the beam current never exceeds 0.2 of the space charge 

limit. When the beam enters a cavity, it is at 0.2 of the space charge limit. 

After acceleration, the beam current is the same, but the space charge limit 

is higher. As the beam drifts to the next cavity, the current increases 

again to 0.2 of the space charge limit. This process is illustrated in Fig. 2. 

The trailing edge of the beam pulse is transported by the same focus

ing structure as the leading edge. This problem has not been studied, but it 

seems reasonable to allow the ions in the trailing edge to have twice the 
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!;;<>::.-.'iiLiHi o f [ b a s e in t h e .1 e a i Lin; e d g e , 'i'] i i ; i s i 1 1 u.-f. r:i • eel i n F i g . 3 . T h e 

f a c t o r of two rmmeuL'.ini s p r e a d i s e s t a b l i s h e d i n t h e f i r s t l e w a c c e l e r a t i n g g a p s . 

A n o n . e l a t i v i s t i o c a l c u l a t i o n g i v e s f o r t h e l e n g t h o l t lie b u n c h e r 

a f t e r t h e s p a c e m a r g e l i m i t ani l ve . loc . i t '* ' p r o f i l e a r e e s t a b l i s h e d . 

: ; -' 2 T v ,f-y 

w h e r e : 

T - the th:;e for I he ion sout.e î .i:;; ic p.e-s. i ;..>,ut at ! in. 
-.pare charge 1 iini! (or free; i en oi flic 1 i-. i I (• in- -red), 

V ' the initial velocity i'i ti." lesdoig -'d '.>.•, . :::c. 

il ;- tiic rat i.o of the t ra i 1 i n - e f-e "v.-.ait!! n i lee • e (.' i n -
edge moment ii">. 

The right-hand S'(!'-, in the case ci •;;.•' '' :•<••, [ ,.• :,•. is K V >•. 

Tiu (unction of the debuneher is te ra ducc tie. "'o,... -nt u'.. sprt..!. . 

"this i-. i i I ust rat I'd in lig. !. Punching I'inil miic, ': • i • t a! a [educing ]'e'. e . 

The beach length is 'Jeai in !•' i ;••,. 'i . I'be lover eio'v,. i • the difference '•:[•: '.-ii 

the arrival time of the leading ed;'e and. the center ol the bea:n p u c e . II,.' 

upper curve is the difference b<_ t .ween the arrival tint- ol the ir.filing cde.e 

and the center. Note that bunching is almost stopp, d in the dobunoaer. 

The bunchor and debnncher might require hard t uhi drivers to aebiovo 

tlie desired wave form. 

Gap voltage, as a function of distance, is : het.n J n bi;;. S. The 

voltage vs. time In the bunc.ber and main accelerator is largely determined 

by the accelerator requirements. However, the cebuueher is .short and its 

function can be achieved with a variety of voltage vs. time curves. Keeping 

this voltage pattern simple is probably an important objective. 

Finally, Vig. 6 shows energy vs. distance. Note that the energies in 

the. buncher and debuno.her are multiplied by 10. Also, in the first few 

cavities, where the velocity profile is established, the maximum niVs/m is 435. 

http://ve.loc.it'*'
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CONCLUSION 

The induction Linac presents an attractive source of protons for a 

pulsed neutron target. The performance could be extended by using some of the 

space charge safety factor in the buncher or by extending the Linac to higher 

energy, thus getting more neutrons per proton. 
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CURRENT, I, AND I/<SPACE CHARGE LIMIT) 
I = AMPS NEEDED TO GIUE NEUTRONS REQUIRED ROR IPHS II 
SPACE CHARGE LIMIT AT INJECTION = 3S AMPS-
ASSUMING: B-1.2 a>, AND EPSH=2.0E-4 (n.rad.> 

PULSE FREQ. ..i y 

_ 1.0 
ION 

200 

!/<SP. CH. LIMIT) 
FIGURE 2 

CURRENT, I 

y. •-' 190 
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BUNCH DURATION US. DISTANCE 
INITIAL BUNCH: 2 wicrosec. 
INTO DEBUHCHER: 0.39 BUNCH INTO ACCEL.: 9.2 

FROM ACCEL.: 0.19 FINAL BUNCH: 0.19 
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FIGURE 4 
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CH'-'ITY VOLTAGES • 'BUMCHER :;• DEBUNCHER VOLTAGE * 10 > 
FOR CLARITY, 30ME CANITIES MAY BE LEFT OUT 
« LEADING EDGE VOLTS 
x CENTRAL VOLTS 
o TRAILING EDGE VOLTS 
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INDUCTION LIHHC FOR IPHS 
FINAL ENERGY: 
TIME TO END: 

LENGTH: 
BHCH.. DEBH.. AC 
BHCH., DEBH., AC 
BHCH., DEBH.. AC 

MAXIMUM HUS-'M: BHCH., DEBH., ACCEL 

CEL. : 
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ELECTRON BEAM EXPERIMENTS AT MARYLAND UNIVERSITY* 

M. A. Brennan, P. Loschialpo, W. Namkung, M. Reiser 
University of Maryland 

.1. D. Lawson " 
Rutherford Laboratory 

1. Introduction 

Plan.'', for an experimental studv of the stahility of intense' electron 

beams in lone, periodic focusing systems were described .at the San Francisco 

Accelerator Conference in February 19/9. At chat time, extensive analytical 

theory on beams with a K.-V distribution had been developed, and goo<i agree

ment with computation had been found." The objective of Ihe experiments is 

to extend our understanding of what happens with more real istic distribution 

fund ions and to nnke comparisons with numerical simulations. Even in the 

absence of instability, it is of Interest to study I he emit lance growth 

assoi iated with aberrations arising from the non-uniform transverse density 

distribution in the beam, and to compare measurements with tin.' result of 

computer s iinulat io is . 

In planning a program of this type, two factors should be emphasized. 

First, the experiment is not intended lo be an exact "scale model" of any 

proposed ion beam system. It is to map in a flexible wa\ the general properties 

ot high space- cLu rge beams as the system parameters ire varied. Second, 

reliable, accurate diagnostics on beams are notor i ous 1 •• difficult to make. 

The lirst stage of the program will concentrate on simple (though not neces

sarily well-understood; configurations so that the familiarity with the 

operational aspects of the apparatus can be obtained and reliable diagnostics 

developed. 

-Work supported by Department of Energy and Computer Science Center, Ll, of Maryland. 
/Based on presentation by J. D. Lawson at. Berkeley workshop. 
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Components of the apparatus and the proposed experimental program will 

now be described. 

The first experiments will be performed using a planar cylindrical Pierce 

gun with cathode diameter 1 era. The perveance k can be varied by adjusting 

the cathode to anode spacing.within the range '?. to I ii-amps/(vo 1 I.) ; this 
2 3 _3 

corresponds to K = 2Nr I ['.- y in the range 7 — 1.5 x 10 . Later, the convergent 

gun described in ref. 1 will be used. 

These guns will be operated in the voltage range 5-10 kV, corresponding 

to currents of a few hundred tnilliamps. Pulses with length of a feî  >is will 

be used, firstly, to avoid space-charge neutralization elfeclr, and secondlv, to 

limit the power dissipation to a reasonable value. This will allow the use 

of grids; the first gun has a gridded anode to reduce aberrations, and it is 

hoped that grids can be used for emittance control. 

3. Characteristics of Beam from Gun. 

The reference beam in all calculations to date has been the unrealizable 

K-V distribution. This preserves linearity in the presence of self-fields 

so that paraxial theory can be used. At. the exit of a well-designed practical 

gun or ion source, the beam density is uniform in space, but the transverse 

•locity distribution is gauss km, with temperature corresponding to the 

cathode or plasma temperature kT. Such a beam cannot be matched, even in a 

uniform focusing system. The velocity spread produces a non-uniform density 

as the beam travels, and this gives rise to a non-linear defocusing force; 

the beam cross section varies in a non-periodic way with z, the distance along 

the axis. For the operating conditions quoted above, the transverse thermal 

velocities are small, and their effects may be masked by aberrations. The 

parameter range of interest includes much higher values of omittance; it is 
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therefore planned to increase this by the use oi g r i d s , as explaiuci 

k. First Experimeuitas. 

In the initial e x p e r i m e n t s , the gun is being mounted in a evlind 

vacuum vessel as shown in I-'ig. 1. Several ports a n available lor l!i 

insertion of diagnostic e q u i p m e n t , vtreiii" wiiulm-s. ele. a •'-. i it' t 

the space-charge spreading from the j'.un v. i 1 I '•• m o aiid io . •:• i • •. 11 . ,. 

with theory. The beam profile will be established bv iu.iriin,' a 

paddle into t IK beam until a small fraci :.-c iabout I • int. i •.•;',,! 

paddle is mounted on a shaft , which can he rotated a-c1 loved ia i i, 

so titat the beam radius can be found as a funet \ •' 

The paddle also has a snail hole at it.-. - : . '-'- m---.-i a-,- : '• 

the beam and measuring-', the- curseiH i nt eta-opt • U , i i n a n a ' u p . '" 

verse nirretil density in t hi' beam fin he determined. !'•. mevinc i s' 

e<lj;e across the beam emerging through | be s-ma I '. ;i,.i, , ,.; ,. a im.ite ,e 

angular spread, and hence the beam emi: t.nu'e, i MI <<• m.,.h 

Ivlien the transverse t ompi r;i I n • < : .-. a g I i g i ! 1 e , the form .0 t " 

charge spread m c curve lor .i u n u o r m a-am i- vi I i 

associated with finite f cimec r.a t u re is approci b I. , 

that the beam radius and deiK.ilv di,tribal ion ..•.!!• 

name r i cu 1 1• •. ("a 1 en 1 a t i ons I . M c . r a n a : ,1 

No lease-- are required ia the i-iea-uiromon I el 

The apparatus is -; imp 11 , ami riaii" ins i rumen I a I • •; li 

eiiiission, the effects of the w •> I i geor-.elr- , pa i t i ' 

residua] g a s , can lie assessed. 

a I,-,-r 

5. l'.mittance Control. 

As indicated above, it is desir.d le to it. i 

some experiments. This can be done with the aid i. 
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a grid of horizontal parallel wires followed by a hypothetical transparent 

conducting plane, as shown in Fig. 2. The grids consist essentially of an 

.irr.iv of "aperture lenses," which deflect the electrons upwards or downwards 

depending on their vertical position. The emittance diagram corresponding 

to an initially parallel beam is shown in the figure. Tf now the transparent 

conducting plane is replaced by i grid of vertical wires, it will act as a 

transparent conducting plane for vertical deflections but as a deflecting 

grid for horizontal deflections; in this case, the grid of horizontal wires 

will act as the transparent screen. The properties of such a grid will be 

measured by placing it in tlie beam and measuring the additional spreading 

produced. It is not clear whether deviations from axial symmetry wilL occur; 

this must be checked. 

6. Second Stage of Experiments. 

Assuming all goes well into the first series of experiments, described 

above, the beam will be fed through a pair of magnetic lenses. By adjusting 

the two lens strengths, it is possible to produce, at a given placi , .) waist 

whose size can be varied. A preliminary design, using the K-V approximation, 

but including the emittance changing grids, lias been established. For a real 

beam, however, the current distribution will be non-uniform. This will be 

measured and compared with numerical simulations. It will be interesting both to 

see how good tiie K-V theory is in predicting the location and rms radius of 

the waist, and also to assess the relative effects of the departure from a 

:'.-*.' ji-;Lr ihutiun and of conventional lens aberra t ions on Lhe form of the waist. 

r. ••• '- i-. -,tage of the experiment has been completed, and experience 

„•;-• ;;.-.•-., :. .- :.i-tics, and the various quirks of the apparatus established, 

-_ - ._• . •• -..'.'. . • i':ar for the study of long beams in long solenoids, inter-

-.;-.- : -.'..•••-•..•."., '.' 'j'ja'Jrupole arrays. In Ref. 1, the emphasis was on 
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interrupted solenoids. it will lie interest inc., however, to measure the beam 

Rehavior in a continuous solenoid, which was discussed above in section 3-

This work will be essentially a continuation of earlier work, for example, bv 

Lawson and Brewer. 

Bv this time also, the convergent Pierce gun should be available. 

Indications are that this raav have a density distribution thai is higher at 

tiie outer radii than at the center, whereas the focused system will probably 

1:.. v higher density in the center. Comparisons between those two different 

distributions should prove interesting. 

7. Status. 

The first gun, together with paddle and Karadav cup, has now heen 

assembled for the first tests. A good vacuum (• 111 lurrl has boeti obtained, 

and ne gun is being activated. 

H. Concluding Remarks. 

It is not possible to foresee in detail how this program will develop. 

The basic approach has been to maintain flexibility and to bleak down the 

problem into a series of casi.lv manageable steps. The initial problem-, to 

be examined are of a genera] nature, and the work is in the same t rail i t ion • s 

a .great deal of experimentation in the late 1'.ISO's on microwav'e tube beams. 

We hope that tiie teciinicpies can later be developed to help answer more spceifii 

quest ions pertaining to heavy ion fusion schemes. 

9. Acknowledgement. 

We look foi jard to the future participation of I. Ilaber of NRL in this 

program. The first calculations on the structure of a spreading beam are 

underway. 

http://casi.lv


82 

10. References. 

1. M. Reiser, W. Namkung, and M. A. Brennan, IEEE Trans. Nucl. Sci. lh_, 
3026 (1979). 

2. L. J. Laslett and Lloyd Smith, as above, p. 3080. 

3. I. Haber, NRL Memorandum Report 3705 (Jan. 1978) and T. Haber and 
A. W. Maschke, NRL Memorandum Report 3787 (May 1978). 

4. J. D. Lawson, J. of Electronics and Control 1_, 43 (1955). 

5. G. R. Brewer, J. Appl. Phys. 3_0, 1022 (1959). 



83 

G / 

inches 
0 5 

x., --

to 
pump 

Fig. 1 Schematic plan diagram of first stage of apparatus, showing 

horizontal and vertical access ports (dotted circles). C = gun, 

P = paddle, K = pinhole, F = Faraday cup. The theoretical bean 
-3 spreading curve for a 7.5 kV, 0.4 amp beam is shown (K - l'.3 - 10 " , E = 0) . 

Fig. 2 Deflecting grid, showing xx' plane emittance before and after grid. 
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EMITTANCE GROWTH IN RF LINACS* 

R. A. Jameson 
Accelerator Technology Division 
Los Alamos Scientific Laboratory 

Los Alamos, MM 87545 

ABSTRACT 

As the space-charge limit is approached, 
the current that can be accelerated in an rf 
linac and the output emittance that can be ex
pected are discussed. The role of the envelope 
equations to estimate limits is outlined. The 
results of numerical experiments to explore 
general properties of emittance growth are given. 

In tli"' study of beam motions through accelerator structures, the useful 
analytical expressions obtained from the transverse and longitudinal envelope 
equations give information on the effects of parameter changes over wide ranges. 
The effect of current is included using a linearized treatment of the space-
charge forces from an ellipsoidal uniformly charged beam bunch. Steady-state 
emittance is included, allowing matched parameters Lo be calculated which pro
vide quite good results in numerical simulations. The current limits found 
from the envelope equations have been found to agree well with the saturated 
output current ohtained in computer runs, which also show that a great deal of 
the input current is lost before saturation is reached. As the current satu
rates, the output emittance also grows to a level defined by the machine 
acceptance. This emittance limit, found from the computer code at the onset 
of saturation, is found to agree well with the emittance calculated using the 
envelope equation at a tune shift of o/a^ = 0.4. 

The envelope equations will not, however, account for the emittance growth 
due to nonlinear forces seen in all real machines, and there is no theory at 
present for these effects. Emittance growth occurs from nonlinearities in the 
rf gaps, space-charge forces, and coupling effects, and would have to be ana
lyzed as a transient problem. A detailed theory is probably impossible, and 
one in convenient form even less probable, but it would be very useful to have 

*Work performed under the auspices of the U. S. Department of Energy. 
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a crude theory which would allow prediction of the size and rate of omittance 
growth under different parameter conditions. 

Lacking any theoretical base for calculating emittance growth, except at 
the saturated limit, our understanding at this point comes from numerical exper
iments, and to a much smaller extent, from actual machines. Emittance growth is 
observed in all operating linacs, but production demands generally preclude 
machine development. It is clear that future high-performance accelerator de
velopment, such as for HIF, will require an understanding of these effects and 
therefore will also require accelerator experiments to be conducted—an exciting 
prospect. 

Computer codes for linear accelerator beam dynamics have been extensively 
developed for over twenty years. The PARMILA code, used at LASL, LBL, and nu
merous other places, is the most complete and versa.ile code in the U. S. It c^n 
treat any type of particle in several kinds of ace lerator structure, including 
the Alvarez, Wideroe, and RFQ. Input and output beam transport lines, including 
bunchers, can be handled. The code is fully six-dimensional, including non
linear effects. Space charge can also be handled in 3-D, but present techniques 
are expensive, and most computations are done using a ring model on an r-z area-
weighted mesh. Over the years, comparison of the code models to actual machine 
performance has been made whenever possible, including detailed analyses of 
measurement techniques. Several examples of exacting modeling studies have 
resulted in agreement \*ith experimental results to a few percent. This work 
lends confidence to the use of the codes for detailed design work and for 
exploration of the causes and effects of beam characteristics such as emittance 
growth. The disadvantage of the numerical approach to basic studies is that 
the parameter space is large, making it difficult to infer general results. 

Simulations (or numerical experiments) exploring the nature of emittance 
growth in rf linacs have been in progress at LASI for a number of years; results 
of some of the latest efforts were reported at the 1979 Linac Conference and 

2—21 will be outlined below. The list of references from that paper is appended. 
The envelope equations can be expressed very compactly in terms of the 

phase advance per focusing period of the structure: 

2 (2nBA)ct 2 (2nS\)cg 

a" = , and b = j — -
a a' 
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where a is the average beam radius over the focusing period, b is the beam bunch 
un-half-length, (2nBA) is the transverse focusing period length, £ and £ ? are 

t I normalized transverse and longitudinal emittances, and a , c are the transverse 
and longitudinal phase advances per transverse focusing period. We therefore 
decided to study emittance growth as a function of phase advance. We wanted to 
be able to measure the average phase advance of the particles in arbitrarily 
shaped bunches, as well as individual particle phase advances in the frame of 
the average. We also wanted to generate linacs having prescribed phase advances 
in both transverse and longitudinal, for arbitrary bunches. This is done using 
iterative, nonlinear least-squares techniques. 

We have made two major sets of runs so far—both with n = 1 and c - c f/5, 
and differing in that one set kept the accelerating gradient and synchronous 

P phase constant at the value required to give the desired >z at the first cell 
of each case, while the other set required the accelerating gradient to rise 

I along the machine so that a was constant. The results were very similar in 
all qualitative aspects, the only real difference being more longitudinal emit-
tance growth for the constant c case. We generated 7 linacs with zero-current 
phase advances of a '' s 42°, and a C = 50,70,90,100,110,120, and 130°. The tune 
of each linac was depressed by adding current, maintaining matched conditions, 
and the emittance growth observed, with the results shown in Fig. 1. For each 
initial condition (points on the abscissa in Figs, la and lb), current was added 
until the longitudinal stability limit was approached. The resulting traces in 
Fig. 1 show the emittan':e growth as the tune was depressed For the o = 50° 
case, we then raised the electric, field to keep some longitudinal focusing, 
and raised the current further (open circles, Fig. 1). The longitudinal emit
tance growth is shown in Figs, lc and Id for all the transverse cases. These 
studies were done with short 20-cell FDFD Alvarez linacs. No particles were 
lost on any of the runs. Future work will address asymptotic behavior and other 
aspects. 

We found a violent effect on the transverse (but not longitudinal) emit
tance in the linacs with o > 90°, which appears to he analogous to the envel
ope instabilities studied in detail by Smith, Laslett and others for K-V beams 

4-7 in transport systems. This is discussed further in the Conference paper— 
zero-current tunes above 90° should clearl\ be avoided. 

>':Total effective emittance is found by fitting ellipses with the r-.is omittance 
parameters through each particle and taking the largest. 
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Below 7 = 90°, the transvei"c emittance growth behavior indicates a pref
erence for smaller beam radius, as would be expected to minimize the longitudi 
nal-transverse coupling effect in the rf gaps. The other main feature is that 
the growth begins to increase rapidly, in both transverse and longitudinal di
mensions, as the tune is depressed to about ' 7/^ n = 0.4 and below. This is also 
evidenced in the numerical runs by increasing difficulty in finding the best 

10 20 30 40 
0""1, degrees 

0 10 ?C 30 40 50 
0~', degrees 

Fig. 1. 
Emittance growth after ?0 cells, as a function of tune 
shift from various initial .".ero-int ' us i t y phase advance 
per transverse focus in;1, period. 



input matching conditions o keep the beam matched in the machine. The effect 
of mismatching is discussed further below. 

As the space-charge limit is approached, (a -+ 0°), we would start losing 
beam, as well as have the output emittance grow to the geometrically defined 
output limit. The growing sensitivity to matching will compound the problem. 
This evidence causes vs to be suspicious of designs which claim operation "near 
the space-charge limit." This may be a matter of clarifying the definitions be
ing used in each case - some are apparently unconcerned with beam loss and may 
be able to tolerate the resulting saturated output emittance. Others may use 
o/o = 0.4 as their "space-charge limit." It does appear that by backing off 
on the current per channel, and/or by control of the frequency transition points 
in a funneled design for HIF, emittance can be kept in bounds. We need, however, 
to explore asymptotic behavior and the effects of frequency transitions in de
tail. 

Since practical parameter choices for applications commonly result in 
I t l I 

a < a , we made a preliminary search for resonances of the 2c - no type. 
t I 

Keeping a = 50°, E./P was adjusted for constant o with n from 2 to 8. No 
differences in emittance growth were seen out to 60 cells, which is beyond the 
point to which the E n ramp could practically be sustained. 

In considering other preliminary slices of the parameter space, we looked 
at some O /o = 0.75 cases in which the transverse emittance was reduced by 
another factor of 6 (c - C./30). Somewhat more transverse and less longitudinal 
growth was observed. Such transfers are commonly observed. In this case, far 
from the space-charge limit, the added growth was not large. The ratio of emit-
tances is undoubtedly an important parameter, and may suggest multidimensional 
matching with equal emittances, especially if the parameters change along the 
machine. 

We changed the frequency by a factor of five in each direction, keeping 
a/RA, b/BA, .ji and injection energy constant, changing the accelerating gradient 
to keep a at 42° and changing a to keep a/SA constant. This scaling repro-o »-
duced Fig. 1 very closely. 

We reran the O = 100° cases (which exhibited the instability in Fig. la) 
for input distributions uniform in 6-D, and Gaussian in 6-D (truncated at 3o), 
keeping the rms emittances constant. The quadrupole strengths were those used 
to achieve a constant phase advance for the original distribution, approximately 
uniform in real space. The 6-D distributions grew more rapidly in the first two 
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to three cells. From Cells 3-20 the growth in total emlttance was very similar, 
but the rms growth for the 6-D cases was about double that of the -D case. The 
6-D cases became somewhat mismatched as the beam progressed througi 'he cells. 
We could reset the quads for each particular distribution; we expect, that this 
would smooth but not necessarily reduce the growth—it may in fact i< roase (sec 
below). The unstable mode evidenced in Fig. 1 is thus not the result of a par
ticular particle distribution. Similar general influences of the distribution 
have also been observed for other choices of parameters. Figure 2 shows a typi
cal redistribution of emittance. We conclude that the shape of the disi ibution 
does influence emittance growth, with greater effect as the beam brightn ;s is 
increased, and with greater growth as the central density is increased. 

Mismatched beams will be smeared by the action of nonlinear space-charge 
forces and eventually will assume an emittance congruent with the machine accep
tance. Figure 3 demonstrates how emittance growth is affected by mismatching 
the input beam size up to a factor of /~2~ at injection, for the range of linac 
parameters we hai e been discussing. (Note that these cases have constant accel-
erating voltage gradient, E , rather than constant o as in Figs. 1 and 5.) At 
a given 0_ , the sensitivity to matching becomes more pronounced as the tune is 

t 
depressed. As a n increases, the sensitivity for a given tune depression in
creases, an effect of the alternating gradient. The smaller absolute size of 
the beam (in one dimension) also becomes more important in terms of the required 
measurement resolution. For K-V beams, a "mismatching" instability mode has been 
identified for 0 > 90°: its analog for these distributions may be a factor 
here. 

In the vicinity of the unstable mode, the behavior becomes somewhat unpre
dictable. For the parameters in Fig. 3, the betatron oscillations generally 
subjected the beam to a lower average y (higher 0 ) over the 20 cells, sometimes 
resulting in less growth. The 0 /a- = 70°/110° case is particularly dramatic 
in this respect. The changes in transverse emittance growth from mismatching 
are generally rather uniform with respect to the shape of the distribution func
tion, as shown in Fig. 4, or sometimes show more growth for higher percentages. 

We then considered off-axis beams. For a single gap without space charge, 
Crandall showed that the increase in total emittance is proportional to 
(a + d ) if |d| < a, and 2da if |d| > a, where a is the half-width of the beam 
and d is the displacement of the beam center from the axis. The increase in rms 

2 2 9 

emittance is proportional to (1 + d /a ), where a - denr ~-.es the mean square 
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Fig. 2. 
Typical variation in rms transverse 
emittance growth with input distribu
tion. 
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Fig. A. 
Typical redistribution of transverse 
emittance growth for mismatched beams. 
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Fig. 3. 
Sensitivity of transverse emittance growth to input matching. Linac has con
stant accelerating gradient EQ. At each tune, the smaller dimension of the in
put beam is varied by changing the input matching-ellipse parameter 6 by ±/2 and 
±2. The y and z inputs are matched. Growth is shown after 20 cells. 
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half-width of the beam. It is seen that the rm.s omittance grows relatively 
faster than the total emittanco. The growth over n gaps will depend on what 
happens to the relative sizes of a and d. Figure 5 shows the omittance growths 
for (x-off-set/avor.ige input-beam radius) = 1.1 for five of the cases of Fig. 1. 

Again the sensitivity increases for larger tunc depressions and for higher 0 

1 ,-- -T~ "T V \ i ' r 

10 - V • 

9 -
\ « 
\ 1 

8 !~ 
\ \ 

7h 
I \ t 

6 i- w 
t . v •-

5 r 

C , degrees 

100 120 
<T , degrees 

Fig. 5. 
Sensitivity of transverse tmittance growth, after 20 cells for 100% of beam, to 
horizontal offsets equal to the average input beam radius. Solid - no offset; 
Dashed - offset. 
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The interaction of off-axis beams with the envelope mode is complicated. The 
longitudinal emittance growth also is increased by the transverse oscillation. 
Figure 6 shows the typical redistribution that occurs in the transverse-phase 
space. This feature, and the contrasting signature of the mismatched beam, 
Fig. 4, can be valuable aids in machine tuning for detecting the presence of a 
centroid oscillation or mismatch. 

e 
- I 

Injected off-axis 

Jrijected on-axis 

100 80 60 40 
% of beam 

Fig. 6. 
Typical redistribution of transverse emittance 
growth for missteered beams. 

There are clearly many more things to be done. This initial work is encour
aging in the sense that at least some scalings over wide ranges appear to pro
duce the same emittance growth behavior. The effect of constraints on parameters 
as scaling is done must be investigated. 
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1. Summary 

Our three-dimensional l inear accelerator code has been applied to 

calculate transverse and longitudinal phase space d i l u t i on for beams of Xe 

ions u.rry ing average currents in the 15 to 25 mA range. The calculations 

have been confined to a FOFODODO Wideroe structure operating in the --3-n mode ! 

generally with a gap voltage gradient of 5 MV/m; but we have lso considered 

the ef fect on emittance growth of lowering the gap f i e l ds . The r . f . wavelength 

is 2400 cm, the synchronous phase is -32 , and the quadrupole f i l l factor 

ranges from 50-60 percent. Thi quadrupole lengths are n and the magnetic 

f i e l d gradient is varied with the synchronous par t ic le momentum to keep / B'dz 

essent ia l ly constant. The magnitude of the f i e l d gradient is f ixed by s t a b i l i t y 

requirements. These then also set the maximum phase spread. Typical beam 

parameters are: normalized transverse emittance •>3 se t = 0.3mm mrad, longitudinal 
-4 emittance 10 cm, 6- •+• ? = 0.0061. i n i t i a l 

The code has usually been run for 160 part ic les d is t r ibuted in the 

transverse phase-space as a K-V d i s t r i b u t i o n . Provided the mesh for 

the space charge calculations is chosen care fu l l y , this number appears to be 

en t i re lv adequate for parametric studies. Once matched beam parameters have 

been found, a 1000-particle case is run, and one typ ica l l y finds that the 

emittances are 20-25 percent below those for the 160-particle case. Our ex

perience has been that very l i t t l e fur ther change results when more than 1000 

par t ic les are used. Collective modes which might render the beam unstable 

cannot De studied with such small pa r t i c le numbers but they are probably not 

important here due to the phase mixing in the gaps. 

With the focusing gradient and Dhase spread of the beam set by the 

s t a b i l i t y condit ions, the equil ibr ium beam radius, R, say, is then also 

determined (by the retching requirement). The calculations show that as a 

general rule the enittance increases rapidly in the f i r s t c e l l . The perveance 
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K = 4.9 x 10 I(A)/B for Xe + ions; 1(A) is the current in amperes. Thus 

the beam is space charge dominated for the emittance considered here at 

I = 25 mA, B = 0.0061. The matched radius for a quadrupole gradient 

g = 0.031/B KG/cm turns out to be about 2.4 cm and the transverse emittance 

grows rapidly by a factor of 3.7. Thereafter, the emittance continues to 

increase slowly due to a combination of the space charge forces, nonlinear 

transverse-longitudinal coupling in the gaps, and mismatch due to the finite 

bunch length. Scatterplots of the particle distribution in the phase spaces 

indicate that dilution takes place due to the latter effect, but it does not 
2 appear to be the dominant contribution. This has been substantiated by code 

calculations in which the beam was given zero spread. For the 25 mA beam the 

normalized eirrittance for a final particle energy of 8.4 MeV increases by a 

factor of 8 for 100 percent of the particles and by about 6 for 80 percent of 

the particles. Fo- 15 mA the initial matching radius is about 1.8 cm, and 

the emittance for a final energy of 8.4 MeV increases for 100 percent of the 

particles by a factor 5; for 90 percent of the particles the envelope radius 

is held to a little over 2 cm and the emittance increases by about 4.5. The 

gain in longitudinal emittance ranges from 3 for 15 mA to 4 for 25 mA. 

We have also studied the extent to which emittance increase can be 

curtailed by lowering the gap fields. For a 25 mA beam, lowering the gap 

field from 5 to 4 MV/n results in a 20 percent reduction in transverse emittance 

growth for 80 percent of the particle number when the results are compared 

at a final particle energy of 7 MeV; from 5 to 2.5 M.V/m the reduction is al

most 50 percent. For 15 mA the corresponding reduction is about 15 percent 

in going from 5 to 4 "V/in. Also, 90 percent of the particles are contained 

with a 2 err radius, and about 10 percent of the particles are lost fro-- the 
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"bucket" because of the increased influence of the space charge. The 2 cm 

limit on the radial excursion does not mean that these results are recovered 

when particles reaching beyond 2 cm along the accelerator are discarded. 

This is because particles which are beyond 2 cm at one point will be within 

this radius further along. The case with a physical stop of a given radius 

will be considered separately. 

The gap defocusing forces will also be reduced by operating with a 

smaller phase angle, although the space charge forces will then be increased 

for a given current due to the reduced phase spread, and the accelerator 

efficiency will suffer if the separatrix length is less than the spread 

allowed by the stability limits. 

In the remainder of this report we discuss these matters in greater 

detail. Section 2 contains a description of the phenomena which limit the 

allowable parameter range for beam and accelerator. In Section 3 we present 

the emittance calculations for some typical beam parameters and the Wideroe 

structure mentioned above. 
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2. Constraints 

There are two constraints on the length of the bunch. One is set by 

the separatrix length and is given approximately by the inequal i t ies 

(1 - S)<{>s < (4, - 0 s ) < -2(1 - S)$ s , 

where S is the ratio of the defocusing space charge to the accelerating 

force: 

S = M2pS X/E sin q>s , 

where p is the space charge density in the bunch, F the r.f. amplitude of 

the accelerating field, A its wavelength. The proportionality constant f'i, 

whose magnitude ranges from 0 to 1, is determined by the shape of the bunch. 

The other is governed by the magnetic focusing stability limits deter

mined by the condition that "y" be real, For E___ = 5 MV/m and a magnetic 
gap 

fill factor of 50 percent, these limits are for the Wideroe under discussion 

given by Figure 1 (in the absence of space charge). Here, 

-A = -0.001294 E (MV/m) sin * , gap 
2 is the strength of the thin lens representing the gap field and g is the 

square of th^ quadrupole gradient in kG/cm. The magnetic field gradient is 

chosen such that for t = C, the operating point lies at •„ = -r/2. The maxi-

iiurr, phase spread then follows from the range in :• which l;eeps -L between the 

cos u = t\ lines. Because instability is due to overfocusing and space 

charge corresponds to reduced focusing, this should rtlso be the staple regime 

for non-zerc currents. For E = 5 !!V/m, we find that a focusing gradient of 
9 

5.1 kC/cm is required, while for E = d MV/;r this is reduced to 4.9 kG/cm. 

For the ror;;er case, the maximum range in : is : - : - 18° as : rar.-es froir. 

-"•0° tc -]?.°. The maximum phase spread (; - ;_)p' = (3,'2)(1 - S).'; c iirposes 
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the following relation between S and the current ("• = 2400 cm) 

-}>S(1 - S) > 0.0^9 ^ ^ f f c y ' 

where the geometric factor is a function of S and set by the ratio of the 
1 / 2 mean transverse bunch dimension to its half-length. For (a a ) /(z - z s) | T !

 = 

1.8, the maximum value of S(l - S)/M - 0.4 for S - 0.*. Thus, the maximum 

transportable current I (mA) = 8.1a a E(MV/m) or with (z - z.) = 0.7 en r max* ' x y s m 

I - 13 niA for E = 1 MV/m. The maximum bunch lencth is set by <*• and S. max s 
If tne transverse beam dimensions are greater than the bunch length, 

the optimum value of S is relatively constant at 0.4. Thus, the maximum 

theoretical bunch length set by these considerations is about 2.3 cm corres

ponding to <t> ranging from -51.2° to 6.4 . The phase ranee permitted by the 

magnetic stability limits is within these limits, corresponding to a bunch 

length of about 1.5 cm. Thus, adopting (z - z ) = 0.7 cm would appear to be 

conservative. 

To determine how stringent the current limit of 13. mA is requires a more 

precise determination of the space charge forces and the effect of applying 

acceleration only in the gaps. The actual transverse beam dimension will, 

of course, be determined by the matching conditions. 

Rather than adopting the envelope equations to obtain the matched beam 

parameters, we have found it expeditious to start from the matched parameters 

for zero current (obtained from a separate matrix code) and then to increase 

the current while keeping the beam matched. One only needs to use a few 

particles and run the code out to a few periods, paying particular attention 

to the symmetry points. This has the advantage over the envelope equation 

approach that a K-V distribution need not be assumed and the enitcance is not 

assumed constant. Convergence to the desired optimum parameters is fast so 
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that automating this search is a practical possibility. In the occasional 

event that this process becomes tedious, a matrix code is used with space 

charge and gap defocusing forces represented by delta functions in the gaps. 

The chancing values for B are predetermined in this case. 
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3. Resul ts 

To r e i t e r a t e , most o f our c a l c u l a t i o n s have been run f o r the f o l l o w i n g 

parane te rs : p a r t i c l e number: 160; i n i t i a l |5: 0 . 0 0 6 1 ; i npu t normal ized 

emi t tance : 0.32 mm mrad; bunch l e n g t h : 1.4 cm; i n i t i a l v e l o c i t y d i s p e r s i o n : 

1 pe rcen t ; magnetic f i l l f a c t o r : 50 pe rcen t ; synchronous phase: -32 ; 

magnet arrangement: + + - - ; a c c e l e r a t i n g mode: TI - 3TI ; gap l e n g t h : 0.2 i \ . 

The i n j e c t i o n p o i n t has f o r s i m p l i c i t y been chosen halfv/ay between the 

x - f ocus ing magnets: the phase-space e l l i p s e s are up r i gh t here and x and y 

have extremal va lues . 

To ensure t h a t no spur ious emi t tance growth i s genera ted , a matched beam 

v.as passed through the a c c e l e r a t o r a t zero c u r r e n t . The matching parameters 

were obta ined from a separate ma t r i x code i n which the gap a c c e l e r a t i o n was 

s imu la ted by t h i n lenses i n the middle of the gaps. The r e s u l t s show t h a t 

the equat ions and the d i f f e r e n c e scheme c l e a r l y preserve the normal ized 

emi t tance . 

Unless o therwise s ta ted, the emit tances r e f e r r e d to i n t h i s paper 

are normal ized r .m .s . values c a l c u l a t e d from the r e l a t i o n s 

c x = S x 2 x ' 2 - x 7 ' 2 

( 1/2 
e z = (z - z s ) 2 (6 - 6 S ) 2 - ((z - z s ) ( 6 ~ i p f j 

These q u a n t i t i e s are exac t l y preserved i n l i n e a r systems. They have the f u r t h e r 

advantage o f a l l ow ing i n an r .m .s . sense f o r non-uni form d i s t r i b u t i o n . The 

no rma l i z ing f a c t o r of 1/4 f o r the K-V d i s t r i b u t i o n assumed here should be 

kept in mind when comparing absolute values f o r the emit tance w i tn those 

obtained from u n c o r r e c t e d d i s t r i b u t i o n s . A l s o , a i thougn f o r 10C percent 

) ' / ' 2 ,2 
y y 

i / 1 
-yy 
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transmission our calculated emittances are just those usually referred to 

as r.rn.s. emittance, the emittances for smaller fractions of the beam are 

determined with reference to a circular hole transmitting a particular 

percentage of the total number of particles in the beam. To avoid confusion 

in comparing our results with other calculations these quantities might be 

more appropriately referred to as transmitted emittances. 

Results for I =15mA and 25 mA are given in Figures 2 and 3. 

The curves represent 60, 70, 80 and 100% of total particle numbers, a fifth 

curve represents 90%. In the legend on each figure, I represents the current 

(in Amp); x, xp, y and yp represent the input values for the transverse beam 

dimensions and the envelope gradients (in cgs units). The quantity AL1 is 

a measure of the magnet fill factor, g is the initial guadrupoie gradient 
in kG/cm, and 

2 CCS = 2eE„ = „ cos c|> /Am,c gap T s 1 

= 1.38 x 10" 7 E n (MV/m) for Xe + . gap 
Since e and e remain about equal, we give only plots of their geometric x y 
mean. The scales are compatible with the accuracy of these calculations. 

It will be noted that if the beam envelope radius is to be kept below 

2 cm, 20 percent of the particles will be lost for I = 25 mA, while 

almost 90 percent will pass for 15 mA. A physical stop will be imposed 

later; we examine first the idealized case. The emittance increase is also 

substantially less for the lower current (cf., Figure 5). As we have already 

noted, much of the emittance adjustment occurs in the first period (̂ 120 cm) 

with a continually decreasing rate of increase thereafter. There should 

therefore be little emittance increase in the second and third tanks if the 

matching can be preserved. 
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Emittance is only a crude indication of beam quality and a better 

representation can be obtained from a scatter plot giving the distributions 

of the macro-particles in phase space and real space. An example is Figure 

4 for I = 25 mA and 320 particles. This case corresponds closely to that of 

Figure 3, except tha' a slightly smaller value of Y was used. The quantity 

z on these graphs is the distance along the accelerator. It is particularly 

interesting to note the progressive deterioration of the beam in the x - x' 

and y - y' phase-spaces, and the emittance dilution at z = 595.3 en represented 

by the appearance of four wings is apparent. It is also clear that beam match 
2 

cannot be maintained. 

Since the defocusing effect of the gaps is reduced by lowering the gap 

fields, and since the beam is then also handled more gently, one might expect 

reduced beam quality deterioration as a result. Another benefit is the 

reduced quadrupole gradients, which we have again determined from Figure 1. 

In Figure 5 we have plotted the variation of the ratio of final eir.ittance to 

input emittance at a particlar final particle energy (7 MeV) with beam current. 

The curves for 80 percent of the particles are most representative as they 

discount the disproportionate contribution from a few particles. Results 

are given for gap fields of 5, 4 MV/m, and 2.5 MV/m. In the current range 

15-25 mA, the relative emittance varies linearly with current. The propor

tionality constant ranges from 0.17 for a gap field of 5 MV/m to 0.023 for 

a gap field of 2.5 MV/m. In the latter case, therefore, the eir.ittance gain 

is relatively independent of current. 

In practice, the transverse excursions of the particles are lin'ted by 

the bore size and the beam must be matched to the LINAC acceptance. To 

simulate thi_- constraint,we have imposed an upper licit on the reJSs of 
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the beam, dropping particles if they exceed this value. An example is 

Figure 6 for which the initial current is 25 mA and the gap fields - 2.5 

r'V/m. The radial cutoff is 2.5 cm and the curves indicate the axial positions 

at which particles are dropped. About 15 percent of the particles are lost. 

These include the losses from the "bucket." The increase in bunch length 

due to straggling particles is evident in Figure 6b. Thus, the transmitted 

current is about 20 mA for this case of gentle acceleration. 

As the current is increased beyond 25 mA, there will come a point where 

a larger percentage is lost because the increase in the "bucket" size along 

the accelerator does not keep up with the spread due to longitudinal forces. 

The advantage of a larger separatrix fill factor would then be lost. Where 

this occurs depends on the initial distribution and to some extent on the 

details of the accelerating structure. These results indicate that it may 

be worthwhile to run at currents higher than the theoretical maximum and to 

use gradually increasing voltages in the first few gaps. 
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EXCITATION OF HIGHER ORDER MODES IN ALVEREZ LINAC STRUCTURES* 

John T. Keane 
Brookhaven National Laboratory 

I. INTRODUCTION 
For overall system efficiency it is desirable to run the high beta linac 

as heavily bean loaded as practical. One limitation is the effect of higher 
order rf mode excitation on beam stability. 

The excitation of these modes is reviewed. A possible excitation 
mechanism with synchronous particles is introduced. 

II. RESONANCE POSSIBLE IN HOLLOW CYLINDRICAL GUIDES 
Table 1 lists the modes that can propogate in a hollow cylindrical guide. 

The cutoff frequency, f c, below which no field can propogate, is dictated by 
the transverse dimension namely radius, a. When the guide is closed a 
resonance cavity is formed whose frequency is determined by the longitudinal 
dimension, z. 

TABLE 1 
Freq (MHz) 
200 
457 
318 
318 
153 

An Alverez cavity is a cylindrical guide operated in the TMQJQ mode 
(at cutoff). The drift tube causes a frequency perturbation. A guide operat
ing in the T"Q\ mode can support numerous longitudinal resonances corres
ponding to guide wavelengths in the longitudinal direction [x/2, A, 3A/2, 
etc.). If the length is much greater than the diameter,then their frequency 
will be close to the T M Q I O mode. Similarly the other cylindrical guides 
have resonances corresponding to "n" longitudinal wavelengths. (See Figure 1). 

.•lode c 
™01 2.61a 

TM0 2 1.14a 
TMU 1.64a 

TEoi 1.64a 

TEn 3.41a 

F i e l d Componer i ts 

Ez, H<f 

Ez, Hi 

Ez, Hr, H.j. 

Hz, Hr, Er 

^Research carried out under the auspices of the Uniteu States Department of 
Energy under Contract No. EY-76-C-02-0016. 
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Due to the large frequency separation between the operating mode and the 
other cylindrical guide modes, only T M Q ^ P modes appear to be worrisone. 
This assumes that the higher mass of heavy ions will exclude the deflection 
mode (TMJJ) blowup observed in electron linacs. This should be verified 
however.1>2,3 

The field distribution of the TMnj n modes are shown in Figure 2. 
III. TRANSIENT MODAL EXCITATION BY RF POWER AMPLIFIER 

Due to the Fourier components existing during the rf turn on, the 
TMoil a n d TMgi2 m ° d e s have been observed in Alverez accelerators 
during the rf buildup period.4 These fields exponentially decay before the 
beam is turned on. 

From Figure 2 it can be seen that by placing the rf drive points at the 
1/4 and 3/4 L points these modes cannot be driven. The moding effect has been 
further reduced by the use of dummy stems which push the frequency of the 
higher order TMgi n modes further a. ay from the TMgio operating fre
quency. ̂  The motivation for suppressing these higher order modes is the 
desire to minimize the transient effect when the rf is increased for beam 
compensation. The excitation of these modes has been from the generator and 
not the synchronous beam. 

IV. BEAM EXCITATION OF T M 0 1 1 and TM 012 MODES 
The beam which is in synchronism to the TMQJQ operating frequency 

has not been observed to cause higher order mode excitation, This is to be 
expected because of the distribution of the H field. Excitation from the 
synchronous beam in one section of the tank tend to be canceled ou1" by the 
field induced (180° out of phase) in other sections of the structure (see 
Figure 2). One means of coupling can be envisioned, however. 

Since the frequency of a TM011 mode is slightly higher than that of the 
TMQIQ mode, a synchronous particle traveling the length of the tank will 
see a phase advance of any TMgn electric field that exists. Figure 3A 
assumes that the synchronous beam enters the first drift tube gap during the 
maximum accelerating phase of the longitudinal electric field. If there is a 
total of 180° phase advance this particle will receive kinetic energy, In 
Figure 3B the synchronous beam particle enters the first gap during the 
de-accelerating part of the T M Q H mode. With a 180° phase advance this 
particle gives up kinetic energy. Under the condition cited the beam would 
act as a modulating system, alternately acting as an rf generator and rf load. 
The modulating rate would be equal to the difference frequency between the 
TM Q I O and T M Q H natural excitation frequencies. 
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IV. A DETERMINING DIFFERENCE FREOUEr,'Cv 

The requ i red beta and acce le ra to r lenath to produce JHO0 phase 
s h i f t can be found. 

' ' f = f 011 " f 010 

where 
•fQ 11 = f requency of Tf 'gn node 

fOiO = f requency of TMgio -iode 

~) (360°) = degree advance /d r i f t tube 

Assuming tha t the r e l a t i v e beam v e l o c i t y , 8, is constant through the 

a c c e l e r a t i n g s t r u c t u r e . 

•f/f(360°) degree advance/cell length 

The difference frequency required to produce 180° phase shift in an 
accelerator tank of length, Z, is found to be 

Af B_£ 
"2Z c = v e l o c i t y l i g h t 

The c a v i t y dimension requ i red to set up a p a r t i c u l a r / f C an be 

approximated by assuming an unperturbed c y l i n d r i c a l guide. 

T01n I a I \2-nl L ' 12.405Z? J 

where 

a = rad ius 

Z = length 

Since a << Z 

f011 = ( W t 1 + 7 < 2 ^2.405 Z ; -1 

file:///2-nl
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By equating 1 and 2 the appropriate 8 and >• to set up a 180 phase sh i f t are 
found. 

A f = BC , — l 
2 Z L 2 < 8 W 

h ( 3 ) 

where A = free space wavelength of TMQJQ mode 
,2 

3A = t l 
Practical values of BA are between .1 and 1 meter and Z between 10 and 20 

meters which would suggest a frequency range of between 30 to 150 MHz. This 
corresponds to a range of betas from .025 to .1. The most likely range is the 
lower beta, higher frequency range. Picking values of Z = 15 meter, fnjo 
= 100 MHz, from equation 3 we obtain: 

B = a r -05 

For this case the frequency difference would be as follows: 

A f = |c = Lo5U_^Jo!i = 5 0 0 k 1 l o h e r t z 

The bandwidth of an Alverez structure is approximately 5 kilohertz 
however. Since energy is alternately being supplied to and delivered by the 
beam at a 500 kilohertz rate it is most unlikely that the higher mode would 
build up. If for some reason the loading effect on the beam is not equal to 
the generating effect of the beam the mode could build up. 

V. CASE OF CHANGING BETA 
The above analysis was not rigorous since iJ. assumed constant beta 

through the accelerating tank and did not consider the effect of dummy stems 
in the structure. It did indicate areas where problems could occur. 
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To see the eftect of changing beta in an f.cccelerati ng section let tne 
following specifications apply: 

Input Energy = 2 MeV 
Output Energy = 20 MeV 
f 0io = 80 KHz 
Z = 18 meters 
S i n = .046 
6 0 u t = .146 
$ of Cells = 55 
Seam Current = 100 milliamps 
Rf Power = 1.5 megawatts 

The approximate separation of the TMQJJ mode from the operating mode 
is found ty using Eq. (2). 

,2 

2'(8 f n 

'J = - p — = 434 kilohertz 
010' 

The phase advance per cell is given as follows: 
if 

f Q 1 0 360° = 1.95°/cell 
55 cells x 1.950/cell = 107° total advance 

If the actual Af is higher because of dummy stems the phase advance per 
cell will be larger. Since the beam kinetic energy is low any moding will 
effect the [article velocity. 

Figure 4 suggests a mechanism for initiating the TMgjj buildup. It 
is noted that there can be unsymmetrical excitation from the beam at 90° phase 
advance. Figure 5 indicates the excitation versus entrance angle at the first 
gap. The phase advance is reduced by the particles gaining kinetic energy 
thus tending to approach synchronism witn the TMgjj wave. If synchronism 
is reached, these particles no longer act as an absorber since energy gain 
will equal energy lost. Particles losing energy in the first gap, however, 
will tend to increase their phase advance toward the 180° required for strong 
coupling. For this case symmetry between the driving function (decreasing 
beam K.E.) and the absorption function does not exist. Particles entering the 
1st gap at 270° could loose as much as 2 MeV kinetic energy (200 kilowatt 
instantaneous) while particles entering at 360° could loose 10 MeV kinetic 
energy (1 megawatt instantaneous). 
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VI. CONCLUSIONS 
The excitation of higher order TMgi modes produced during the rf 

build-up period has been observed and compensated for over the years. 
Synchronous beam excitation of these modes has not been observed. A 

possible, though unlikely, mechanism for beam excitation has been presented. 
This would occur only in a very specific section of the machine (low beta). 

There is no strong reason to expect poor beam quality for currents near 
160 milliamperes but further studies into the effect of heavy beam loading 
should be persued. 
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A. Particle Gaining Kinetic Energy - 90 Entrance Angle 

6/>pi. 
&HP7 

B. Particle Loosing Kinetic Energy - 270 Entrance Angle. 

Figure 3. 180 Phase Advance of T M Q 1 1 Longitudinal Electric Field As Synchronous 
Particle Passes Through Structure. 
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IMPEDANCES FOR ELECTRON LINACS AND STORAGE RINGS 

Perry B. Wilson 

Stanford Linear Accelerator Center 

In this note some basic concepts and results are presented concerning 

the impedances of electron linacs an'i storage rings. The impedance of an 

accelerator or ring completely characterizes the interaction of the beam 

with its environment. Not only does the impedance (or its Fourier 

transform, the wake potential) determine the energy loss by a bunched 

beam to its environment, but it if also the chief ingredient required 

for any celculation of beam stability. 

As the title implies, we will be concerned mainly with particles 

moving close to the velocity of light. The assumption v c makes 

possible certain important simplifications in the impedance-wake potential 

formalism but, unfortunately, it is clearly violated in the case of 

heavy ion accelerators. In several instances we will point out where 

it might be possible to extend the results to the more general case. 

Another limitation in the present note is that it is concerned 

almost entirely with the longitudinal impedance. A parallel development 

is often possible for the case of the transverse impedance, but the 

analysis, measurement methods and computer programs tend to be more 

complicated. At SLAC, the effort being directed to the measurement and 

computation of transverse impedances is just now reaching the level that 

was earlier devo;ed to the longitudinal impedance problem. For example, 

a computer program is just beinq completed for calculating the trans

verse deflection modes in the SLAC linac structure. 
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Some Definition': 

A loss parameter k(a), defined by 

k(-) = ''{ 
q 

gives the total energy loss '.U given up to a component by a bunch wi4.h 

charge q and bunch length .-. For a periodic train of bunches spaced in 

time by T,, the loss parameter Tetermines the average power loss to a 

component by 

P = I^T. = l2l- (1) 
o b o • v ' 

where Z = kT, is the loss impedance and I the average current. The b o 
impedance function for a component is defined by (see Fiq. 1), 

7(- ) ~ V ( ' -ZW - r- w • 

The wake function, or wake potential w(~)i 4s the potential seen by a 

non-perturbing test charge following at time ' behind a unit charge 

passing through a component. The nr-t potential at time t in j charge 

distribution I(t) is then obtained as 

.t 
V(t) = |w(t-T)I(T)dr. (2) J: 

The following transform relations between the frequency and time domain 

can be shown to hold (a tilda indicates the Fourier transfer:;]): 

K M ) = 'l(t) 

V(w) = V(t) 

ZOO = TTw(t). 
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Some Consequences 
The impedance function Z(«) is in general a complex function, 

Z(w) = ZR(ui) + jZj(a>). 

If we take W ( T ) to be a real function of time, then it follows that 

Z R(LO) = Z R(-w) (an even function of to) 

ZT(ui) =-l,[-:,\) (an odd function of to). 

If the velocity of a particle passing throuqh a component is close to 

the velocity of light, then the wake potential is causal, or nearly 

so. That is, w(x) = 0 for T < 0. Then we can show that Z R(w) and 

lAiu) are related by the Hilbert transform, 

i f%U') 

Thus a knowledge of ZR('.<0 is sufficient to deternine Zj(u). However, 
the wake induced in a component by a cfiarge will not vanish ahead of the 
charge. The assumption of a causal wake potential also implies that 

:-S w (T) = ~ IZRU<:) COSO-T d*. (4) 
0 

Under the assumption that I(t) is a real function of time, the loss 

parameter k(--) can also be related to the real part of the in; 3dance 

function by 

k(i) = -\ \2Ui) z R M doj . 
" o 
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For a Gaussian bunch this reduces to 

k(r) = ]- j z R(u)e l° ̂  d„. (5) 

ARPJication to Resonant Modes 
For a high-Q parallel resonant circuit, we have 

R Z* 

U-) 

1+J2Q^ 

R 
1 + (2Q.S)2 

where <5 = (m - f.u)/o . From t h i s r e l a t i o n and Eq. (4) i n the preceding 

r-ection we de r i ve f o r the n mode, 

W(T) = 2k n cos :on -i 

k = V«) = i n 4 \Q 4W w / n n 

where V is voltage gain for a non-perturbing test charge when W is 

the stored energy. The total wake potential for a resonator is the sum 

over all modes, 

.(,) = 2 1 k n c o s , V . 
n K ' 

The total loss parameter -for a bunch with bunch length o, is 

k(n t) = I k e (7) 
L n 

Two computer programs exist for computing i„ and k for the funda

mental and higher-order longitudinal modes in cavities and structures. 

The program KN7C computes modes for a periodic structure characterized 
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by the four parameters a, b, g and d shown in Fig. 2. A single resonant 

cell can be modeled by setting d - g >> a. Similarly, the program 
2 SUPERFISH computes modes for a single axi-symmetric cavity having any 

boundary in the r-z plane. That is, the function r(z) representing the 

surface can be arbitrary, even multiply connected. However, any cross-

section in the r-<f> plane must be a circle. In addition to values for w , 

k and Q , the E and H fields at any point in the cavity can also be ob

tained from the output. By putting a taper in the beam tube as shown at 

the right in Fig. 1, the loss to small disrontinuities such as a gap or 

iris can be obtained from SUPERFISH, even though there are no standing-

wave modes in the gap or iris region. 

An example of the power of SUPERFISH is its application to the com-
3 

putation of modes in the RF cavities for PEP and the proposed LEP stor
age ring (which uses PETRA-type cavities scaled to 353 MHz). Fig. 3 
shows the cavity dimensions, and Fig. 4 gives sketches of the electric 
field patterns for the first 9 higher-order modes in the PETRA-type ca
vity. Table I gives numerical values for the properties of the 19 
standing-wave modes below cutoff of the beam tube. These results define, 
in fact, the impedance function for this Pr cavity. For large rings 
such as PEP or PETRA the impedance of the RF system is the major part 
of the total ring impedance. Thus for these rings there is little un
certainty as to the ring impedance, since the largest contribution can 
be computed with good accuracy. Finally, Fig. 5 shows how the loss 
parameter for loss to higher order modes (k, ) and the total loss 
parameter (k. .) for these cavities depend strongly on bunch length. 
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Table I 

PETRA CAVITY MODES 

Mode Number 
and Type 

Frequency 
i (MHz) 

i 359.2 

R/Q i 
(ohms) 

250.4 1 

( X 

47.2 

10 ') 
k 

(V/£C_) 

1 Even 11,00 

Frequency 
i (MHz) 

i 359.2 

R/Q i 
(ohms) 

250.4 1 

( X 

47.2 

10 ') 

0.1413 
2 Odd 11,11 i 525.0 

| 
55.6 ; .',11. S 0.0458 

3 Even 21,20 1 886.5 9.4 71.5 0.0130 
4 Odd 22,11 i 974.0 A4.2 i 26.1 0.0677 
5 Even 22,22 : 1221.1 17.0 3 9.8 0.0327 
6 Odd 21,31 1237.4 4.1 2h.5 0.0080 
7 Even 33,00 1396.0 7.7 : 99. 5 0.0168 
8 Odd 32,31 1466.1 2.3 24.6 0.0054 
9 Odd 22,33 1564.8 5.5 1 :»n.9 0.0134 

10 Even 21,42 (31 ,22) 1588.0 6.6 iS. 2 (68.5) 0.0165 
11 Even 32,42 1700.6 4. 6 7 1.4 (66.7) 0.0123 
12 Even 33,40 (43 20) 1854.7 1.9 — (59.9) 0.0054 
13 Odd 43,3.1 1888.3 4.3 71 .4 -} 0.0129 
14 Even 24,40 1931.5 0.2 1 OH. 5 0.0007 
15 Odd 44,31 1990.3 6.6 2 3.4 0.0206 
16 Odd 12,53 2035.5 1.4 1K.1 (70.4) 0.0045 
17 Even 43,42 2107.3 0.3 72.8 0.0011 
18 Odd 32,31 2220.0 0.4 70.2 0.0016 
19 Even 34,42 (44 22) 2261.2 6.2 7 8.2 0.0219 

Cutoff Frequency : (2295) 
20 Odd 43,53 , 2355.4 0.0030 
21 Even 1 2372.3 i 0.0002 
22 Even I 2416.9 0.0005 
23 Odd 2429.2 , 0.0012 
24 Even ! 2492.2 i 0.0036 
25 Even 255S.8 | i 0.0001 
26 Odd j 2587.6 0.0002 
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A transverse version or KN7C has just been completed. This code will 

calculate the deflection modes for the periodic structure shown in Fig. 2. 

The first use of the program will be to compute the transverse deflection 

mode for the SLAC two-mile linac in order to predict the emittance growth 

for single bunches. This computation is important for predicting the 

luminosity that can be achieved by the proposed linac collider project. 

Measurement Techniques 

Figure 6 shows the measurement method, originally proposed by 
5 Sands and Rees , that has been used to measure the ~>s parameter k( i) 

for the PEP ring components. Elaborations of this method were also 

used at PETRA and CESR . In this method, an approximately Gaussian 

pulse is sent along a wire on the axis of the component to be tested. 

The pulse will interact with any mode having (in the absence of the 

wire) an E field on the axi<; The excited fields or modes will induce 

a secondary pulse, I (t), on the wire. As shown in Fig. 7, the net pulse 

I x(t) observed at the output of the component is a superposition of 

I s(t) and the incident pulse I Q(t): I x{t) = I Q(t) + I (t). The 

incident pulse is obtained by substituting a smooth reference pipe for 

the component. If the incident pulse could be made arbitrarily short 

(a delta-function), then for t ^ 0, I £(t) = I (t) would be proportional 

to the wake potential w(t). 
5 

The total loss parameter is given by 
2Z n f 

k = — f U (t) I (t) dL 
q J 

q = Ji 0(t) dt 

where Z Q is the characteristic impedance of the reference pipe with 

the wire in place. By using incident pulses of different length, the 
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loss can be measured as a function of bunch length. Using this measure

ment method, the loss parameter k has been measured for all PEP compo

nents at a bunch length of 2.3 cm. Detailed results are given in Ref. 7. 

Some representative results for gaps, tapers and chambers are shown in 

Fig. 8. By adding up the loss parameter for each component in PEi-', a 

total loss parameter of k -- 35 V/pC is obtained for the whole ring at 

:•• = 2.3 cm. Of this total, 24 V/pC comes from highe" modes in the RF 

cavities and about 11 V/pC from the remaining vacuum chamber components. 

Thus, the ring impedance is strongly dominated by the impedance of the 

RF cavities. For two 55 mA beams with T, = 2.45 us, the total power 

loss from Eq. (1) is 500 kW. 
Q 

Measurements and theory have been compared for several cylindrical 

cavities with beam tube holes. For pxample, k(-) was measured and 

computed for the cavity shown in Fig. 7 for bunch lengths of 110, 240 

and 350 ps. Using Eq. (7) with output from either KN7C or SUPERFISH 

for :\ and k (the two progr ns give consistent results), values of 

k(-.) = 0.144, 0.054 and 0.018 were computed for these bunch lengths. 

The measured values were k(.) = 0.145, 0.055 and 0.018 with a resolution 

of about '.003. 

A more detailed comparison can be made between theory and measure

ment using the difference function I (t). Within the pulse the measured 
potential for I « I is s o 

V(t) = 2ZQ ls(t) -

From Eq. (2) the computed potential for a Gaussian pulse with peak 
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amplitude Ip is 

V(t) = Ip V W ( T ) e dT. 
•'o 

The wake potential is obtained using Eq. (6) and the output of KN7C 

or SUPERFISH. In Fig. 9 the measured and computed functions are com

pared , with no adjustable constants used in obtaining the theoretical 

curves. The agreement enhances confidence both in the theory and in 

the measurement technique. 

Frequency domain measurements can also be made using the stretched 

wire technique with a frequency sweep generator in place of the pulse 

generator at the input taper in Fig. 6. The transmission through the 

component is monitored by a detector at the output taper. At the fre

quency of each resonant longitudinal mode, a dip in the transmitted 

power is seen. From the area under the dip, the R/Q for the mode can 

be computed. The Q of the mode is, of course, drastically lowered by 

the presence of the wire, but R/Q can still be obtained if the modes 

do not overlap. An equivalent statement for pulse measurements in the 

time domain is that effects depending on the short-range wake are 

measured correctly, but the time decrement for the long-range wake is 

too fast. By moving the wire off-axis, the R/Q's can be measured for 

deflection modes using the same technique. Reasonable agreement is 

obtained with analytic results in those cases where a comparison is 

possible. 

In principle it is possible to make either time or frequency domain 

measurements for the case v < c using the wire technique. The "wire" 

in this case must be a loaded line (e.g., helix wound on a thin dielectric 

rod) with a phase velocity equal to the desired particle velocity. 
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Again, only the R/Q's of resonant modes can be measured in the frequency 

domain, losses, corresponding to the short-range wake in the time domain. 

Wake Potential for the SLAC Linac 

The structure shown in Fig. 2a is a reasonable approximation to 

the disk-loaded structure of the two-mile SLAC linac. Using output 

from KN7C in Eq. (6) for 416 modes, the wake function for SLAC was com-
g puted . The result is shown in Fig. 10. In addition to the wake 

computed from the modes, the result also includes the contribution of 

an "analytic extension", which takes into account the effect of modes 

beyond the highest frequency reached by the computer calculation. The 

analytic extension uses the Sessler-Vainshtein optical resonator model 

described in Ref. 1. It covers the frequency range from <..•, = 6.1 x 10 
13 (for the 416th mode) to u = 8 x 10 . (The fundamental mode is at 

M = 1.8 x 10 .) The contribution of the analytic extension is important 

only for the first picosecond or so. 

Using Eq. (7) the average energy loss per particle can be com

puted. The computed loss is 40 MeV per electron, while the measurements 

give 50 MeV. Considering the possible experimental errors in the 

measurement, this is reasonable agreement. The average energy loss 

is related to the intercept of the wake pci'.-.ntial at t = 0. From Eqs. (6; 

and (7), w(0) = 2k for a point bunch. Tire time dependence of the wake af

fects the detailed shape of the energy spectra. In Ref. 9 it is shown 

that detailed agreement between measured energy spectra and spectra comput

ed from the wake in Fig. 10 is very good, if the amplitude of the computed 

wake is multiplied by a factor of 1.3. 
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The SPEAR Impedance Function 

The impedance function for SPEAR is shown in Fig. 11. The form 

of this function was obtained as follows. From data on bunch lengthening 
in SPEAR, it can be shown that at high frequencies the real part of 

- 0 f18 the impedance must vary as Z R(w) ~ of ' However, at low frequencies 

the impedance must fall to zero. Quite arbitrarily the low frequency 

portion is represented by a linear dependence on frequency. Thus, 

Z R(w) has a maximum value Z~ at some frequency uu = 2irf0 where the two 

curves intersect. Using Eq. (5), Z n and f~ can be adjusted to fit 

measured energy loss data for SPEAR. This loss is represented quite 

accurately for SPEAR by 

k(o) = 50 o z ( c m ) f 1 - 2 1 V/pC. (8) 

The result of the fitting procedure (described in Ref. 12) is Z„ = 8000 ohms 

and f = 1.2 GHz. 

The imaginary part of the impedance can be computed, if the real 
1 O 

part is given, using the Hilbert transform in Eq. (3). The result is 

shown in normalized form in Fig. 11. The ratio Z/n is also of interest 

in predicting the threshold for various beam instabilities, where n is 

the harmonic number of the revolution frequency (1.28 MHz for SPEAR). 

From Fig. 11 we readily compute ZR/n =8.5 ohms. The total impedance 

[Zl/p is on the order of 20 ohms. 

Comparison of SPEAR and PEP Impedances 

Some impedances for SPEAR and PEP are compared in Table II below. 

Using Eq. (7) and the definition of the loss impedance, Z = T.k(o), 
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the total SPEAR impedance at a bunch length of 2.0 cm is computed to 

be Z„ = 17 m. Computer calculations using SUPERFISH and KN7C c/ive a 
A. 

loss impedance of 3 Mf> for higher-order modes in the RF cavities. This 

leaves 14 Mfi for the vacuum chamber loss. Thus, losses in the vacuum 

chamber external to the RF cavities are dominant for SPEAR. PEP has 

six times more RF cavities than SPEAR, but the beam hole size is some

what smaller on the average and the loss per cavity is about 24" greater. 

Remember also that the loss impedance for a given component scales in 

proportion to the time between bunches: T,(PEP)/T, (SPEAR) = 3.13. 

Applying these factors gives a loss impedance for the PEP cavities of 

69 Ma. The loss for the PEP vacuum chamber, on the other hand, has been 

measured to be about 8"̂  of the loss per unit length for SPEAR. The 

total circumference of PEP is greater by a factor of 9.4. 

Multiplying the SPEAR vacuum chamber impedance by 3.13 x 9.4 x .08 

gives 33 Mil for PEP. We see that for PEP the cavity impedance is about 

twice the vacuum chamber impedance. Estimated values for ZR/n and 

IZI/n are also aiven in Table II for SPEAR and PEP. 

TABLI E II 

Impedances for SPE, AR and PEP 
at a = z 2.0 C"l 

SPEAR PEP 
Zo(rf) M.Q 3 (i#;) 69 (68r; 
Zp(vac) Ma 14 (82',) 33 (32', 
Z,,(tot) Mfi 17 102 
ZR/n ohms 8.5 1.8 
|Z|/n ohms - 20 : 4 
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Impedances, Wakes and Stability 

Analytic stability criteria have been developed so far mainly in 

the frequency domain. A solution in the form of an expansion in modes 

is first obtained, with mode frequencies that may be complex. As some 

parameter (such as charge per bunch) is increased, the imaginary part 

of the frequency for a particular mode may change sign, indicating a 

transition from damping to exponential growth. However, in order to 

carry the procedure past the stage of a very general expression, 

simplifying assumptions are usually introduced which limit the predictive 

power of the model. 

In the time domain, non-linear problems are usually attacked by 

computer simulations using a limited number of superparticles. The 

coupling between particles is characterized by the wake potential, 

rather than the impedance. It is difficult, however, to develop analytic 

criteria for stability. A recipe for obtaining stability criteria 

similar to that outlined above for the frequency domain, does not. appear 

to exist. The situation may be changing with the recent interdisciplinary 
14 surge of interest in non-linear dynamics . For the case of turbulent 

bunch lengthening an unusual time-domain stability criteria has been 
15 developed , which may have an application to other aspects of the 

problem of the interaction of a charged beam with its environment. 
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Fig. 2 -- Structures that can be computed by KN/C and SuPER,rISH. 
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Fig. 3 -- Dimension of the PL 1 and PETPA cavities. 
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Fig. 4 - - Electr ic f i e l d for the f i r s t 9 higher-order modes in the 
PETRA-type cavity. 
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Fig. 5 -- Loss parameter as a function of bunch length for the PEP 
and PETRA cavities. 
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F i g . 8 - - Loss parameters f o r some rep resen ta t i ve PEP components. 
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INVESTIGATION OF TOLERANCES FOR THE 

PARAMETERS OF THE PROPOSED LBL TEST-BED LINEAR INDUCTION ACCELERATOR 

S. Chattopadhyay, A. Faltens, L. J. Laslett, and L. Smith 
University of California Lawrence Berkeley Laboratory 

I. INTRODUCTION 

The Lawrence Berkeley Laboratory has pro
posed the construction of a Test-Bed linear in
duction accelerator!' to test the technique of 
accelerating heavy ions by use of induction 
modules and to investigate the transverse focus
ing of the ion beam by a FODO sequence of 
magnetic quadrupole lenses. The induction 
accelerator is intended to accept a 6-ysec bunch 
of Cs +1 ions with 3-MeV kinetic energy 
(e0s 0.007) from a sequence of a few pulsed 
dr ;ft tubes and to accelerate these ions to a 
kinetic energy of approximately 25 MeV 
(B 2 0.020) in a distance ^ 10? meter. The 
approximately 3-fold increase of velocity, 
combined with bunching of the beam by a factor 
of two, would result in a six-fold increase of 
cu-rent. A favorable value of transverse 
einittance — e.g., H E N = (2.5x10-5), meter 
radian, normalized — then could be expected to 
permit a beam current that increases from 
I 0 = 2.5 A (= 15 uC) to I a 15 A to be 
accommodated within an acceptable aperture.'') 

To facilitate the investigation of tolerance 
limits that would be desirable to impose on the 
acceleration wave-forms — and, more generally, 
to permit study of the expected dynamical 
behavior of beams of different quality and 
intensity — we have constructed an illustrative 
schedule for the acceleration wave-forms and 
have prepared programs for the numerical 
examination of the consequences that could 
result from errors in wave-form magnitude, 
timing, or etc. and from variations in the 
initial characteristics of the beam. The design 
of appropriate wave-forms was initially 
undertaken by treating the longitudinal field 
E(z,t) as a continuous function of z, but, with 
such work as a guide, impulsive wave-forms were 
then adopted for application at intervals (e.g., 
at 1-meter intervals) along the accelerator. A 
check of the uniformity of the linear charge 
density at various fixed times indicated that 
this transition to impulsive fields could be 
made successfully if the acceleration and 
bunching begin gradually. Considerations that 
entered lr to the wave-form design are summarized 
in Sect. II and some tolerance questions that 
warrant attention are discussed in Sect. III. 
The investigation of tolerance limits was begun 
only very shortly prior to the start of the 
Workshop (and continued to a limited degree 
during the Workshop); accordingly, although 
initial results appeared favorable, it clearly 
would be premature to report tolerance results 
at this time. 

Follrwing the acquisition of Sufficient 
information concerning the tolerance 
restrirtions for longitudinal acceleration, for 

a satisfactory representative set of wave-forms, 
we are prepared to extend the computational work 
to a similar investigation of beam-envelope 
behavior in the FODO transport system of the 
accelerator. It is planned, for convenience, 
initially to consider this transport system to 
be strictly periodic spatially (occupancy 
factor, n = 1/2; half-period, L = 1 meter), 
although a final design of quadrupole lenses 
meriting subsequent examination well might 
divide the Test-Bed into two or three sections 
characterized by successively increasing values 
of L and certainly will require space for 
occasional pumping ports, etc. The work in pro
gress does not take collective effects into 
account explicitly, but parameters controlling 
potent"'al collective instabilities have been the 
subject of other theoretical and computational 
investigations. 

II. THE LONGITUDINAL ACCELERATING FIELD 

1. Specifications 

Cs +1 to be accelerated from 

B 0 = 0.007 to e a 0.020; 

Little initial spread of e; 

Inject for an interval s 6 usee; 

Accelerate with spatial bunching by a 
factor a 2; 

Maintain the linear ion density 
substantially constant, vs. z, at every 
fixed t; 

Assume that one will subsequently 
desiqn and provide "ears" to the 
applied wave-forms, to compensate for 
longitudinal space-charge forces at the 
ends of the bunch; 

Conform to technological restrictions 
concerning the magnitude, nape, and 
volt-sec of the applied wave-forms 
(e.g., E less than circa 0.30 or 0.35 
MV/m and ; - 0.3 volt-sec). 

The specification that the linear charge density 
along the bunch shall be constant at any fixed 
time is favorable with respect to avoidance of 
excessive transverse space-chargr defocusing 
forces, and the avoidance of a igni •'-'-ant dx/dz 
in the interior implies that -,ne wav )rms 
require only the addition o* modest ..o.rective 
fields ("ears") at the encs in order to 
compensate for longitud'na1 space-charge forces. 
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2. Continuous Longitudinal Fields 

In the work that follows we make frequent 
use of "scaled" variables r and F, whereT= ct 

Al! c* and F = -4<— F. If the requirement that the qe H 

longitudinal density remain constant along the 
beam (at fixed t) is to be maintained, it is 
clear that no particle should experience a 
longitudinal electric field until the entire 
beam is within the accelerator. Accordingly, if 
i'ij«ction occurs within the interval 0 -- i • 1800, 
one may arrange that E £ 0 only for I > ig 
where, for example, :Q = 1850. Subject to 
tnis restriction, one can prescribe the 
runctional form of the field F(z(i)) acting on a 
reference particle (e.g., on a particle 
injected at the mid-point of the bunch) and also 
a 'unction w{ ' - -g\ that describes the factor 
by which the bunch length is shortened. The 
requisite wave-forms, F (z,;), then may be 
derived (in practice, numerically) so that the 
desired constancy of x(z) is achieved — N o t e 1. 

An example of a selected bunching function, 
w( • - g ) , is shown in Fig. 1. Figure 2 
shows, also as an example, the form of the 
function E(z(-)) chosen in this initial work to 
represent the field acting on the reference 
particle, together with the corresponding fields 
acting on o.jrticles at the head and tail of the 
beam. Tn anticipation of the use of localized 
fields it has appeared desirable that the 
acceleration and bunching begin gradually — 
most pi-iicularly if the constancy of linear 
dens'' >• vs. z is to be maintained throughout the 
acceleration — and the functions illustrated in 
Figs. 1 and 2 were designed with this intent, 
subsequent to this gradual onset, the fields are 
permitted to grow comparatively rapidly to 

i o , — -

0.8 f 

i 

= w = 0.5^'- - -

0.0 20 40 60 80 
Z (meter! 

Fig. 2. An example of the field on a reference 
particle, and of the associated fields on the 
nose and tail particles when the bunching 
function is that shown in Fig. 1. 

attain values limited chiefly by technological 
considerations. There has been no attempt, in 
the work described here, however, to construct a 
fully optimized design, since the object of this 
work is an investigation of tolerances.3) 

3. Discrete Impulsive Fields 

Prior to the investigation of tolerances, 
the continuous longitudinal field (Sub-section 
2) was discretized into a sequence of impulsive 
fields (nominally at 1-meter intervals). Values 
of F at each of the discrete z values were 
obtained at seven values of i (within the 
interval during which the beam would be present) 
and the corresponding wave-forms were obtained 
as a least-squares fit to a pclynominal of the 
form 

n4 F { T ) E c + A ^ + A 2 D 2 + A 3 D 3 V 
where 

and 

i - A , o 
V T 

Ec = F ^ R e f 

Ref. 

). 

ne Following Onset of Field - The parameters E c and Aj (i=0,...4) are 
dimensioned variables, with each index value 
corresponding to a discrete z value, and are 
stored for subsequent use in other programs. 

Fig. 1. An example of the bunching function, 
w( i - i G ) . 

A few representative wave-forms, as given by 
such polynomials, are shown on Fig. 3 for the 
field sketched (prior to discretization) in 
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Fig. 2. The corresponding flux-changes per 
iieter, i Edt, are shown as a function of z on 
Fig. -3. 

r Z = 2 0 m 

The longitudinal dynamics of particles 
moving under the action of a sequence of 
impulsive fields can be supplemented by 
evaluations of the local bunching (specifically 
of N 0 / N ) , as indicated in Note 2, and the 
bunching appears to remain substantially 
consult with respect to z at fixed time. For 
the specific longitudinal field mentioned here, 
the resulting increase of a is as shown on 
Fig. 5 and the bunching is such that 
N 0/N = 0.5, implying an increase of current by 
a factor'') approximately 3/0.5 = 6. 

Although the incident beam is presumed to be 
composed of particles with substantially 
identical values of B 0 , phase plots (e.o., 
B vs. z, at fixed time) can be constructed 
performing computations for particles with 
somewhat different values of B 0 . The 
evolution of such phase plots, for an overal 
spread of a 0 much greater than would be 
expected in practice, is illustrated in Fig. 
Corresponding plots of kinetic energy vs. t 
fixed z) <\rp shown on Fig. 7. 

of 
by 

1. 6. 
(at 

ill. THE STUDY OF TOLERANCES 

0.0 -

0.3 r 
I 

0.2 >-

0.,r 

22 23 24 25 26 
H/i sec) 

= 9 0 m 

We have begun to investigate the sensU ,• i ty 
of the acceleration proems to the complete or 
partial failure of one or more acceleration 
cavities — with initial results that appear to 
be favorable. One jffect that can result from 
failures of this type is illustrated in Fig. 8, 
from which one '-ees that the failure of a cavity 
may result in a particle quite near the tail of 
the beam drittinq (as indicated by the broken 
dashed 1' •) outSMie the region covered by the 

32 33 34 35 
t(ji sec) 

Fig. 3. Representative wave-forms for the 
acceleration schedule of Figs. 1 and 2. 

~ 0.6 
en 
r 0.4 o > 

0.2 
^ 

£ 40 60 80 100 120 
Z (meter) 

0.0 1 0 j-

Fiq. 4. The flux swing per meter for the 
acceleration fields of Figs. 1 and 2. Fig. 5. The growth of B, from an intial value 

6 0 = 0.007, for the fields of Figs. 1 and 2. 
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Z ( m e t e r ) 
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Fig. 8. An illustration of a possible effect, 
on a particle near the tail of the beam, of a 
cavity failure. 

/ 

V 
9 0 9 4 9e 102 106 

Z l m e l e r ) 

Fig. 6. Evolution of phase diagrams, s vs. z at 
constant t, with the initial spread of B 
markedly greater than would be expected in 
practice. 

2 3 

26 r 

2 3 4 
t (̂i sec) 

/ / 

applied wave-forms (region bounded by the solid 
lines). A more detailed investigation of this 
and related effects (such as the response to 
timing errors, variations of s 0 , etc.) 
ultimately may require the extension cf tne 
wave-forms into regions where a field is nr, 
required under ideal conditions, in addition to 
the provision of some supplemental fields near 
the ends in order to compensate for longitudinal 
space-charge forces. 

NOTES 
Note 1. The Bunching Factor in the Case of 
Continuous Fields 

Denoting the z and ; value? for „ reference 
ion by z and T, we specify F(z) for the ref
erence particle and have 

d z- )/di S-6 and d(B-B")/d = F(z, ; )-F(z( •) ). 

With w( -ig) [= N 0/N] also specified, we wish 
(for notation, see Fig. 9) 

/-

<*Y Onset of 

!.._,_ 
34 35 36 37 38 39 

t (/i sec) 

Fig. 7. Plots of kinetic energy vs. t, at 
constant z, for the case illustrated in Fig. 6. 

Fig. 9. Illustration of notation employed in 
Note 1, leading to the relation 
z - 2 = (z - £) 0-w = s 0(T 0-i 0)-w. 
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z - z = [ i - z/ 0-w 

= B 0('0 " :o)- w< 
so that 

B o ^ : o""o •' 

i ' \ dw (Nl 

and 
F(z,-)-F(5(r))=80(I 

(N2) 

•o> d k 
dr" 

F(z,:)=F(z(-)) + B o( T
c,-. 0) djw 

d; 2 

Equation <N2) thus provides the desired values 
of F for particles crossing the location z at 
time ' = ct. The corresponding 8 is given by 
Eqn. (Nl), or may be obtained by integration of 
de/d: = F, while z is obtained from uz/d: = s. 
If, in practice, one integrates with respect to 
z (in order to obtain results at regularly 
spaced z values), one must interlace 
integrations with respect to : in order to 
obtain the reference field [F{z()), required by 
can. (N2)] at values of ' common to the 
reference and trial particles. 

If the function F(z, ) is not specified 
through use of the bunching function 
w( ' - '£), the local valje of N 0/N .nay be evaluated for any explicit specification of F 
through introduction of auxiliary variables 

'•> = [ -7 • 0]z=const. a n t J 

v = B[ - S / 0]z=const. ( w i t h "o = ]. 
v 0 = 0). One then employs the coupled total 
differential equations 

d: 
dz 
d.-
dz 
du 
cY 

d_v 
d.: 

1 

> or < 

dz 

du 
d: 

dv 
d7 

and computes the loci density ratio as 
::U 

Note 2. The Eunchinq Factor in ine Case of 
Impulsive Fields. 

A(i ) . Between cavities: 

••' = 7 z ' i - e " n+l = I n + . 
while B remains unchanged. 

'Ŵ  
(ii). Traversing a cavity: 

- is unchanged, 
and 

/ 2 
' n+1 + 2F n+1 

B. For infinitesima1ly neighberinq 
trajectories (0: and OB): 

(i). In passing from one cavity to tne 
next: 
From Fig. 10, 

J n . [ / - n ^ - n - J . ^ ; D ; V . D j - - r l D n... 
V l [( n + r n ! - ( 0 , n + 1 - D n ) ] D n + 1 

is a factor that, way be raplieu to convert the 
old density ra f :o (initially unity, ai z - 0 ) 
to the new density ratio, where 

'nH 

and 

' n+1 
•n D-n + < W ' ; > D n + l 

n+1 

N 0/N In t particular case that F(z,i) 

(ii). In moving b 'tween two cavities: 
To update linear ion density (N) 

between cavities ( v < a z ) , oriL recalls that, 
from B(i) above (with n+1 replaced by n ) , one 
employs a denominator 0 z n = [(s n + B n _ i ) - (DB n - Os n_i)]D: n :n evaluating 
<sz n_j/sz n. From Fig. 11 it is evident that 
to obtain the density ratio at a point between 
z n and z n+i one should replace « z n by sy + S|_ — i.e., the density factor at 
z = z n should be corrected by the factor 

is given by Eqn. (N2), the ratio w'/w (with dots 
denoting d/di") is independent^of z and may be 
identified with 3F/I z. With s and w initially 
zero, the auxiliary variables u and v then will 
be 

n denominator 
"s," 2F~Di" - T W : - ' T D F T I r i n n 

to obtain the ra t i o at z = Zp+sz. 

u = (BQ/S)W and v = BoBw - BQBW, 

with 1 dv. Bw/w - dF/d r 
»u dr 

dF/dx - , -3F/JZ = I F / 3 T , as required. 

In practice the in f in-.tesimal quant i t ies Dr and 
DB may be i n i t i a l i z e d to "i and 0, respect ive ly , 
since only the i r re la t i ve values are of 
s igni f icance. 
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ION INDUCTION U N A C S : REFERENCE DESIGN AND PROPOSED TEST-BED 

Andy FaRpns and Denis Keefe 
Lawrence 3er<elev LaDuratory 

:. ::,"R:jOijCT;-)!) 

7n<= . Ei l_ M I F pt ogram i'as concentrated on the induction linac approacn 

necauso this tyoe of machine, is aole to accelerate the entire charge re

quired ror fusion in a single, nigh current hunch, and hecause of our ex

perience ten years ago using tne Astron ionuci ion I mac at ILL and sun-

cequrTi f. 1 y hu ilding and operating our own riacm'n" at I.CI.. The operation of an 

r.f. linac with storage rings, Fig. 1, is baseo on an operating line where, 

e/cluding the tree of linacs at the lowest, energies, acceleration is along a 

sonsta nf current trajectory to peaK energy, and tnen along a constant energy 

trajectory as the current is compressed and multiplied to reach the required 

of oean power '> 100 Twj. The operation of the linear induction accelerator, 

Fig. \ is along a trajectory where tne energy and current are increased 

simultaneously; at the end of acceleration the neam is c p I it. transversely into 

two grouos or hearns to provide for higner peak power „nd a left-right 

sy:*iret"- ica 1 pellet hombardment. 



(-O-O-O 

C-o 

jJUvLt- A :J j LOW-MITA 

ooo 
5T.II' A,JD CJEI . iL 

, \axi_t_:v\!t -xo ni'Buuu INAL COfTPRLSSION 

."iii 1 NttOtD: I or j SOURiT A;jp [iT.i-WfTA A a T I R A ; :R 
; H Y : . I - ;-,r,\-\ R i u u n ^ i ; AT F V M 'WJPUL/.ri-v 

V'Aruir A;JD rfi/Wr.f FXCHANT r - ' K S >L"I~TI-XJ. 
L'SI .VTTHr.ATr.lN 

Fig. 1 - RF Linac with Storage Ring Current Multipliers 
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Fig. 2 - Linear Induction Accelerator "Single-Pass" System 
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2. REFERENCE DESIGN FOR 1 MEGAJOULE DRIVER 

The parameters of our 1 MJ reference design are as follows: 

Beam charge = 210 uC (electrical) of U+n 

Q = 1 MJ P = 160 TW 

T = 19 GeV R -- O.S gm/ci/ 

r.t. = 3 x 10 radian-meters Pellet radius = \.?<i mm 

The major cost, about 80", , of the LIA conceptual design is in the 

induction accelerator itself, with the injector and source requiring about 10'' 

and the final transport and focusing another 10 . The earliest concept (three 

years ago) for an induction linac driver was based on a largo-aperture (radius 

~ 50 cm) ion-emitter which coula provide 5 amperes of oeam current for 

injection into a drift tube accelerating structure, tol lowed ny iron cure 

induction units at long pulse durations and ferrite curt' units at short 

durations. The 1979 version of the system looks very similar, althouqh most 

components of the system have been examined and cost optimized. The major 

differences are: that the source current may be increased as required by using 

multiple bearnlets with electrostatic focusing, as proposed by 

Herrmannsfeldt, ' thereby eliminating the need for unwieldy magnetic 

quadrupoles at low energies; that the induction acceleration may begin 

economically near the 10 MeV point instead of near 100 MeV; that the magnet 

occupancy ractor (fraction of length occupied by magnets) may be decreased 

from 50 to about 10?'. as the energy is increased; that acceleration of bundles 

less than 100 ns in duration is not necessary; and that final focusing may be 

greatly improved by splitting the beam into many beamlets near the target 

chamber. A computer program, LIACEP, has been used for cost optimization of 

the accelerator portion of the system and has generated the desired operating 
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parameters shown in Fig. 3. As the pulse duration is decreased with 

increasing beam voltage, the appearance of the accelerating modules changes 

gradually, from being similar to the modules designed and built at NBS for a 

2 u s e e , 400 kV pulse, Fig. 4, to being similar to the LLL Astron Injector 300 

ns, 300 kV modules shown in Fig. 5, to finally being similar to the IBL ERA 

250 kV 45 ns modules, Fig. 6. The applied voltage waveforms use] in the 

electron induction machines shown were flat; tor ion acceleration they need 

shaping as shown in Fig. 7, the details of which are being n fined at this 

time as reported at this workshop by L. Jackson Laslett. Interspersed between 

the accelerating modules are superconducting quadruool"s whose pole tip field 

has been assumed to be 4 Teslas for design purposes. 

There is still room for invention and improvement il both ends nt the 

machine. At the front, the source parameters -JS used in the Reference Design 

were as fol lows: 

? +1 

Area «'j.5 m" Current = 7. '•> amps of U 

Voltage = 1 HV lieam Charge = 150 i.,C of U 

Pulse Duration = 20 usee Current Density - 2 mA/cm 

There is a wide variety of other choices that could be explored fo>- future 

applications. At present, we are routinely using a large-aperture 

contact-ionization source for Cs ions - this type of source can be used to 
+1 produce U ions, x/e have successfully tested a smaller alumina-silicate +1 source for producing is ions - such sources offer significant advantages 



162 

10.0 r 

A • APERTURE, cm 

6 Fiei-P, Te^L^s 

C ir>TAI_ ACCEL tRMOIt-
INCKEMEKTAL 32S.T, 

e> 

c iRAPEslT , MV 
/ I 

CUKRE-W"! K AMPS 

, / V 

OOI ' 
50 100 500 1000 

VOLTAGE - MV 

5000 

F ig . 3 - 1 9 GeV U 1 MJ Induct ion Linac Parameter 



163 

Accelerating 
Gap 

Scale - Inches 
Cradle 

400 kV, 2^s LIA INDUCTION MODULE 
DEVELOPED AT N. B. S. 

Fig. 4 - Schematic cross-section of NBS accelerator module for 
400 kV, 2 us pulses. 
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in. T' - LLL Astron Injector accelerator modules for 300 kV. 
iOO ns nulses. 
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Fiq. 6 - LBL ERA Injector Accelerator modules for ?50 kV, 45 ns pulses. 
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for the production of thallium ions (mass number: 204). Finally, 

large-aperture sources, approaching the sizes needed, have been developed at 

LBL for plasma heating in Tokamaks and would allow production of a wide choice 

of ion species. One such Ehlers-type source has already produced amperes of 

xenon ions. 

The total source current for some ions such as Cs is limited y the 

downstream transport system rather than by the source itself; likewise, the 

large diameter sources and beams are dictated by the desire to <" crease the 

transverse space charge fields, rather than by the current den? ty emission 

limit. No major effort at LBL has been devoted to obtaining -'-ns with masses 

higher than Xe and Cs, both of which have been generated in fficient 

amounts, even though there has been a small advantage showr for heavier ions 

in some of the conceptual designs. The LBL contact ionization Cs source is 

shown in Fig. 8. Its emission density is adequate for a 1 MJ driver and would 

require scaling only in dimensions and voltage. 

The injector for the reference design has three ulsed drift tubes. The 

first two are used to accelerate 150 pC of U to . energy of 5 MeV, at 

which point a helium gas-jet stripper is introdur J and an emergent beam with 

210 uC (electrical) of U ions is created and * parated '. This beam is 

accelerated by a further 8 MeV by passage thro )h the third drift tube, and 

then enters the induction linac. 

Other injector options need careful evaluation in the future. Solenoid 

focussing has been examined in some detai" and while workable, is too 

cumbersome an approach. The limits of applicability of grid focussing needs 
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Fig. 8 - 1 Amp Cs Contact Ionization Source 
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more study and also the use of electrostatic quadrupoles within the 

drift-tubes (either large-aperture or stacked small-aperture arrays as 

suggestsd by Maschke at this meeting) remain to be evaluated. The multiple 

beam electrostatic focusing system designed by Herrmannsfeldt has been 

simulated computationally, including space charge, and Figures 1-7 of 

Reference 1, show the rectangular and annular ribbon configurations as well as 

particle trajectories through enough c' the system to show that it is 

extendable indefinitely. 

Another injector possiblity, the recircuiator shown in Fig. 9, allows the 

acceleration structure to be used several times in one pulse. The magnetic 

focussing lenses are held at fixed field. The recircuiator is limited to long 

intervals between bunch passage times by the recovery time limitations of 

existing switches. With any of the alternative concepts shown, and future 

ones yet to be discovered, the decision on their suitability for use is on the 

basis of economic comparison. In general the magnetic quadrupoles have proven 

to be preferable as the energy is increased and the optimum energy for 

changing from electrostatic to magnetic lenses remains to be determined. At 

the present stage of conceptual designs, it is significant that at least one 

source and one injector concept exist, and that their costs are not dominant 

for the entire system. 

A similar mix of technical and economic considerations applies to the 

final focusing problem. It is clear that the peak power delivered to the 

pellet may be greatly increased by proliferating the number of incident beams 

and final focusing elements. An apparently more stringent requirement for the 

subdivision into several beams is set by the need to keep the emittance of 
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RECIRCULATOR CONCEPT 
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each beamlet small enough to avoid third-order aberrations in the final 

focussing lenses"1' . To accomplish such splitting the beam has to be 

enlarged greatly in trar verse dimensions before passage through vertical and 

horizontal splitting magnets (see Fig. 5 of Reference 4 ) ; a necessary 

condition is that the energy (Jr r ; ty deposited in tne septum eng° be less than 

about 1 k,5/qm to avoid spaliing. Tne gases liberated from the surfaces move 
t _ o slowly to affect the beam during the passaae time of the bunch. Just 

before the septum splitters t-iat create the major subdivision into two pairs 

of beams an energy tilt is introduced into the hunch ;;y strongly ramping the 

voltages in the final 230 meters of induction cores. Ihis will cause- tne 

bunch length to collapse from 1/S nsec, at the eno of -jcce lerat ion, to 10 nsec 

at the target, after it has traversed the full 'engtn ot fno transport lino. 

A drawing of part of the final transport system is snuwn in Fig. 10. All of 

the estimates for the conceptual design 3n- tiaseu on final focusing in a 

vacuum <-",/ j ronment, with perhaps charge neutralization near the pellet. A 

completely different alternative is for a charge anu current neutralized final 

transport in a low pressure gas, or a co-streaming electron beam. If such a 

scheme were viable, it would greatly reduce tne complexity of the final 

focusing arr^y of magnets and reduce some of tne stringent requirements during 

the acceleration process. 

3. CURRENT AND PROPOSED LBL PROGRAM 

Tne ongoing experimental program at LBL ano tne proposed one for tne 

accelerator development facility (ADFj are aimed at verifying the design 

criteria experimentally and developing machine specifications. Basic to all 

HIF drivers is the question of tne transverse stability limit in a focusing 
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cnannel, which has been investigated analytically and computationally, but not 

yet experimentally. The 1 Amp 2 MeV C s + beam propagation experiment, Fig. 

11, is a first step towards an experimental verification of the transport 

theory. It would investigate matching into a quadrupole lattice with intense 

space charge and a finite bunch, and could roughly check regions of stability 

and instability. A substantially longer transport system is required for 

investigating the region near the threshold of instability. 

1 AMP, 2 MeV, Cs + 1 BEAM PROPAGATION EXPERIMENT 

Fig. 11. 
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Figure 12 shows where the present ana proposed experiments are in relation 

to the end goals, and where the research machines for rieavy ion collisions are 

on the same scale; Table I tabulates some of the desirable values. These 

figures do not include the latest desire of the target designers to move 

toward lower particle energies. 

TABLE I 
BEAM VOLTAGE AND CHARGE FUR SINGLY-CHARGED CESIUM* 

Example Charge Kinetic Energy 

(yC) (MeV) 

1. 4 J 
(Current experiment) 

2. 500 J 

3. 100 kJ 

4. 1 MJ 

/() ?5 

2 45 <_ ?,?00 

> ao < i,:,oou 

* For Uranium the beam charge needed is, typically, one-half that for 

Ce? ium. 
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The logical next step in increasing knowledge and experience in the 
acceleration of a large charge of heavy ions is the building of an ADF to 
answer some of the following physics questions: 

-Beam Quality: 

• Prepare and launch beam of significant current and charge into an 
induction linac structure. 

• Show bunching by pulse compression (xl/5) in this structure. 

• External bunching by further factor (xl/3). 

• Demonstrate satisfactory 6-D phase volume. 

• Explore instability limits. 

• Realistically evalua.3 effects of imperfect operation of multi-element 
system. 

-Beam Experiments: 

© r-ocus (<1 cm) 

• Bunch. 

9 Gains from neutralization 

• "Damage" in slab geometry 

• Beam Splitting 
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-Accelerate other ions (e.g. Potassium 39) 

In parallel it is vital to develop engineering experience that will be needed 

for the design of HIDE and subsequent machines. Among the engineering goals 

are: 

-Component Development: 

• Induction Modules 

Superconducting Quadrupoles 

* Periodic Internal Focusing Structure 

• Beam Splitter 

e Gas Stripper and Analyzer 

-A Working Induction Linac to provide a Viable Framework for Higher Energy 

Designs 

-Operating Experience wi fh Emphasis on: 

Component Performance 

Sensitivity of Timing, Synchronization, Wave Form Errors 
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Some of the desiderata for ADF are listed in Table III 

TABLE I] 

One Would Like: LBL Proposal: 

Energy ~ 1 kj 500 J 

•-Accelerator " LBunch 1 0 ° "" 
(20 m) 

No. of Betatron Periods > 1 

VNo. of Modules >> 1 -J81 modules 

yNo. of Switches >> 1 «/l000 switches 

Particle Interchange Between some 

Front ?nd Back of Bunch 

While there are no firm values for the minimum number of elements required and 
for the jther parameters, the values shown are about an order of magnitude 
above existing capabilities for most parameters, and furthermore, they occur 
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in the most sensitive and interesting part of an ion induction linac. At the 

low energy end the beam is subjected to the most violent manipulations 

transversely and longitudinally, excluding its encounter with a pellet, in the 

entire system. Subsequent acceleration approaches a steady state condition, 

with a small fractional energy change per accelerating gap and only a modest 

bunching field required. 

The appearance of the ADF is sketched in Fig. 13, and its operating 

parameters are shown in Fig. 14. The focusing quadrupoles are placed within 

the accelerating modules because of the low energy transport limits. Within 

the short length of the ADF, the bunch experiences many of the same maneuvers 

required in HIDE - specifically, a several-fold increase in the beam current, 

a physical shortening of the bunch length, and acceleration by a large number 

of independent pulsed devices which will have practical imperfections. 

Specifications for desirable waveforms are being developed, as described in 

the talk at the workshop by Jackson Laslett, and have the trend shown in Fig. 

7. Further details are given in Reference 5. 
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Fig. 13 - 25 MeV Cs 500 Joule Induction Linac Test Bed 
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LIA LONGITUDINAL COUPLING IMPEDANCE 

Andris Fallens 
Lawrence bVrkel^y Laim 

The beam generated fields enter into the 
problems of waveform generation and longitudinal 
stability. In the former, provision must be 
made for the longitudinally defocusing forces 
due to the space charge and the beam loading 
effects on the accelerating voltage due to the 
current of a presumably known bunch. In the 
latter, the concern is for the growth of 
unintentional perturbations to unacceptably 
large values through the interaction of the 
charge and current fluctuations with the rest of 
trie beam and the surrounding structures. These 
beam generated electric fields may be related to 
the beam current through a coupling impedance, 
Z' = E z . 

1 
The problem of longitudinal stability ami 

its dependence on the coupling impedance is well 
known in the design of proton storage rings and 
other circular machines, where it often limits 
attainable intensities; some of the theory and 
formalism may be applied to linear machines, 
with suifanle modifications. For circular 
machines the usual definition has been 

V 2TRE 

1 n 
where F.n is the peak azimuthal electric fie 
generated »y a sinusoidally modulated curre 
In, of the spatial harmonic number n In a 
machine of radius R. The theory of space r. 
waves as developed lor microwave tubes is 
analogous, though less known in the acceler 
community, ano uses ^n interaction or P;erc 
impedance which relates the longitudinal 
electric field in the region of the neam to 
average power flow through an external circ 

2 ? 
7 _ z 

targe 

i Lor 

f o r a beam w a v e l e m i t h , x , rid a wa I I impedance 

_z 

w a l l 

which is useful for matching fields at a wall 
boundary. Both of the microwave tube impedances 
emphasize the surrounding structure, while the 
accelerator coupling impedance combines the 
effects of space charge and external structure. 

For the ourposes of a high current linear 
accelerator it appears useful to maintain some 
distinction between the space charge fields and 
the fields due to the inte-action of the beam 
cu-rent with structure, and to define 

^ ) ^ ( , ) o x t ( M j i ( , .y 

contribution, and the subscript ext refers to 
the external structure. Z'U) is the ratio of 
the electric field to the beam current 
amplitude, for a sinusoidally modulated curi ent 
at angular freguency -.J, has the dimensions of 
ohms per meter, and in general is complex 
because the electric field is usually phase 
shifted with resoect to the current. No SDeclal 
emphasis is given to anv particular set ot 
hurmonics in the LIA because a single bunch is 
accelerated in a non-steady-state manner. 

Hie self-fields are within a factor of 
l-p- the electrostatic fields of the modulated 
charge, and may be calculated by transforming 
the electrostatic Melds of a stationary charqe 
distribution to a "toving coordinate frame. For 
the IIIF appl icat ions re* << 1 because of the 
low particle speed, f,c. For modulation 
wavelengths long compared Co the chamber radius, 

beam of radii. .; has b 

VqM 
7-OU 
4-(tn 

2;: 15 
b where the factor, -n^ *7 > often called g far a 

geometry factor, applies'to the particles at the 
center of ,the vacuum chamber and a 
factor .n Jj +• I is more appropriate if the 
average electric field over all particles is 
required. Insofar as this g factor is of order 
unity and changes slowly with the beam-chamber 
geometry, Z'q('u), the self-field contribution, 
is of the same order of magnitude at low 
frequencies for the induction linac, the rf 
linac, or the storage ring, depending mainly on 
the velocity of the particles. The sign of 
Z'g is capacitive, that is. in the sense that 
the hunch would be caused to expand 
longitudinally, but the Frequency dependence is 
like that of an inductor, therefore, it acts as 
a negative inductance, '-L". In principle, the 
self-impedance could be partly compensated by a 
positive inductive wall impedance, with 
inductances comparable to those in the induction 
acceleration cores. The compensation could only 
be partial because of the field variation across 
the beam and because of frequency dependent 
transit time effects. 

The frequency range where the long 
wavelength approximation fails depends on the 
chamber dimensions. Physically, for short 
wavelengths the electric field preferentially 
goes ft i regions of greater charge density to 
regions of lower density within the beam, rather 
than to the wall as in the low frequency limit. 
The boundary between the long and short 
wavelength approximations is in the region where 

cript q refers to the soace charge ka kt 
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In the short wavelength limit, 

7 . ( v ) = _L_. __±^ 

and it behaves as a capacitor, "C". 

the region M = tjc a n d has the values 
z'max .mJ^:2]

or:im 
q .••b .-a 

ir the two limits The lower of these, for 
gives 

V max - ,:—— /in for b 10 cm , 

as would b*. typical in the induction linac or 
storage ring, and Z„' max = - j.5000 7m for 
b = 1 cm as in a typical r f linac% with uimdx = 3x10^3 and 3x101° B respectively. Since s 
has a maximum value of about 1/3 for H1F, the 
space charge impedance peaks in the neighborhood 
of 100 MHz'and 1000 MHz for the large and small 
chamber machines, respectively. 

A sketch of the self-field impedance is 
shown in Figure 1 for a range oi s's and chamber 
radii that span the HIF range. 
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e and manipulate 
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vi ty" is f i 1 "led w 

and is tightly 
ce generator. By 
gh-Q structure de 
ce of several Me. 
is loosely couc 

impedance, Z g x t , the accelerating gaps 
s ir the beam 1ine as 
mportant contribution 
impedance of the 
t is easier to 

in an induction 1inac 
r structures because the 
ith rf absort ing 
coupled to a low 
contrast, an rf cavity 

s i ̂ ned to attain an 
•n on resonance, and 
. to a generator. 

tJhi le phase and amplitude feedback may regulate 
the fundamental mode voltage and thereby lower 
the impedance seen by the beam, little seems to 
be knijjn about the higher modes other than that 
they shouldn't be harmonically related to the 
fundamental of the rf. Because of these 
differences in the structures and coupling, 
Z e xt; in an LIA cavity is to a large extent determined by the generator which drives it, 
while in an rf cavity it is mainly a property of 
the structure itself. 

The LIA Z^xt ' s well represented over the 
most important frequency range by the circuit 
shown in Fig. 2., which may be directly relate.il 
to the induction module and drive circuit shown 
in Fig. 3. The generator impedance, Z 0 , is the characteristic impedance of the pulse 
forming network or line used to drive the 
module, and is the dominant element for 
frequencies uf the order o c 'he reciprocal of 
the pulse duration. At higher frequencies, Ine 
generator impedance is shunted by the gap 
capacity, Cg, which is about two orders of 
maqnitude higher than the usual gap capacity of 
an rf cavity. The induction core lus a 
relatively minor role compared to the first two 
elements. Because of the non-ide.il behavior of 
the induction core, whether" it is ferrite or 
iron, eddy current and magnetization currents 
have the appearance shown in Fig. 4, for a 
constant applied voltage, rathi_r than the 
linearly increasing and smaller current which is 
shown dashed in Fig. 4. The actual current 
response suggests an equivalent circuit for th 
core which consists of a parallel ^.--Lc combination, with the esistive part, R c, dominant. At very low frequencies tne core does 
have inductive behavior, ^n o?:ijn,-.l 
compensation network, shown as t"e 
'-comp^^comp "Ccomp series strin.; -\:y rie 
used for Dulse shaping purposes, sue*' as 
speeding up the rise time ana moJifying the 
slope of the voltage, or the same function may 

Generalor Opnonal Gap 
Internal Compensation Capacity 

Impeaance Network 

L core - 1C - 10 Hy 

R core 1-2 k'J 

C gap • 10O-2O0pF 

Z 0 100-10001! 

The Self-lield Contribution Zq. to tr-e Coupling Impedance 
. 0 03. 0 1 end 0 'i a"d Raon,s 'C cm It !A) and 1 cm {rt Linac) 

P.Dure ' 

Accelerator Equivalent Circuit 

Figure 2 

http://relate.il
http://non-ide.il
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—— — 5cm 

fl Insulatcr 

V/////A 
w 

(Accelerating I Q , 
fa gap | Beam pipe 

-WWMflk-|!—| 
Compensation network 

Coaxial Blumlein for short pulses 
Lumped element PFN for long pulses 

Induction Acceleration Cavity 
and Voltage Generator 

Figure 3 

Approximate Form of Core Excitation Currenl 

Figure 4 

be obtained by tailoring the generator 
impedance. A desirable '"ore has 

R , R • Z core comp o 

Host of the effort has been expended on 
decreasing the core losses, which allows Z 0 to be raised. 

The choice of the generator impedance, Z 0 , is influenced by efficiency considerations. The 
voltage appearing across the accelerating gap is 
the sum of the applied voltage and the beam 
generated voltage, with the approximations that 
the source is a generator matched to a 
transmission line with a characteristic 
impedance, Z 0, that the gap capacity is negligible, that the core impedance is infinite, 
and that all components are linear. 
vgap = incident + vreflected - 'beam Rbeai" , 

where R b e a m is the parallel combination of 
Z 0 and R c o r e 

Kbeam Rh = Z n "core , 
and is equal to the external coupling impedance, 
^ext i n ' n l s approximation. 

For this model, the acceleration efficienc . 
n, is 

I, 
= I yjre w bean 

lZ' + R "" n\T~~ o core incident 
with a maximum value 

R_ 

)(2 beam o 
incident 

max 
core I + R o core 

which may approacn 1. The efficiency in terms 
of the external coupling impedance is 

41. Z „ V _b__ext _g_ap__ 
2n(V. „ L + 1 Z 1' 
0 V gap Jb ext' 

n is plotted versus 7exi in Fig. 5. Near the 
maximum efficiency point the function is flat: 
therefore, Z e xt may be reduced by a factor of two or three without a comparable loss of 
efficiency. Lowering the generator impedance is 

and 
I ~ _2IR 

0 'beam 

Dependence of Efficiency on the External 
Coupling Impedance at the Peak of the Z M Curve 
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advantageous in the short pulse region, where 
transmission lines are acceptable voltage 
sources, because it is difficult to build high 
voltage, high impedance lines, and because a 
lower impedance line allows the gap capacity to 
he charged faster. 

At frequencies comparable to the reciprocal 
of the acceleration pulse rise time, the wall 
impedance is dominated by the gap capacity. For 
the gap capacity to be treated like a lumped 
element, the two way travel time for 
electromagnetic waves from the inner radius to 
its outer radius should be less than a quarter 
cycle, 

2Ar T , ., ' free space -~ •- j , or equivalently hr •• K - ^ — 

where &r is the difference between the outer 
radius, A, and the bore radius, b. A typical Ar 
is 50 cm, therefore, the lumped element 
approximation is satisfactory for f < 75 MHz. 
The actual value of the gap capacity 

c ,A 2 

C ~ - V - ' 
for a gap of width d, depends to a large extent 
on d. Within bounds, d is a free parameter, 
with the minimum set by voltage breakdown, and a 
value near 5 cm satisfactory, for which 
C = 140 pF. The inclusion of the gap capacity 
leads to a lower value of the wall impedance; 

Zext. * 1 + jo,RC " , + M c ) 2 
with the dependences 

J!oR2C 
1 + (o)RC)2 

ext I l a n d R e ( Z e x t ) , I 

as the frequency is increased. 
Transit time function, T r 

In the frequency region where the gap 
capacity becomes important and above, the 
effects due to the change in the electric field 
during the transit of the particles through it 
becomes significant also, and tend to lower the 
external impedance by the factor Tfl, where 

< j E(r,z)cosi.itdz > 
T = — — 
r ^ 

< I E(r,z)ds > 

along the particle trajectories. In a gridded 
simrd/A gap with uniform fields, T r nd/A -, and 

has a null at about 600 MHz for our example, 
with 6 = 1/10. In an open geometry such as the 
real accelerating gap, T will start decreasing 
at lower frequencies because of the extension of 
the field into the bore tube, say, at 300 MHz 

for the previous example. At any B, T r will also decrease when the frequency approaches the 
waveguide cutoff frequency of the vacuum 
chamber, which is - 1.1 GHz for this example. 
The detailed geometry of the gap region may be 
adjusted rather freely to change T r without affecting the functioning of the cavity. 

High Frequency Limit 
At the highest frequencies, accelerating 

gap geometry may be approximated a radial 
transmission line. If the line wer > tapered to 
achieve a constant impedance, its value would be 

60d ,„ , . , 
'radial ~' a" " 3 0 " ( r e 5 1 ' V e ) • 

while in the parallel disc geometry it would be 
less. At the cavity outer radius, the radially 
outgoing radiation is well absorbed by the 
magnetic core material, which may be facilitated 
by making a gradual rather than abrupt 
transition into the material (e.g., fer te). 
This is quite the opposite from the usu-
situation in an rf cavity, where the ret ^ction 
of waves is essentially lossless, and rt- 'ts in 
a series of resonant peaks in the impeda at 
the frequencies where the reflections all Jd up 
in phase. In An induction cavity, because of 
the loading with rf absorbing magnetic material, 
only the vestiges of the usual resonant behavior 
remain, and these are bounded in magnitude to 
some tens of ohms. The impedance function is 
modulated by the transit time factor squared, 
and therefore the resonant peaks have a - j 
dependence at high frequencies, roughly in tne 
range between 100 and 1000 mHz. 

The various ingredients of Z e xt and the frequency ranges where they apply are r.hown in 
Fig. 6. It should be noted that the peak of the 
impedance function is well below the microwave 
region, and that this peak is determined by the 
external circuitry rather than being an 
intrinsic property of the structure. The 500'' 
line shown is near the maximum attainable 
impedance for a generator matched to the beam in 
a cavity using available core materials; the 
100a line is for a mismatched source. If 

The External or Wall Impedance Part of the Coupling Impedance 
for (Z source Source II R core) = 1000/m and 5O0O/m 

Figure 6 
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necessary, the impedance could be lowered below 
the values shown by modifying the external 
circuitry. 

Applications 

The coupling impedance enters into the 
calculation of the applied voltages and into the 
longitudinal stability problem. The vo'tage 
een by the bunch is the sum of the applied 

, n , , l " ° 3 " H * h n K = = m •""">--<•«'' ••-iltage: thi. 
which may be 

seen by the bunch is the sum of the applied 
voltage and the beam generated voltage: this 

s comnnseri of two narts which mav h voiidye anu tne Deam generatea v 
latter is composed of two parts, 
'""-""iHiated as 

beam beam 
dl 

+ "i •• .2s?™. _beam 
dt" 

where R' is the resistive impedance seen by the 
b°am and "L" is a measure of the space charge 
f'irces generated by charge density gradients 
with the oiinch. [n a long bunch the charge 
density gradient is expected to be localized 
near trie ends of the bunch. When the applied 
and beam generated forces are added together, 
the field seen by any particle is constant 
anywhere within the bunch. A small additional 
field is required at the tail of the bunch to 
reflect off-momentum particles and create the 
equivalent of a synchrotron bucket, with the 
major difference that the applied voltages zre 
not constrained to be sinusoidal. These major 
components are shown in Fig. 7. One of the 
areas of active investigation at LBL is the 
sensitivity of the bunch to errors in Un
applied waveforms, and the growth c F tin-
longitudinal emittance by "noise" in the 

acceleration process. On a single particle 
basis, as would apply to a particle in the 
middle of the bunch, most of the voltage errors, 
if random, are expected to average out, and the 

energy spread should grow as -f- - — ( „-) where n Vn~ 
is the number of acceleration gaps, about 10 4, 
and iV/V is the fractional voltage error per gap. 

The longitudinal st 
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the square of the veloc 
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In all of the preceding no emphasis has oeen 
placed on the within bunch harmonics, either 
spatially or temporally. Such a narmonic 
analysis would be helpful if cither the 
particles or the space charge wave1; executed 
many oscillations during the passage of the 
bunch through the accelerator. In the Lift case, 
a single particle on the average makes less than 
one synchrotron oscillation, while the space 
charge waves make at most two or three 
oscillations. The physical situation is better 
approximated by a middle portion, which is very 
much like a "coasting beam", and two bunch ends. 

Beam current pulse. I „ (z ) 

E (z). Electric field ramp lor bunch lenoth control I 

_ _ _ _ = = _ i ( / w J ' 
5 

E (z). Electric field due lo space charge — + 10 vim 

• 5 E . = l t i ' f l M 
- I O a » / m 1 " 1 

E (*). Electric Held due to beam current loading 

E -K 

E tz) . Applied accelerating field 
in the absence of beam 

Applied, Beam Generated, and Total 
Electric Field and Bunch Current Waveforms 

Figure 7 

Feedback 

The low speed of the ions and the long 
acceleration pulse duration make it possible to 
consider active feedback for longitudinal 
stabilization and waveform correction purposes. 
If the difference between an actual voltage and 
a desired voltage is detected and fed back to 
the beam, then the external impedance becomes 
zero. For such a scheme to be at all practical, 
as many known effects must be included in the 
voltage waveform as possible, so tnat only a 
small error signal has to be dealt with. 
Because of the low speed of the ions and the 
much lower intra-bunch velocities, the error 
signal could be accumulated over, for example, a 
100 meter interval, and the correction applied 
further downstream. The most serious types of 
error are probably excessive tilts in energy, 
which could lead to premature bunching of the 
beam, and gross deficiencies in accelerating 
voltage such as might be caused by several 
misfires, which would tend to make the bunch 
slip out of its accelerating bucket. The 
correction for these types of errors would be a 
few cavities held in reserve, and triggered as 
required, to either change the average energy of 
the bunch or its variation along the bunch. The 
use of linear amplifiers would certainly work, 
but would be more expensive than the above method. 
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LONGITUDINAL DYNAMICS Qf BUNCHED BEAM IN A MODEL i.INAC 
Kwang Je Kim 

Lawrence Berkeley Laboratory 

In this note, I will report on sone analytical efforts to understand 
the longitudinal bunched beam dynamics in an induction linac as currently 
stipulated for the HIF program. The analysis is carried out within the 
framework of a simple model. It is found that a bunched beam tends to be 
stable. Further work is necessary to extend the results to a more realistic 
case. 

I. THE MODEL 

Since the subject is analytically quite involved, some mathematical 
idealization is inevitable. The model linac to be considered here has the 
following features: 

a) The external force is described by a rectangular-well potential 
shown in Fig. (1). 

b) The self-force F is given by 

Fs = - e 2 r p 0

A ^ - ^ h i ^ d) 

Here, e = the proton charge, p = the velocity of the bunch center, L = the 
bunch length, X(x) = the line density, and Z R and 2- are the resistive and 
the capacitive parts of the impedance, respectively. They are taken to be 
real and positive. 

The main motivation for introducing the model is the calculational 
simplicity. However, it should be noted that the external potential in 
induction linacs resembles more or less the rectangular well. Also, Eq. (1) 
represents the simplest possible form of the force incorporating both the 
space charge repulsion and the deceleration due to the cavity impedance. 
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The relevant magnitudes for Z R and Z„ are 

Z R ~ Z. ~ 10 ohms. (2) 

The motion in phase space under the influence of the rectangular-well 

potential is shown in Fig. (l.b). Here and in the following, p is the velocity 

of the particle relative to the bunch center. A particle is reflected instan

taneously when it reaches the edge of the potential well. Therefore, one 

should identify the points B and C, and also the points A and D. In terms 

of the distribution function iU.(t,x,p) (T for the total, unperturbed plus 

perturbed), one obtains 

!|>T{t,o,p) = iMt,o,-p), i(iT(t,L,p) = ifiT(t,L,-p). (3) F-p'-^J VI, Vj\ '-)'- IP/ fj 

Eq. (3) supplies the relevant boundary conditions for the longitudinal motion 

of the bunched beam for our idealized linac. 

The linearized Vlasov's equation for the present problem is 

i*pf* f(p) [« ̂  + 3] X(x) = 0, (4) 

when 

f(p) 
3v (p) 
— ^ — , A(t,x) = / dp tp(t,x,p), (5) 

- !JVc R _ !VR 
my my L 

(6) 

In the above, ty and ij> are the unperturbed and perturbed parts of tj>T, m is 
the rest mass of particle and y is the ratio relativistic mass/rest mass. 
The boundary conditions (3) become the following statement: 

ty0(p), *(t,o,p) and i{j(t,l..,p) are even functions of p. (7) 
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II. METHOD OF ANALYSIS 

The boundary value problem specified in the above can be solved in the 

following steps: First, one seeks a solution in the following form: 

<Kt,x,p) = e U t 2 e" i k- XA(k,p) . (8) 
k 

From Eq. (4), one obtains 

A(k,p) +~H f(p) / A(k,p) dp = 0, (9) 

1 + (ka+iS) / dp f(p) ̂ - ^ = 0. (10) 

Next, one solves the dispersion relation (10) to obtain k as a function of u>. 

In general, there will be many branches k (w), {, = 1,2, ... . In view of 

Eqs. (8) and (9), the solution has the following structure: 

*(t,x,p)=e^ 1 e - i M " ) - i ^ ¥ ^ f ( p ) A e , (11) 

where \ A„ \ i s a set of constants. The requirement that the function ty must 

sat is fy the boundary condition (7) resul ts in a discrete set of eigenvalues 

w . Going back to Eq. (11), one determines the eigenfunction corresponding 

to to in the fol lowing form: 

ioj t 
i, ( t , x ,p ) = e " U n ( t , p ) . (12) 

This completes the sketch of the general procedure to obtain the eigenvalues 

and the eigenfunctions. 
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It is instructive to compare the situation to the case of a coasting 

beam circulating in a ring. In this case, Eq. (4) remains the same while 

the boundary condition (7) is replaced by 

'l>(t,x,.>) = <ii{t,x. + C,p), (13) 

where C is the circumference of the ring. Eq. (13) determines immediately 

that k = k = 2nn/C, n = 1,2,. The eigenvalue . is then obtained from 

Eq. (11). 

To compare the theory with numerical simulation, one has to consider the 

initial value problem. This is easily solved if one could determine the 

coefficients C in the expansion of the initial distribution j(o,x,p); 

^(o.x.p) = 2 C n i-p(x,p) • (14) 

For this purpose, it is necessary to consider the following adjoint equation 

a la Van Kampen ': 

# + P ̂ r - ( ' -I- - ?) / d p f ( p ) - ' ' t ' X . p ) = D- ( ] 5 ) 

The function c(t,x,p) is subject to the same boundary condition as ^(t,x,p). 
Following similar steps as in the above, one obtains the eigenvalues u and 
and the eigenfunctions V (x,p) for the adjoint system. The following 
orthogonality theorem is easily derived: 

(V m,U n) :" / dx/dp Vrn*(x,p) u n(x,p) = 0 if . n f .;,n*. (16) 

The coefficients C can now be determined by making use of (16). 
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I I I . A SIMPLE EXAMPLE 

In this sect ion, the general procedure described in the previous 

section w i l l re i l l us t ra ted for a special case in which the unperturbed 

d is t r ibu t ion ty (p) is a simple step function as shown in F:g. (2) . One has 

34* (P) « 
f ( p ) = ~W~ = 2EA t - « ( p - A ) + 6 (p + A ) ] , (17) 

where N is the to ta l number of the part ic les in the bunch. From the structure 

of Eq. (4) , i t is convenient to wr~i te 

* ( t , x , p ) = ^ ( t , x , p ) + 6 (p- / , ) A( t ,x ) + S(p + A) B( t , x ) . (13) 

The functions y . , A and B sat is fy the fol lowing equations: 

3 iK( t ,x ,p) d<iiJt,x,p) 

3t r 3x (19) 

[ & * 4 ( 1 .° ) * • & ( ! , -i <•*•"» u ) •£<• '*• -> C ' ) - ° - ( 2 O ) 

\ h 
In the above, x.(t,x) is the charge density associated with .; • 

Aj(t,x) = / dp ̂ (t,x,p) (21) 

The function VT satisfies the same boundary condition as ̂ , Eq. (7), while the 
boundary condition for A and B becomes 

A(t,o) = B(t,o), A(t,L) = B(t,L). (22) 
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The boundary value problem for ;;.. is easily solved. One gets 

r-T(t,x) = g n(p) cos K n(pttx), or h n(p) si n K p(pt - x ) . (23) 

[n tne above, g (p) (h (p)) is an arbitrary even (odd) function of p, and 

K = -n/'_ n (24) 

Eq. (23) describes waves that move with phase velocity p. 
Now consider the "edge wave" described by Eqs. (20) and (22). If ^T 

does not vanish, it drives the edge wave through the last term in Eq. (20). 
Let us first consider the case .;<, = 0. The resulting system can be solved 
following the general outline described in the previous section. The details 
can be found in Reference (2), and the result is 

i .. t n n -Qx e e 
-l'K x 

n 
, + k 
n n .. + K + , n n I 

+ e 
iK x n n 

.:• - k n r. 
;25) 

Here 

2T(T+V~) , ' ~ , \ ' •' " "2 (26) 

.. 2 = (1 + .:') ' 2 (K 2 + Q 2 ) , k ' = 1'Q • K 
n v ' v n n n 

(27) 

The factor e in Eq. (25) means that the particles tend to pile up in 
the rear part of the bunch (The bunch moves to the positive x-direction). 
This is due to the fact that the resistive part Z R of the impedance causes 
a decelerating force through the first term in Eq. (1). For a machine with 

4 a peak current I = ep N/L - 10 Amp, velocity spread ../p .T-, energy 
2 mp 10 GeV and y - 1, the dimensionless constants V and P' are numerically 

equal to the impedances Z c and Z R expressed in rhms. From Eas. (2) and (26), 
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the attenuation factor for such a machine is 

-QL -.5 e x - e - . 0 . (28) 

It is perhaps surprising that the eigenfrequency given in Eq. (27) is 

real so that no instabilities develop for the bunched beam case. This is in 

sharp contrast to the coasting beam case where the beam is unstable as long 

as Z R f 0. The usual interpretation is that, while the wave grows along 

the line C - D in Fig. (l.b), it damps on travelling along the line A •* B, 

the net result being stable. Notice that the growth along C •> D (or damping 

along A - B) is consistent with the explanation given in the previous paragraph. 

To complete the solution, one has to consider the effect of the last 

term in Eq. (20), which is analogous to the driving term in an oscillator 

problem. It is then necessary to expand the last term in terms of the eigen-

functions (25). This is done easily with the help of the adjoint eigenfunctions 

obtained below. The behavior of the complete solution can only be analyzed 

numerically, and will not be discussed further in this paper. 

The adjoint equation defined by Eq. (15) is, if written in the matrix 

notation as in Eq. (20), as follows: 

[A. 
h 0 
[0 

2LA 
1 -1 

1 -1 
3)] 129) 

The functions C and D sat is fy the same boundary condition as in Eq. (22). 

The solution of the adjoint system is quite analogous to the or ig ina l system. 

One finds thet is has the same set of eigenvalues u , and the corresponding 

eigenfunctions are as fol lows: 

-iK • x ILJ t ,-. n Qx : o 

AWk + A n n iK 'u IV- + A\ n 
n n ^ 

n/k 
J /k " n n 

(30) 
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In the above, * denotes the complex conjugate. After a lengthy algebraic 

computation, one confirms that the functions in Eq. (25) are orthogonal to 

those in Eq. (30) for n / m. 

IV. EXTENSION 

For an a r b i t r a r y shaped unperturbed d i s t r i b u t i o n ' . - . (ph i t i s convenient 

to i n t roduce a new set of canonical va r iab les (•,-"•) as f o l l o w s : 

or e q u i v a l e n t l y / 
r P •-- : ( • 

[31) 

Here E(~) i s a step f u n c t i o n def ined to be +1 ( -1) when z • 0 (z •• 0) 

va r i ab les ( ,••) are analogous to the po lar var iab les i n phase p lane. 

The V lasov 's equat ion becomes 

The 

-r At,-, ) •'•.'( t , " , f( ) (•-. -- + .-• E( :t , -) = o. 

: t , - ) - ; d p w t , - , •) + • ( t , - , ) ] . (32 

The boundary condition (7) can be translated as follows: 

i (;(t,', ) is continuous at >.• = 0 and t(t,L,.) = ,(t,-L,. 
„J 

133) 

It follows that ->(t,'},.•.) can be regarded as a continuous periodic function 

of period 2L in o. Therefore, an eigenfunction with fr?quency _,. must have 

the following expansion: 

J ,t 5 

ik -1 
•l; = e '' " i e 

n 
A ( ). n (34) 
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Inserting Eq. (34) into Eq. (32), one obtains a recursion relation (of 
)• " 
-3). 

infinite order) to determine A (p). The eigenvalue condition involves 
an infinite determinant as follows"' 

A-|(u>) , 1 
3 ' 0 , 

l 
15 ' 0 , . . . 

1 
" 3 ' A 2 ( u i ) , 

1 
r ) 3 

0 , 
1 

21 ' • • • 

0 , 1 
5 ' Ag(w), 

1 
7 

0 , . . . 

1 
" 1 5 ' 0 , 

1 
7 ' A 4 M . 

1 
9 ' • • • 

(35) 

Here 
l + a K D M » 1 

V u ) = * • 4BnD (") ' Dn^> = / dP f ^ TJ", n -"•' n 
(36) 

Eq. (35) could probably be analyzed numerically. ' 
For the case where the unperturbed distribution consists of two steps 

as shown in Fig. (3), the procedure described in Section II is still tractable. 
The dispersion relation (10) becomes a quartic equation in k, which could in 
principle be solved to obtain k (m), l = 1, 2, 3, 4. The eigenvalue equation 
is a complicated transcendental equation involving k, (<.;), which is presently 
being studied numerically. In some limiting rases, the equation can even be 
studied analytically. For example, suppose that the shaded area in Fig. {2} 

is very small compared to the unshaded one. One can then set up a perturbation 
1 2 series u = to ° + u + to + . . . . Here -A ° is the frequency for the simple n n n n n ~i J r 

i 
step function discussed in Section III. The lowest order frequency shift ̂  
was computed. Although the formula is too lengthy to be recorded here, to was 
found to be real for all values of Z R and Z r. Therefore, the motion is again 
stable. 
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With the examples treated so far, one may get the impression that a 

bunched beam in our- model linac is always stable. However, that is not 

generally so. A simple example is the case in which 6 = 0 and I|J (p) has a 

dip as in Fig. (4). It is not hard to show that when S = 0, the wave vector 

k is real and given by 

kn = Kn (37) 

Since k is known, <o is determined from the dispersion relation (10). The 

situation here is quite similar to the coasting beam case. Now, it is well-

known that a coasting beam can develop instability if i|> (p) has a dip as 

shown in Fig. (4) even when the resistive part S vanishes. Thus, one concludes 

that the longitudinal motion of our model linac can be unstable. However, the 

instabilities seem to be driven mainly by the geometrical parameters of ty (p), 

and not by the resistive part of the impedance. 

V. DISCUSSIONS AND CONCLUSIONS 

In this paper, a linac specified by a) and b) in Sec. (I) is discussed 

in detail, limiting ourselves to analytical methods. The results obtained 

here are encouragit.j in the sense that a sensible theoretical approach to the 

longitudinal dynamics of bunched beam could be formulated and solved. However, 

a lot of further work is necessary both within the framework of the present 

model and beyond. The paper will be concluded by listing some of the immediate 

problems. 

First, within the framework of the model, they are a) the problem of 

obtaining eigenfunctions and eigenvalues for a general distribution 4> (p); 
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this problem was briefly touched on in Section IV. One might try, for example, 
to solve the determinant equation (35) by numerical method, b) The initial 
value problem; given an intitial disturbance at t = 0, how does it develop 
in time? By analyzing this problem, one would like to understand how the wave 
disperses and how it reflects at the walls of the potential. The results of 
Section III should be useful for this analysis. 

The model studied in this paper was shown to be stable in most cases 
(except when t|> (p) has a dip), and it does not explain the microwave instabilities 
observed at CERN and FNAL. Therefore, it is important to consider a more 
realistic model. In doing so, there are the following problems: c) Replacing 
the rectangular well potential by a more realistic potential. A realistic 
potential cannot be rectangular. Also, one would like to understand the 
differences between the longitudinal dynamics in induction linacs and in 
storage rings. d) Replacing the self force (Eq. (1)) by a more realistic 
one. For this purpose, one has to start from a first principle, Maxwell's 
equations, etc. A possible improvement of Eq. (1) is proposed by L. Smith, 
who suggested that the factor p A(x) in Eq. (1) be replaced by 

P 0*(x) ->- /(P 0+p) <Ht,x,p) ds . (38) 

The above replacement is made plausible by arguing that the force should be 
proportional to the current rather than charge density. With this modification, 
the Vlasov's equation can again be solved exactly when \p (p) is given by Fig. (2). 
Following similar steps as in Section III, one finds that the eigenvalues for 
the edge waves are given by 

1Y ± "V - Y 2 + 0 + ̂ )(l+a') A 2 ( k n
2 + Q 2) , (39) 
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where 
B'(T+n') ,A» & = n'e = ± ( 4 0 ) 

4(1+0'} ( L ) ' 6 4(l+a') ' E P ' l °' 

Notice that a) now has a positive imaginary part. Therefore, the perturbation 
is damped, and again there is no instability. This is easy to understand 
because the growth rate along C -»• D in the phase plane is less than the 
damping along A -+ B due to the replacement Eq. (38). 

Acknowledgement: I thank Dr. A. M. Sessler and Dr. L. Smith for many helpful 
suggestions and discussions. 
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I. INTRODUCTION 

All induction linacs thus far constructed have accelerated 

relativistic electrons. Because these move with almost the speed 

of light, there were few longitudinal dynamics x^^oblems to solve. 

In contrast, heavy-ion irduction lin^cs for inertial-fusion power 

plants will handle ions in the range 0.1 < £. < 0.5 (B = v/c) ; the 

controlled variation of bunch length during acceleration is not 

only a very useful new property but also introduces a new set of 

problems. 

In this paper we first point out that the requirements for 

pellet ignition in commercial-scale power plants, and the limitations 

of final focusing lens systems, place stringent bounds on the allowable 

random spread of longitudinal velocities, or equivalently on the 

longitudinal "temperature". We evaluate these bounds; the result 

is that the shapes of the applied voltage pulses must, on the average, 

fit those required to compress the bunches and cancel their space-

charge repulsion like a glove fits a hand, within very tight olerances. 

Next we show that at any point within a bunch there is a 

characteristic longitudinal velocity with which small "signals" 

(departures from the desired number A of ions per unit length) are 

propagated. This velocity turns out to be of the same order of 

magnitude as that of ions at. bunch ends (relative to a bunch center) 

due to bunch compression in accelerator designs currently being 

studied. Both of these velocities are about an order of magnitude 

greater than the maximum random velocity spread allowed by pellet and 

final lens requirements. Therefore the longitudinal propagei-ion of 

small error signals (density waves) may with good approximation be 



studied as »; the ions had a negligible lonuLtudi: '1 temi orature, 

in analogy with the propagation of waves in a cold plasma. 

Next it is shown that the 1 1 no ir i ?•- i wave equation for these 

small disturbances may be dealt with by the method of separation of 

variables for a wide class of bunches whos. variation of * along 

the bunch and variation of length during acceleration are characterized 

by two independent arbitrary functions. The requirement for separation 

is that the bunch behavior is scaling; that i a, the bunch shape in 

terms of A depends only on the ratio z/z (t) with z the distance 
o 

from the bunch center and _ (t) the varying bunch half-length. 
o 

[Normalization to a fixed total number of ions in the bunch requires 

that A be also inversely proportional to z (t).l Although the 

bunch behavior desired in current designs is not exactly of this 

scaling form, solutions obtainable from the separated equations are 

sufficiently general to give a good understanding of the dynamic-

response of a variety of bunch shapes to small errors in initial 

conditions and in applied voltage, and to provide a basis for 

comparison with computer simulation results 

Such computer simulations of longitudinal bunch dynamics will 

follow in time the variations of two-dimensional longitudinal phase 

1, 2 

space density. Neuffer has derived a particular form of non-

stationary distribution function, in which A is a parabolic 

function of z. In the concluding section of the present paper we 

show how to generalize this type of distribution so as to provide 

not only an arbitrarily varying rate of bunch compression but also 

(in principle) an arbitrary scaling bunch shape. Examples illustrating 

this w:ler class of non-stationary distributions are presented. 
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II. IMPLICATIONS OF LONGITUDINAL PHASE SPACE CONSTRAINTS 

1. Velocity Spread and Longitudinal Temperature 

Present conceptual designs of induction linac systems for 

commercial-scale power production by inert- =>1 confinement fusion are 

based on the assumption that after acceleration an individual ion 

bunch will be split in transverse phase spa~e into many beamlets but 

will not be chopped longitudinally into segments. Therefore the 

longitudin.il phase area of a bunch may not exceed that acceptable 

at a final lens system or at the traget. 

This requirement may be written, for ions of majs m = Am , as 

{K ) , . <s(LAp ) , . L , Am (Av , 
L lina^ z linac s s p z s <-

U r ) , . . !s(LAp ) (6..CT )| i y Am c(Ap ,/p ) | 
L final z final i f f f p z z f 

with bunch length L, velocity spread ±Av , and y varying along 

the linac; the subscript s denotes evaluation at a distance s 

along it. The final beam duration time i , relative momentum 

spread ±(.'.p /p ),, !•' , and y are evaluated at final lens or z z t f f 
target. Our purpose here is to obtain estimates, so we neglect 

relativistic corrections and factors such as 4/Ti related to phase 

space shapes (e.g., elliptical vs. rectangular). We use the relations 

Ls = Bs"s = 6 s C Q / V Q = q e E / T f 

with Q the electric charge per bunch, I the mean electric current, 

E the delivered energy, qe the charge per ion, and T the kinetic 

http://longitudin.il
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energy per ion. Then 

(Av /v ) < z z s (T7T E) (Ap /p )„P,/e> (I /q) f s z z f t s 

It is convenient to express T , T in GeV, E in megaioules, 

and T in nanoseconds, and to define rf = I /q as the 
f s s 

particle current in particle-Amperes Then 

(Av /v ) < - 10" ;• 7 s 

rT (GeV)T msec) (Ap /p ) f f z z r 
E(MJ) 

d (Part.-Amp)| 

T (GeV) 

in which the first bracket's value is fixed by the system design, 

and that of the second varies along the linac. We employ Neuffer's 

estimate/ modified by a hoped-for sextupole improvement factor 

F > 1, for allowable momentum spread at the final lens; 

(Ap /p ) . < - M r /X)F z z f s 

with spot radius r and quadrupole lens bore radius X. In the 

numerical estimates below we use the value 2 x 1') F (r = 1 mm , 
s 

X = 25 cm). 

Another measure of this constraint is the maximum allowed 

disordered ion longitudinal kinetic enerqy as seen in the moving 

frame, which may be expressed as a longitudinal "temperature" '^z 

in electron-Volts; 

0 = "sAm (Av ) z p z 
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This quantity must be limited, using the units above, by 

(1 (part .-Amp) 
10 

T f (GeV) T f (nsec) <AP Z/P z) f 

E(MJ) T (GeV) s 

As an illustration we take T = 20 GeV', E = 1 MJ, ; f = 6 nsec, 

A = 200. Then Q = 50q pCoul so that ,9 = 5U/;(Msec); the 

constraints become 

(:.v /v ) < - 2.4 x 10 F/| - (,sec)T (GeV)] " z z s ' s s 

< - 58F /] T (usec)T (GeV)] eV. 

To proceed with the illustration we take a specific Jpsiqn develoi-'fd 

at the Lawrence Berkeley Laboratory, for which q = 4. The 

pulse duration and current shown there art- moderately well 

reproduced by 

'(nsec) - 1380 |T(GeV)| -0.! I (Amp) - 145 | 'I (GeV) ,0.8 

which lead to the following values: 

T(GeV) T disec) L(m) LI Amp) 'ZilL-Jil. 
d ,\v /v Av tn/sec) 

tfio.h) z z z 

0 . 2 0 . 0 4 5 5 6 8 40 10 2 . 4 F x l 0 4 3 . 2F x 1 Q 3 1 1 F 2 

1 0 . 1 1 .4 

4 0 . 2 0 . 4 6 

10 0 . 3 2 0 . 2 2 

20 0 . 4 5 0 . 1 2 5 

4 1 144 

2 7 4 4 0 

21 9 2 0 

17 1 6 0 0 

36 1 .7F x l O 5 . 1 F X 10 30F 

110 1.3F x l O " 4 7 . 9 F x l O 70F 

230 1 . 1 F XlO 4 lOFx 10 3 120F 

-4 3 2 
400 1.0F xlO 13Fxl0 184F 

These ve loc i t i e s and temperatures are very small indeed. 
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2. Relative Distance of Travel 

The distance of travel, relative to the bunch center, by an 

ion having maximum velocity defect depends on the designed variations 

of both mean bunch velocity and bunch length along the linac; 

f 
JO 

Az(s) = I (Av /v ) ds. 1 Q z z s 

The integrand i s propor t ional to (v L) ; thus 

f1! II I f 1, I 
Az^ = (Av /•/ ! . s , I L./L(G) v . /v (o) * = (Av ) t 1 L./Uu) 

f c z i f J | i | | i I z f f J Q | i | 

dU 

with i and f i n i t i a l and f ina l values and r = s/s,_, \: = t / t r . 
I f 

The product v L varies by only a small factor; it is proportional 
0.2 to Tr(T), which is proportional to T in the example design 

approximated above. If the mean accelerating field is assumed 

uniform along the linac. T - T. is proportional to s so that 

the first dimensionless integral above is an elementary one, closely 

approximated by [ (T./T ) M/o.e, which equals 0.5 for this 

design. Numerical experiments have shown that if (r is linear 

in s with space-average (b this integral is only larqer by 

^ "* 6% if to varies by a factor ^ 3. For (r linear in s, 

s = (T -T.)/qeC • for the example design 

* z c - (Av /v ) . (T -T, )/2qefr, = 0.57F//£ (MV/m) meter f z z i f i 

For the reasonable assumptions F < 3, {$ > 1 MV/m this travel 

is less than 10% of the final bunch length of 17 m in this desigr. 



208 

Estimates based on simple assumptions about the low-beta 

section (from — 1 MeV to 0.2 GeV) and the final compression 

system after acceleration in this example indicate that comparable 

or lesrer fractions of a bunch length may be traversed in these 

sections by an ion having maximum velocity defect. Thus it appears 

that for systems with parameters in this range it is not merely 

desirable, but required, that individual ions shall not move 

along a bunch by more than a fraction of its length during acceleration 

and compression. This might tend to reduce concern about nonlinear 

couplings between longitudinal and transverse motions of ions 

during multiple reflections from steep longitudinal potential "walls" 

near the bunch ends during most of the acceleration; however, the 

tolerances required to create and maintain such low longitudinal 

temperatures are extremely stringent. 

III. BEHAVIOR OF SMALL DISTURBANCES ON A 

BUNCH VARYING IN SPACE AND TIME 

We employ the •jommonly used assumption that the lonqitudinal 

space-c.iar_,e field of a beam of charged particles moving inside a 
* 

conducting pipe is given (non-relativistically) by 

C z "' - gqe "-i'/i'z 
:-;c 

with * the number of ions per unit length, g a geometrical 

factor of order unity, and z distance along the bunch measured 

from its center, for ions of charge qe and mass m- Just as a 

plasma frequency is defined by ion charge, mass, and number per unit 

* Introduction of a more general assumption would allow consideration 
of resistive-wall and related effects which are not considered here. 
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volume, so is a charateristic velocity V defined hero by charge, 

mass, and number per unit length. It is given by 

2 2 
V = g(qe) /m (cgs 

To show this consider a uniform bunch (constant ! ' ->f r<->•-*• For 

a small dfnsitv perturbation fi\(z,t) - Mz,t) - \ and correlated 
o 

smc.!l velocity perturbation <5u(z,t), the equation of continuity is 

^ + £- (Au) = ^ + X |H = 0 31 a z J t o d z 

and t h e e q u a t i o n of mot ion i.' 

3u gjcjej 3A_ 
31 m 3 z 

2 Evaluating 3 \/ iẑ t from each equation and equating, we hr.ve 

.2 n .2 

. 2 2 2 oz V 3t 

2 tne wave equation, with V as given above. 

For g "" 2, ions of mass Am , and a uniform bunch of 
P 

length L meters containing a total charge Q microcoulomb, one 

finds 

V - 1.3 (qy/AL) ̂  x 10 m/sec 

For example, if q = 4, Q = 200 Pcoul, A = 200 

-4 6 V — 2.1 L x 10 m/sec . 
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This velocity is to be compared with that of a bunch end toward 

its center during bunch compression in an induction linac, which 

we denote by u If a bunch is compressed from L "" 75 m to max 
L "" 15 m during an acceleration time ~" 60 Usee, the average 

value of u is ~ 0.5 x 10 m/sec, so that V and u 
max max 

are comparable, being equal in this example at L ~~ 30 m. 

As shown earlier, target requirements and final lens 

parameters constrain the maximum allowable longitudinal thermal 

(random) velocity. It is a general property of sy-tem designs 

presently under consideration that this velocity iz smaller by 

more than an order of magnitude than the characteristic signal 
velocity V and the bunch end velocity u . Therefore it is 1 max 
reasonable to neglect thermal spread and to regard the medium as 

being at zero temperature A/hen discussing the propagation of small 

disturbances along a bunch in which density A and unperturbed 

ion velocity u (lelative to the bunch center) vary in both space 

and time. We now derive the linearized wave equations for 

disturbances on Fuch bunches. 

We assume that in the absence of perturbations the density 

and velocity A = A (z,t) and u = u (z,t) satisfy the o o o o 
equation of continuity 

3A/3t + 3(Xu)/3z = 0 

* and are consistent with the unperturbed externally applied and 

* 
See Section IV below. 
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space-charge fields. With perturbations present. 

A = A + 0(z,t) , .1 = u + ^(z,t) o o 

with 0, 41 small of first order. Neglecting the second-order term, 

the equation of continuity is 

30/3t + 3(u 0 + A i(0/3z = 0. (1) 
o o 

The e q u a t i o n o f mot ion i s 

1 3 3 I 

" " + " ^77 u = 3(u +i |</3t + (u + i£) 3(u + ip)/3z o t dZ I o o o 

= qe fc /m; 

again neglecting the second-order term and cancelling those present 

in the absence of perturbations. 

Sljj/at + 3(u i|0/3z = - [g(qe)2/m] 30/3z + 6a (z,t) (2) o ext 

in which 6 a is the acceleration due to departures of the ext 
external field from the form required for consistency in tiie absence 

of perturbations. 

The two coupled first-order partial differential equations 

(1) and (2) for 0 and >P contain the unspecified functions u 
o 

and A which are constrained as indicated above. In order to o 
proceed analytically it has been found desirable to further 
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constrain these functions so that they represent scaling bunch 

shapes as described in the introduction. Such bunches have linear 

densities of the form 

A (x,t) = const. S(x)/z (t) o o 

in which x = z/z (t) is distance from the bunch center measured o 
in units of the (arbitrarily) varying bunch half-length. The equation 

of continuity then requires that the form of u be 

u (z,t) = z(dz /dt)/z = x dz /dt. o o o o 

Thus scaling bunches are characterized by two independent arbitrary 

functions, the shape function S(x) and the half-length z (t) , 

"which we express in terms of its initial value z as a 
oo 

dimensionless reciprocal compression factor R(t) = z (t)/z 
o oo 

having initial value unity. Similarly we normalize S(x) so that 

S(0) = 1, leading to 

A (z,t) = A S(x)/K(t) o oo 

with A the initial value of A at the bunch center. We ch oo 
variables from (z,t) to (x,t) using the relations 

3/3zl = z (t)-18/3xl . t o t 

3/3t| = 3/3t| + 3x/3t| 3/3x! 
Z X Z t 

= 3 / 3 t | x - (z / z 2) (dz o / d t )3 /3x | 
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After some manipulation eqs. (1) and (2) become 

R(t) 8/3tl (R0) + (A /z }3(SiJj)/3x = 0, oo oo 

3(R0)/3x + (A z /V 2)f[R3/3t| {Rp) - R26a} = 0 oo oo oo 

in which V = qe(gA /m) is the initial mid-bunch value of the oo oo 
characteristic velocity. From this form it is evident that the 

appropriate time variable is 

i: r(t) =1 R(t ,)" 1dt' 

In terms of T the equations are 

3(R0)/3T+(A /Z )3(S^)/3X = 0, oo oo r 

2 2 9(R4')A+(V A Z ) 3(R0)/t)x = R{a oo oo oo 

The dependent variable R0 may now be eliminated, yielding the 

desired wave equation for l|j ,-

3 2{Rip)/)-r 2 = (V /z )232(S|; )/3x2 + 3 (R26a)/3T . oo oo 

We now confine our attention to the normal-mode (standing-wave) 

solutions of the homogeneous equation in the absence of external 

perturbations 6a. Separating the variables by setting 

IMX,T) = X(X)T(T), we have 
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T 1d 2(RT)/dT 2 = (V /z ) 2 X 1d 2(SX)/dx 2 

oo oo 

2 constant = - w , o 

yielding th two ordinary differential equations 

d (RT)/dT2 + (w /R)(RT) = 0 

d2(sx)/dx2 + (K /s) tr :) = o 
o 

with K = u) z /V the radian wave-number at the bunch center o o oo oo 
(dimensionless, in units of x ) corresponding to angular 

frequency <ii of a mode at t = 0. o 
From the form of these equations we may gain a picture of the 

scaling in space and time of small perturbations in the idealized 

system to which these equations apply. Consider, for example, the 

temporal behavior of modes with frequencies high enough that the 

variation of R may be regarded as adiabatic. [This requires 
that |AR/R| < < l in one period At = RAT - R /HI .1 

o 

Then from the WKB approximation RT is proportional to the real 

part of 

Rd exp[iwj R^IT'ldT'] 

so that the real-time variation of the velocity perturbation in 

such a mode is 
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1 
T(t) <* R ( t ) ~ 3 / 4 Ri exp[ i w f R - 3 / 2 ( t , ) d f ] . 

Similarly, some wavelengths are short enough that the variation 

of S may be regarded as adiabatic in space. [This requires that 

As/S « 1 over the spatial region Az = z Ax = z S /< -] 
o o o 

In the same way the spatial variation of the velocity perturbation is 

X(x) <* S ( x ) " 3 / 4 US, exp I iK oj S~ (x')dx' 

Thus the amplitude of such a mode's velocity perturbation is 

Y [R(t)S(x)l , with local frequency u) /|R(t) ' ) and radian oo o 
wave-number K /[ S (x)z (t)] = K /fz S (x)R(t)l in r hysical o o o oo 
units (length ) . 

The density perturbation 0 is found from 

»(x,T) = - R'VXA /z ( ^41 dT oo ool J" 
,f SJSI( oj ax" 

, / T « R _ 1 ( T ) ( A /z ) -£- (SX) / T(T')dT' oo oo dx 

In the spirit of the WKB approximation, the operations are 

applied only to the rapidly varying phases in SX and T; 

d(SX)/dx 5 s R& [ (iK S ) expfihC I S dx'l o oj 

f'TtTMdT" £ R~ 3 / 4RJU(iu) oR"V 1
e xp(iu, f T R^dT' ] 
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Thus the amplitude of the density perturbation is 

{ill /R) (A /z ) (K A) ) {Sh/R3/4) (R/S) 4 

oo oo oo o o 

-5/4 -1/4 0 R(t) ' S(x) ' ' 00 

with 0 , ip the amplitudes at z = 0, t = 0, satisfyinq 
00 00 

the rel. tion 

|0 /ill i = A /V 00 00 00 00 

For lower frequencies, longer waves, and in regions of the bunch 

wh.'re Six) is changing rapidly the WKB approximations are 

not valid. To illustrate what can be done with the equations we 

give here exact solutions of the equation for T for a one-parameter 

family of functions R(t) which has some generality, and an exact 

solution of the equation for X for the parabolic shape 

S(x) = 1 - x . We set R(t) = (1 + a\Jt) , in which a is a 

parameter determining the functional form of the bunch compression; 

since dR/dt = - v for all a , v is the initial fractional 

compression rate. The form of R(T) is found from 

- (Vet-, T(t) = I R "(t')dt' = 1(1 + owt) -l|/v(a + 1) 

so that 

1 /8 R(T) = (1 + 6 V T ) " 7 with 3 = 1 -i- a. 
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As examples we list 

1. Steady compression (a = - l, B = 0), R(t) = 1 - vt, 

R(T) - e" V T 

2. Exponentially increasing compression (rt = 0, 6 = D» 

R(t) = e _ V t , R(T) = (1 + VT)" 1 

1 1 1 1 
3. An intermediate case (a = - -, fl = •-) , R(t) = (1 - -Vt) 

R(T) = (1 + | V T ) - 2 

[in the first two examples one must use the limiting form 

lim ,, , 1/n x ^ . 1 + nx) = e n -+ 0 

For this family R(T) the equation may be written as 

d 2<RT)/d£ 2 + (oio/Bv)2F. 1 / P ( R T ) 

with £ = 1 + gvT- Its solution is 

RT = r [ AJ (c) + BY (r) ] " P * P = 

where the order p of the Bessel functions is 6/(26+1) 

= (a + D/(2ct +3) and their argument £ is 

(<^A>)(6+-) £ "* ; A and B are arbitrary constants. It 

is more useful to express T in terms of R and a since the 

latter gives the dependence of R on real time t directly; 

T = R ( a + 3 ) / 2 [ A J (r) + BY (r) 1 ' P ^ P 
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with ' - (L.: /vJOa + 3/2) 1 R ('-( + 3 / z ) . 

This form of solution fails for the first example above (steady 

compression) because R is not a power of ' for 3 = 0 . For this 

case it is simpler to express the equation in terms of t though 

•\ = 1 - Vt ; 

f (d/df.)[ f (dT/d,r )] + (a /•.')" T = 0. 

The solution is T = A cos | (o /v) f. n (1 - vt) + :.| with A, ' constants. 
o 

The Bessel form of solution is also invalid for the special 

case 'i = - 3/2. £ = - —, for which t.lie order ; becomes infinite. 

In this case the equation is 

d'(RT)/d"" + VX: /••_,)'" "(RT) --= n. 

The form of solution depends on the value of the parameter 
1 
4 12, A»'J . F o r M < ± i t i s T(r, = r " 3 / ^ Af ( ^ ' K Ef " ( ̂  > S 

for M > T- T(f, ) = ^ 3 cos[(n- -)'i£nf;+ 6|, and for 

u = ~< T(f) = t/ V1 A + B?n£;] . 
In considering normal modes of small oscillations on a finite 

bunch the equation for X(x) is to be solved subject to appropriate 

boundary conditions at its ends, thereby defining spatial eiqen-

functions X and associated eigenvalues K leading to eigen-n o n 
frequencies m through the relation <,> M = V / 7 T h = 

°n ° ° oo' oo- l h e 

simplest non-trivial example of a shape function appears to be the 
2 parabolic one, S(x) = 1 - x , for which the equation is 
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2 2 2 2 d [(1 - x )X]/dx + K >. = 0 ; 

it may be written in the form 

2 2 
(x - 1)X" + 4x X' + (2 - K ) X 

6 which is. Gegenbauer's equation with its parameters , and ft (not 

the a and p used above) given by (a + 1) (a + 2) = K , 3 = 1 -

For this value of 6, the general solution is 

X(x) = (d/dx)[ AP, (x) + BQ, <x)l 1-to 1+a 

in which P and Q are Legendre functions. 

To proceed further one must establish boundary conditions. 

Unfortunately, both the physical assumptio © a 9A/3z and 

(therefore) the mathematics become inadequa. near the bunch r?nds 

where A •* 0; the bunch ends are singular points of the differential 

equation, at which only a single specific linear combination of the P 

and Q terms is non-singular for any given value of ra. For such 

solutions the ratio of slope to value at these points is 

(X'/X)| _ + 1 = ±Ta(a+3), leaving no freedom to impose a phyrical 

condition on the ratio. The problem will not be pursued further here 

because with our assumptions there is no clear justication for any 

particular boundary condition. More work might be appropriate should 

analytic solutions be desired for comparison with a computer simulation, 

provided the latter embodies a well defined bunch-end condition. 
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/•.f...-r establishing by soiat mean = a .-•' t of r.ormal modes, 

i-xjEii.Jl ioi. of the inhomogoneous equations (' a ? J) could lead 

'.A. an ••'.'.jlual loi. uf tolerances on allowable departures of the 

jpplied electric field from that r<: :'j:rei ror tin i-i;ui 1 ibr i urn 

o; st t lbut ion . 

<Vnonq -idditional topics remainirr; fnr future ^ t :::y are 

inclusion of the space perijdicity of the surrounding structure and 

its applied electric field, and of its fin.tc resistivity. 

IV. Jfc'NERALIZATTONS OF Nt'lil I-'tiK ' S .. I LK-O .M~ I STLNT 

IriASE SI Ac'E: Us'Thl B':T7 KS 

N'-'iff'-r has d'-.ivcd a "s«d f -cons i s 11 -n t " stationary distribution 

tot 1' fiqi' IJ nr. il transient of a beam buiien, .no a -inilai nonsta t :'[:ury 

i i st r 1 Lc.t ion together with its envelope equation . In subsequent 

work" lie has analyzed the stability of these "standard longitudinal 

iistributions" in continuous and periodic transport systems. His 

distributions are iriiararti'rued by longitudinal selt-fields and 

external fi"lds proportional to the distance z from the bunch 
c. 

center [based, on the usual approximation t (sp.chg.) ' -go/- d A/dz I 

and therefore by parabolic dependence of the number of ions per unit 

length "• or. z Although these dependences provide analogies with 

the K-V distribution (which has appeared to be uniquely tractable 

for analytic stability studies), they ar" very different from those 

for the nearly uniform A expected over most of the bunch length 

(beginning at injection and continuing over a large part of the 

acceleration) in an induction linac driver for a heavy-ion inertial-

fusion power plant. The generalizations described below were 
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developed in an effort to arrive at forms more relevant to the 

physical situation in such a lir.ac. Here, as ii. Neuffer's work, 

relativistic corrections are ignored. 

It is perhaps worth noting tha' the property of self-consistency 

is in one sens" a matter of definition. If a distribution function 

is specified there will exist some external force field which, 

together with the self-field, is required to produce it; the 

total field can be calculated from conservation of phase space 

density (Vlasov equation). However, in our application <ind many 

others .. velocity dependence of the force due to this field is 

ur,.acceptable; th'' general problem of findinc distributions without 

v.-locity dependence of the force is a difficult one. In [Ii \;f f > T ' s 

••• -r>-' •"'"!. J ' " : l " v ; forms of ' and t i i • • •.•or:, spi.i.e .1,'i cmis i ..t "lit. 

•otal fi. Id (parabolic and linear, respect i v-1 y, in z) were 

• stabl i shi-d in advance. 

Here we explore in turn alternatives to the following assumptions 

made by Neuff'-r-

1 ' (v. j is required to be parabolic. 

2. The stationary distribution function f(z, z') = fill) 

is a specific function of the sinqle-ion h'i.ni Itnmari H(z, z'),-
i 

f - const.(H - H ) ' 
r. ix 

1 The nonstatlonary distribution function '(z, s) is required 

to be parabolic in z. 

4. The bunch is "(lasting; its center has Z'.-ro aoc=ler-3' on. 

In what follows the shape function is denoted by l-'(x) rather than 

Six), and the meanings of the symbols p, q, r, tf. R, T, ,, , v, C, r, . 

•r, and i are not related to those above. 
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1_._ _S_tationary Distributions 
:'irst we explore alternatives to the first assumption, 

.".'tuir.ii-.q t:;-- other?. Consider the class of stat.onary distribution 

functions fnr which 

Hz, z') - <3N/?~<) ( ,.'U) (F(X) - ' .:z /t.)2z'2)'5 

within the area in z - z' space where the square root is -eal 

•and f = 0 outside it Here F(x) is a hnn-nsinnlpss shape 

function; x - z/z , with z the bunch ha 1 r -length, and o o 
I-'t'l) = H; N is the total number of particles; ;' is the 

un-normalizcd emittanoe = (occupied area in _• - :?')/'': primes 

are d/ds with s, the independent variable, equal fo vt for a 

coasting beam; li and '-' are constants defined by 

, = (3/4) |P(x> dx. V = (2/-) I !•''(*) dx. 

and unsta-eri limits of integration here and hplow are those at which 
the integrand vanishes. The quantity within the square roof is pro
portional to H - Hiz, z') with the tlami 1 tonian H the sum of 

max 
'<inetic .cid potential energies; the potential energy per particle is 

V (z) = V + V 
ext sc 

and the ;pace charge potential energy is 
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with ). the number of particles per unit length; 

/ ' > (z) = / f dz' = (3N/4z )u 1F(x) 

For a coasting beam the total force on an ;.m is mv ;: ' and from 
] -> the Vlasov equation z" = - z'(3f/iz]/l')f/'z') = -(f / z ) "Ji , 3z; 

o 
the total force is also given bv - d {V + V )/.-'.::. Combining the 

ext sc 

expressions above, the self-consistenf pot -nti^l '-r?<-rgy p<-r ion of 

the external force is found to bo 

V (z) = - 1 + 2(S/R) (p/,'"> V (?) ext I M ' ^c 

in which 

2 ? 2 1 2S/R - ;2mv -"")/( -.qq o N? i 

S and R are dimensionless parameters T introduce.' in an 

earlier work o; Longitudinal dynamics | m wh I •!• F-'(x) - 1 - x" 

as in Neuffer's distribution and , = •• = l| as measures of 

the omittance and spare charge terms- The external for.--- must not 

only cancel that due to spao- charge but in addition mn-i ,-ontain 

the thermal pressure of the bunch which is proportional to -: ". 

Thus we 'nave constructed a family of stationary distribution 

functions generalized from that of Neuffer which a. low an arbitrary 

linear density Vz) and have determined the corresponding self-consistent 

external field; for this family it has the same form of space 

dependence as dX/dz. 
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Next we explore alternatives to the second assumption, retaining 

':he first and last ones. Consider the class of stationary distribution 

functions 

f(z.z') = (3N/21TE)(V/C) f |F(X) - (Vz o/e) 2z , Z| 

«/ith the same definitions and conditions as before,- the function 

I' f(H - H) is assumed to be such that the integral If dz' max • 
can be performed analytically so as to obtain an analytic expression 

for X (z). We define a function G(F(x)); 

T G(P(x)) = F ' I f IF (l - z2) I dr. 
1 

The constants v and C are defined by 

2/TTJ / F (x) dx, E, = (3/2TT) iGdx. 

Then 

A (z) = (3N/4z )£, XG o 

Following the same procedure as before, we find 

2 V (z) = - |V (z) + 2m(v£/Vz ) 1 iX) ext sc o 
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Thus we have constructed a more general family of stationary 

distribution functions which allow an arbitrary density X(z), and 

have determined the corresponding self-consistent external field; 

for this wider class the part of the external field which contains 

the thermal pressure has in general a form of dependence on z which 

differs from that of dA/dz . 

As examples of this class we display the results for f(h) = h 

with n an arbitrary number, restricted to avoid non-integrable 

singularities. Then 

A(z) = (N/z ) F" 5/7F ^(X) dx. 

For n = r we reproduce the results for the less general family 

above. For n, < -r the space charge field becomes singular at the 

bunch ends where F(x) -+ 0, unless dF/dx •* 0 there. For 

n = 0 the distribution function is constant within the boundary in 

z - z' space for any F(x); to avoid a singularity in the space 

charge field at the bunch ends one must require F dF/dx + 0 

there. As n, •+ - —, A(z) -*• N/(2z ) = constant within the bunch 2 o 
for any F(x), and the distribution function becomes increasingly 

singular toward the boundary in z - z' space, 

approaching a square root singularity. For Neuffer's choice 
2 F(x) = 1 - x , the external field required will always be 

proportional to z while A varies as [ 1 - (z/z )-] for any 

value of n . 

These examples serve to indicate a special feature of Neuffer's 
r 2 II 

distribution F(x) = 1 - x , n, = — ; all forces (space charge, 
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external, and thermal) are linear in z. This feature no doubt 

contributes to the tractability of analytic stability analyses. 

More importantly, the examples show that the z dependence of the 

external field required to maintain a bunch in equilibrium will depend 

on the form of its distribution function's dependence on z', even 

for a fixed A(z). Should actua] distributions have thermal 

pressures requiring applied containing-field components of magnitude 

greater that the smallest allowable error fields it will be 

necessary to determine their z dependences. 

2. Nonstationary Distribution Functions 

Here we explore alternatives to the third assumption, considering 

not only the specific functional dependence of the second assumption 

but also more general ones. The requirement that the forces be 

velocity-independent (Sz'V^z 1 = 0) is 

(3/3z')l (9f/3s + z' f/3z)/(3f/9z') 1 = 0 

which imposes a constraint on the form of rhe distribution function 

f(z, z 1 , s) and leads to the expected ionservatioi equation 

3A/3s + 3 (Au)/3z = 0, 

in which M z , s) = I f dz 1 and u(z, s) = <z'> 

obtained by integrating the Vlasov equation over z 1 

f = 0 at the limits of integration. 

The severity of this constraint on the form of 

by considering f to be a_ny_ appropriate function of 

= fz' f dz'/A , 

and noting that 

f may be seen 

H - H (z , z ' , s) max 
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and assuming the somewhat general form 

2 H - H = 0(z,s) - I/J(S)[Z' - u(z,s)] max 

Then 

A(z,s) - (JZ/^)*5 / f[0(l -C2)]dC = 1^0(0^,5)) 
-1 

After some calculation one finds that the constraint requires 

2IJJZ,(Z' - 2u) [ Ou/3z) - |iK/ip] - I V + u(30/2z)] = 0 

for all z', which can be satisfied only if 

u(z,s) = -((Jj'/<p)z 

and 

0' + u30/3z = 0. 

Using this form for u, the continuity equation becomes 

- S , 
lp (dG/d0) (0T + u30/3z) = 0 , 

showing consistency; 0(z,s) must be of the form 0 z/lp | . All 

such distribution functions are scaling; the rate of dilation 

(change of length per unit length per unit change of the independent 

variable s) is independent of z, so that the shape of A(z,s) 

is preserved. 
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Should one try a more general form by allowing \ji to depend on 

z as well as on s, the requirement Gfc"/3z' = 0 forces the 

condition ?-y/3z = o . The problem of developing non-scaling non-

stationary distributions appears to be a difficult one, and will not 

be attempted here. 

All of the generalized stationary distributions derived above 

may be converted into scaling nonstationary ones, with arbitrary 

shape function and arbitrary dilation dependence on s, in the 

following way: 

f(L.,z',s) = (3N/27TC) <v/§)f IF(X) -{VZ (S)/C} {2- - (z'z/z)} 
I o o o 

in v.'Viich f is any suitable function of the argument in the square 

brackets; z (s) is any function; x = z/z (s); o ' o 

/IT) /F^lxldx, G(F{x)) = F / f V = (2/TT) |F'(x)dx, G(F<x)) = F' I f|F(l - r_2)\ 6C, 

2 with f the function selected and F(l - c; ) its argument, and 

H) IG(F(x (3/2-n) I G(F(x))dx. 

The density is 

X(z,s) = [3N/4z (s)] C_1G(F(z/z ) ) • 
o o 

The potential energy per ion of the external force required by self-

consistency is 
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1 2 I ? 2 V (z,s) = - V (z,s) - -tnv (r./Vz ) "F + (z "/z )z ext sc 2 I o o o 

for a coasting beam with constant v. The force due to the second 

term in the bracket is that required to produce the specified 

dilat ion. 

3_. Effect of Acceleration 

Here we consider the correction needed if the fourth assumption 

is not valid. For an accelerating bunch 

2 2 2 d"z/dt ' = z"v" + z' a 

with a = dv/dt- We will estimate the importance of t\v second 

term by evaluating the ratio 

;; K = .-.'a/z"v" 

<~n the assumpt • i rhat the acceleration is constant and that the 

bunch length varies as a power of the ion kinetic energy T. (In 
4 the example desiqn used above the pulse duration I is approximately 
-0.3 , -0.i 

proportional to T , ™ that bunch length I, 'r T .) With 
L ™ T r', and dT/ds constant. 

K = L' (T'/m) L"(2T/m) = (dL/dt)/ j 2TI d''I./dt ̂  ) j = - h d + p j " 1 

ind if p ~ 0 ? the correction ratio i R| " 40';. 

The --orrPctiori ratio R is ever larger if the acceleration 

increases with distance along the accelerator. Retaining the 
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power law assumption for L(T) but assuming the acceleration to 

increase linearly with distance s from an initial value a, to a 

final value a , the value of R is 

R = - " ( ( ] + p) - d| P.n(dT/ds)]/d((.n TI } ~ " 

and t h e l o g a r i t h m i c d e r i v a t i v e i s 

j ( l - q ) r / l q + (1 - q) r | 

w i th q = ( a . / a j and r = (T - T . ) / ( T - 7 . ) . This te rm 
i f l f j 

(and t h e r e f o r e a l s o R ) a t t a i n s i t s maximum v a l u e • - (1 - q) 

a t t h e f i n a l e n e r g y , wivr ' 

| = (1 + 2p + q ) " ] 

max 

if the accelerating field increases by a factor "" 3 , as suggested 
2 2 2 in some designs, q ^ 0 1 and R " - O.d; the ratio z"v / (d z./dt ) 

becomes as large as "" 2.4 , compared with unity for a coasting beum. 

ACKNOWLEDGEMENT 

I am grateful to Dr. Lloyd :̂:iith for pointinq out an ambiquity 

of interpretation in the first draft of Section IV. Supported in 

part by the High Energy Physics Division of the U. S. Department 

of Energy under contract No. W-7405-ENG-48. 



231 

REFERENCES 

1. Lawrence Berkeley Laboratory Report LBL-83R7 

2. Lawrence Berkeley Laboratory Internal Reports HI-FAN 72, HI-FAN 

83, HI-FAN 85 

3. See, for example, Argonne National Laboratory Report ANL-79-41, 

p. 23<>. 

4. Lawrence Berkeley Laboratory Report LBL-'Vi) '! uc-2 1 , Appendix B, 

p. :, Fig 5. 

5. E.g. , Ref. 1, eq. 1 . 

6. Morse and Feshbach, .Methods of Theoretical Phys; <-s, Monraw-Hd 1 1 , 

1953, Vol I, p. 547. 

7 Ref. '•, pp. <VU-603. 

8. Proc. Int. <"\onf. on High Energy Acrel'T a t nrs, CERN f 1 ')•%'.) 1 , u. .'.'74 

'1. Brookhaven National Laboratory Report BNI. 507<.'), p. 34. 



232 %oJ^ 

PULSELAC PROGRAM 

S. Humphries, Jr., J. R. Frcenan, C. W. Kuswa, C. W. Mendel, 
J. 'J. Poukey, and J. P. Quintenz 

Sindia Laboratories, Albuquerque, V" 8/185 

I. Introduction 

Tlie Pulselac Program at Sandia Laboratories is a recent addition to the 
Heavy Ton Fusion Program. The purpose of this paper is to give a brief intro
duction to the work perforned to date and future plans for the developnent of 
high current accelerators. The basis of the program is the investigation of 
practical methods of neutralizing the space charge of intense ion beans both 
in accelerating and transport regions. Alleviation of space charge constraints 
on ton bean transport would open up a broad range of new options for accelerator 
fusion drivers. '"' The nethod to be enployed is the introduction of electrons 
fron external sources into the volune of the ion bean, allowing, the relaxation 
towards a state of lower potential energy. Both the spatial location and velo-
citv distribution of the electrons must be controlled. Our approacu is to 
utilize weak magnetic fields, which have negligible effect on the ion orbits, 
to accomplish this. The physics of the electron control and magnetic field 
geometry requires an ion beam with annular geometry. 

The nrigrrf ha : two major goals. The first is to gain an understanding of 
"ho genera1, pbono.-vuiuii of bean neutralisation. The second is to demonstrate 
the technological feasibility of the utilization of these principles to produce 
nulti-kvloampere ion hearas in a controlled and reproducible manner. It should 
be emphasized that we are investigating new methods of beam transport; actual 
bean acceleration is conventional. In particular, the inductive linear accel
erator technology under development at i.BL would be ideally matched to the high 
current beam transport systems. 

The physical basis of neutralized beam transport has been discussed in the 
proceedings of the Argonne National laboratory Workshop, 1978 (3) as well as in 
.'. number of other references. ' ' In this paper, progress since the Argonne 
V.'orkshop will be reviewed, and plans for a fusion demonstration accelerator, 
Pulselac C, to be built over the next 2.5 years, will be discussed. 

II. Theoretical Work 

Neutralized beam propagation presents a number of novel research areas, 
both for the plasma physicist and accelerator theorist. The microscopic problems 
of gap behavijr and local neutralization i.mst be combined with systems considera
tions. A widf: diversity of new phenomena c.in occur because of the two-particle 
nature of the problem. The electron dynamics is of equal importance to that of 
the ions in deter-ining the behavior of the system. Familiar techniques in 
accelerator t'eory, such as the treatment of space charge as a perturbation and 
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the approximation of focusing forces as linear away from the axis of symmetry, 
must be completely discarded. We have made initial efforts to construct a 
theory of neutralized beams; results are summarized in this section. 

A. Ion Beam Neutralization 

One-dimensional computer simulations have confirmed that space charge in 
ion beams can be almost completely cancelled by electrons introduced from 
sources external to the beam. Basic scaling laws for the time-dependence of 
the neutralization process have been verified. 

B. Two-Dimensional Particle Simulations 

A two-dimensional particle simulation model has successfully demonstrated 
a number of the physical aspects of the PulseJac gap. The code follows indivi
dual, self-consistent particle orbits to look for quasi-steady-state solutions. 
Virtual cathode formation and drift tube neutralization are clearly demonstrated. 
The computer results also indicate two important constraints on the time response 
of neutralization; the access of the electrons to the beam volume (which may be 
affected by magnetic field line contours), and the rate of relaxation of the 
electron velocity distribution. 

C. Neutralized Beam Propagation 

The problem of the propagation of neutralized ion beams in free space 
(plasmoids) is not trivial when the beam changes dimension, as in a transverse 
or longitudinal focus. Possible problems arising from the transfer of energy 
from the igns to electrons by adiabatic compression were mentioned in an earlier 
reference. Recent two-dimensional computer simulations of focused neutralized 
beams in vacuum have verified that the beam focus can be limited by thermo
electric effects in the electron cloud. This disturbance can grow unstably . •" 
the beam pulselength is too long. These considerations set requirements on the 
quality of the neutralizing electron distribution and the beam pulselength. 

D. Transport of Beams in Non-linear Focusing Systems 

Analytic studies have been published which describe methods for treating 
the transverse confinement of beams in focusing systems that vary non-linearly 
with distance from the symmetry axis. The most important results of these 
studies are that beams can be transported in highly non-linear systens without 
emittance growth once the beam has reached an equilibrium distribution appropriate 
to the system, and that non-linear systems may have advantages from the point of 
view of beam stability because of the large spread in transverse oscillation 
frequenciess 

E. Longitudinal Instabilities 

Velocity bunching in accelerators of neutralized ion beams can be a serious 
problem. The ions are generally non-relativistic, the individual gaps are 
strongly loaded by the beam and longitudinal space charge effects (which impede 
bunching) have been greatly reduced. A particle simulation model has been used 
to investigate such instabilities in the case where space charge effects are 
absent. A longitudinal velocity spread (which can be simply related to the 
impedance of the gap driving circuits) can provide stability. The required 
spread does not preclude a macroscopic beam bunching for power compression to 
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the target. The non-linear development n* tlie instability c.i n he ril!o.;ed. 
Since the instability increases tbe longitudinal velo^i'v spread, it is seif-
s tabi 11 7.\ ni;. 

_LU_r_ Experi ment.i 1 Work 

Experimental work on neutralized hen i propagn t ion his been carried out for 
the past two years at Sandia Laboratories. The purpose of these oxperinen' s 
was to investigate a wide diversity of problems associiled with neutralized 
beans ""a order to fori') a basis for the design of practical systems. Cons Me." . ihle 
work lias been carried out on injector gaps and on a twn-gap system with indopen-
dently apnlied voltage. These results are reported in Re f. r'.. 

Recently, a five gap accelerator lias been operated with encouraging results. 
Peripheral work has been performed on the development of large area electron 
sources and pulsed guns for interi.iedia to ion nass plasmas. 

A. Injector Development 

A novel injector has been developed which holds great promise for techiolo-
g1'cal development. It is the first intense ion gun to use plasma inj.>c*"ion 
into the anode piano from independent plasma sources. Initial operation ..'as 
with carbon plasmas. Extracted carbon ion beams in the range l'H'-2f" keV and 
3-4 k.A have been obtained. The injectors ran lie fired repetitively, limited 
mainly by the performance of the plasma guns. They operate at 20-30 A/sn. ?m, 
roughly 10 times the Child-Langnutr limit. This current density enhancement is 
due to electrons trapped in the magnetic fields of the acceleration gap. The 
beans can be aimed bv shaping the electron distributions through magnetic field 
curvature. Parallelism better than three degrees has recently been obtained. 

B. Post-Acceleration 

Experiments have been performed to post-accelerate beams in a number of 
gaps. These are the first such experiments with intense ion beans. Most 
recently, a five gap system has been operated. The 'inal energy of the huam 
agrees closely with the sun of voltages, on the acceleration gaps. Carbon beams 
at over 600 keV, 3 kA have been measured at the output. Pulselength is about 
0.5 microseconds. Of greatest importance, the divergence angle of beans emergin;; 
from the five gap injector have been measured to be about 0.7 degrees, better 
than any results with single gap, intense ton beam injectors. 

£-•__ Bean Neutralization 

It has been difficult to perform controlled measurements on beau neutraliza
tion phenomena in the close confines of the accelerator. Nonetheless, measure
ments of current density as a function of longitudinal position are useful 
since the ion orbits are sensitive to any imbalance in the "pace charge. These 
measurements imply an average upper limit of 0.2^ in the imbalance of space 
charge during the propagation of the ion beans in the downstream drift regions. 
Roughly 2/3 of the bean current is measured 30 en downstream from the injector. 
Without neutralization, the bean would be expected to blow up within 2 nm of 
the extractor. 
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p u r p o s e l y i n t r o d u c i n g o u r v u t u r 

D. F l e e t r o s t . i t i c Fo^uypjjic. 

Hi) t!i i gn . • " i o i d s of i i i i t t -
a c c e l e r u t i o n g a p s , t h e a c c e l e r a t i o n f i e l d s •••in be u s e d t o i p p l y t r a n s v e r s e 
e l e c t r o s t a t i c f o c u s i ng f o r c e s t o t ! i e i o n s b e c a u s e of t h e c u r v e d v i r t u a l e l e i -
r r o d e s n r f a r t ' S . S u c h e x p e r i m e n t s w e r e p e r f o r n e d u s i n g s c i n t i l l a t i o n i m a g e 
d e t e c t o r s a n d p r o b e i r r a y s ! o m e a s u r e t h e c o n v.- r p e u o e of t h e i o n b e a n . T i g h t 
l e i n u t h a 1 l i n e f o c i w e r e o b t a i n e d (when t h e p o s t - . K c e l . u - . i t i on p.in v o l t a g e was 

a p p l i e d ) , i n pood a g r e e m e n t w i t h c a l c u l a t i o n s o: t h e ' i e l - l l i n e o i r v a t u r e . . 
T h e s e t e s t s n r o v i d e d a d r a m a t i c d e m o n s I: r 11 i .>n of v i r t u a l e l e c t r o d e e f f e c t s . 

F.. V.lectron S o u r c e s 

A c r i t i c a l r e q u i r e m e n t f o r t h e . s u c c e s s of b e a t , u e u t r 11 i za t i on m e t h o d -
t h e d e v e l o p n e n t o'" l a r g e a r e a s o u r c e s of e l e c t r o n s t h a t c a n - u p p l v n u l t i -
'-: i 1 e . a n p e r e p u l s e d c u r r e n t . S t e a d y s t a t e s o u r c e 0 ( s u c h a s t h e ri i o n i c s o u r 
.are c l e a r l y i m p r a c t i c a l i n a n a p p l i c a t i o n w i t h a d u t y c y c l e 1 / I , IJI'J(>,'M :•>. 
S e c o n d a r y e m i s s i o n e l e c t r o n s f r o n t h e w a l l s p r o d u c e d by a blow—up of t h e '• 
...I" t h e b e a n h a v e p r o v i d e d a e u t r a 1 i z:\ t i on i n f i r s t p e n , r v i >i L...-,, . r j n , . u : ••. 
i s n o t e>:t r a p o l a t a h l e t o < i u 1 : i - g a p s y s t e m s . \ ' e b.r . 'e : -e.-u i i v e s t i p a t in,-. • ' 
o r s u r f a c e s p i r h s t . ) p r o d u c e d e n s e p l a s n a s l o o i i h - e P it t ' , . - 1 r i r ; t p., .•.? ! 
i c t i s a c .ero work f u r c t i o n s o u r c e of e l e c t r o n s . ' ! " ies . r e . p i i r - - o n ' . - i s u a 

e n e r g y i n v e s t m e n t ( i r e v : j o u l e s p e r sp . - ; ) . 
! o w , , r : s d e v e l o p m e n t of a p r a c t i c a l s o u r - e . I ; < 
'• a i 1 a s t i np t o p r o d u c e nariy s p i r t s ( p o s s i b l y t i c . 
T i e i l .Tu i a I s i n .good c o n t a c t 'w i th a p,r >.: n. 1 - ' . ' a , M i l s e r u e i . The. u n i t c u e '• 
a n d i s o n l y 2 no t h i c k , so i t e;m be e a s i l y m o u n t e d i n s i d e t h e a c c e l e r i l . >r 
' r i f t t u b e s . 

• r. e,.,-,t , 

a i i :cue 
vo 1 t; 

IV. i'u] se lac C 

It has recea:iy been dee'ded that we should proceed with the cons' ruction 
of a demonstration fusion accelerator based on urn t t"i 1 i -:n I 1 on principles. 
Tli is device, Pulselac (.', will he a a llc-V linear induction accelerator designed 
to accelerate 5 kA o" ions in a 5h lis pul se 1 engtli. Total be.m output energy 
will be 1 kj. hesign parameters of the accelerator are listed in Table 1. Tin.' 
goal is to build an accelerator with t echuol ogv within the range of exist, inp, 
devices. It will have enough gaps to "tucly systen problems of intense ion bean 
transport. The curvature of the gap magnetic field lines will be externally 
adjustable to allow investigation of transverse focusing,. "oh,. .,., I .-;,, 1 i aes vi 11 
store four tines the energy required by the gaps. This will allow investigation 
of the stabilisation of longitudinal velocity space instabilities and pern i t. the 
application of time-ranped voltages using passive shunt circuits for bean 
bunching experiments. The Pulselac (1 acre lorn tor will be a tî st bed. for neutra
lised transport; it will be built 'n a scale that will allow it to either 
succeed or fail unambiguous ly. A scale drawing of a.i acceleration *ap an-' core 
nodule is shown in Fig. 1 to denonstrite the conpatihi 1 11y of the neutralised 
transport system and inductive bINAC technology. 

http://rost.it
http://cel.u-.it
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RF LTNAC APPROACH TO HEAVY ION FUSION" 

D. A. Swenson 
Accelerator Technology Division 
Los Alamos Scientific Laboratory 

Los Alamos, NM S7545 

ABSTRACT 

The necessarv properties of "funncling" particle 
beams from multiple accelerators into combined beams 
having higher current are outlined, and methods are 
proposed which maximize the efficiency of this process. 
A heavy ion fusion driver system exampli is presented 
which shows the large advantages in system efficiency 
to be gained by proper funneling. 

te^J 

The rf linac, wiien operated at sufficiently high currents of singly-charged 
heavy ions in the range of 1 to 10 GeV at frequencies in the range of 100 to 
q00 MHZ, is an efficient accelerator, where most of the power is transferred to 
the beam. Under these conditions, the total rf power required to accelerate a 
given particle to a given particle energy is essentially independent of the 
charge state; thus if the singly-charged heavy ion, with its low ehnrge-to-mass 
ratio, is the preferred particle for reasons associated with other parts of the 
facility, it is quite acceptable from the rf 1inac point of view. Furthermore, 
the relatively high current reduces the required 1inac pulse length, causing 
the optimum acceleration gradient to be higher and the optimum accelerator 
length to he shorter ban would be the case for lower currents of similar ions. 

Filling such mat nines, on the other hand, is a major problem, requiring a 
multiplicity of low-frequency linacs at the. lowest energy with relatively low 

"Work performed under t e auspices of the U. S. Department of Lnergv. 

"'•':ln lovj-rJuty applications, where the rf power sources are peak-power limited, 
the power-related costs are proportional to the peak power and the optimum 
acceleration gradient is independent <ir the beam current. In fixed high-duty 
applications, where the rf power sources are average-power limited, the power 
related costs are proportional, to the average power, whic'n is also proportional 
to the peak power, and the optimum accelerator gradient is independent of the 
beam current. In fixed average-current application-,, the dutv factor is in
versely proportional to the peak beam current, and in those cases which are 
average-power limited, the optimum acceleration gradient is proportional to the 
square root of the peak beam current . 
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currents, followed by smaller numbers of linacs at higher energies with higher 
frequencies and currents, culminating in a single linac at the highest frequency 
and current for the major portion of the facililv. 

I.e.: us define "funneling" as the interlaced filling of one linac of fre
quency \f from i\ linacs of frequency f. For a number of reasons, the most inter
esting value of N is 2. For N = 2, funneling implies a doubling of the frequen
cy whenever the space charge limits of the structure permit and a combination 
of l lie beams from two linacs at the old frequency into each linac at the new 
frequency. In principle, it is possible to accomplish the funnelling with no 
increase in the transverse phase space and a simple addition of the longitudinal 
phases from the two linacs using an rf deflector. 

Funnel lug is an important concept. ft implies the filling of every bucket 
at each new frequency, thereby realizing the full space charge capabilities of 
eacli portion of the linac. It maximizes the frequency and consequently mini
mizes the size and power consumption of each portion of the structure. Empty 
buckets represent a .'a 1 liable resource that must not he was'ed. They represent 
prime, space in which additional beam can be accelerated with r.o additional hard
ware, real estate, or pulse length, and with on Iv the additional power required 
for the additional beam. The additional beam current serves to reduce the l.inac 
pulse length and to reduce the severe requirements on the final bundling svstem 
involving multiple accumulator rings and linear induction bunchers. 

The concept of funneling was invented at the 1977 Heavy Ion Fusion Workshop. 
Since then, neither the AMI, nor BNI. designs have ful Iv exploited this concept, 
having only one-eighth to one-twelfth of the buckets filled, and particle cur
rents that are factors of 10 to 100 below what they could be. This causes the 
pul.'-e lengths to be longer, the optimum gradients to lie lower, and the linac 
lengths to be longer in those designs than in the designs which fully exploit 
tun:-^liiih. 

Strict funneling implies i constant ratio between the beam current and the 
frequency of each portion of the linac. Tiie relative difficulty of funneling 
depends on the ratio of the physical separation of the beams to their particle 
wavelength (BA). The larger this ratio, the more difficult the funneling. At 
the lowest betas, it is attractive to consider arrays of linac channels within 
a common tinac structure, where the beam-to-beam springs can be quite small. 

The radio frequency quadrupole (RFQ) linac structure promises to be the 
best low-beta linac structure, offering high capture of verv low energy beams 
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and acceleration with a minimal omittance growth." Furthermore, the RFQ lends 
iLself to array-like configurations as shown in Fig. 1, which can be driven by 
external resonant circuits in the same manner as Wideroe linacs. Ry staggering 
the geometrical modulations that: produce the accelerating voltages, the beams 
can be made to interlace as required by funneling, without the necessity for 
introducing varying lengths into the funneling transport lines. 

Candidates for the second 1inac structure in the system are an RFQ linac, 
an electrostatically-focused Tt , 'jr Widcroe linac, and a magnetically-focused 
" , 3:: Wideroe linac. At a few MeV, the electrostatically-focused :i , 3" Wideroe 
linac seems to be the best choice, because the RFO efficiency is dropping, while 
the required magnet strengths are still impractical. 

If the original arrav of RFQ linacs involves more than two interlaced beam 
channels, the second structure must also accommodate an arrav of more than one 
interlaced channel. It should be noted that, multiple-holed drift Lubes in a 
Wideroe or Alvarez configuration do no_t_ satisfy the interlaced requirements of 
funneling. Figure 2 suggests the basic features of a double-barreled, electro-

statical 1 y-foeusod n, 3'i Wideroe 
l.iiiac which does .satisfy this re
quirement and would seem to have 
some attractive rf and mechanical 
properties. This idea could be 
extended to a larger number of 
beams at the cost of further com-
plication. 

A mulLiple-ehannel, magnet
ically-focused ^, 1r- Wideroe linac 
could be based on the same idea, 
where the magnetic quadrupoles 
could have an outer diameter equal 
t.- the channel separation (not an 
undue constraint). In this case, 
it would seem preferable to limit 
the vacuum to the rf accelerating 

Fig. 1. regions and the interior of a beam 
Arrav of Four RFQ Channels 

'-'-'It is the best transition that we know of between a dc injector and an rf linac. 
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tube passing through the magnetic quadrupoles. This would leave the magnetic 
quadrupoles completely exposed on top of the structure to facilitate alignment 
and services. 

We realize that requirements on brightness have a strong influence on how 
close we can operate to the space charge limit. However, the important proper
ties of funneling and the impact outlined above on structure selection are 
equally valid for lower currents. We are proceeding with more detailed design 
of a facility configuration using these ideas; in the following paragraphs, we 
outline a preliminary, idealized configuration which illustrates the potential 
advantages of full funneling. 

' J ' — r - t r i i i i i r f i ' > i t r i f - T - i > 

ACCELERATING -
REGIONS 

ELECTROSTATIC -
QUADRUPOLES 

\ ^ , - . \ \ ^ t - \ V V S T l 

M Jti 

T33 am o-ezr 

t / > / /-7-T t / ; / / ; v 

END VIEW SIDE VIEW 

Fig. 2. 
Double-barreled, e l e c t r o s t a t i c a l l y focused, 371 Wideroe l i n a c . 
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We believe that the space-charge limit for Xe in a magnetically-focused 
rf linac is approximately one ampere at 1 GeV and 100 MHz, based on a uniformly-
filled, three-dimensional _'l 1 ipsoida 1 model and a smooth approximation of the 
transverse focusing forces. This limit increases with energy and decreases 
with frequency, such that at 3 GeV and 400 MHz the limit is also approximatelv 
one ampere. Thus for the major portion of a 10 GeV heavy ion fusion facility 
based on the rf linac approach, one can accommodate currents in the order of an 
ampere at frequencies as high as 400 MHz. If one shoots for 800 mA at 400 MHz 
in the major portion of the facility, one is obliged to start out witli 32 linac 
channels, each carrying 25 mA at 12.5 MHz followed by five stages of Tunneling. 

A schedule of linac structures which, if combined through funneling, would 
produce an 800 mA beam of Xe at 10 GeV is given in Table I. Each structure, 
after the initial RFQ section, is close to its space charge limit at the low 
energy end and significantly below its space charge limit aL the high energy 

TABLE I 

SCHEDULE OF LINAC STRUCTURES 

Structure 1 2 3 4 5 6 

Type RFQ EFH MFW MFA MFA MFA 

Number 32 16 8 4 2 1 

Current (mA) 25 50 100 200 400 800 

Frequency (MHz) 12.5 25 50 100 200 400 

Energy in (MeV) 0.2 6 28 190 750 3000 

Beta in 0.002 0.010 0.02 .1 0.056 0.110 0.217 

Beta'-'Lambda (m) 0.043 0.118 0.12 8 0.166 0.165 0.163 

Energy out (MeV) 6 28 190 750 3000 10000 

Length (m) 21 26 125 373 1125 1750 

Total length (m) 3420 

RFO = Radio frequency quadrupole linac. 
EFW = Electrostatically-focused Wideroe linac. 
MFW = Magnetically-focused Widerbe linac. 
MFA = Magnetically-focused Alvarez linac. 
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end. Detailed studies of the beam dynamics in these structures have not been 
made, nor have studies been made of the problems associated with funneling. 

The transition energies in Table I are based on a ratio of the space charge 
force to the focusing force of 0.5, which corresponds to an allowed tune depres
sion of about 307. Within the RFQ, this limit is evaluated at the end of a 
hunching subsection. For all other cases, these limits apply at the input or 
transition energy to each new structure. If we decide, because of emittance 
f;i"'wLh or current Joss, to operate further from the space charge limit, we can 
del a', the transitions to somewhat higher energies where the limiting currents 
are higher. 

The total length of the linac is only 3.4 km, which is quite short compared 
to previous designs. This is the result of the relatively high, acceleration 
gradients in the latter portions of the facility, namely, 1.5 MeV/m at 100 MHz, 
2.0 MeV/m at 200 Mil?., and 4.0 MeV/m at 400 MHz. These gradients at these fre
quencies are known to be technically feasible, and they can be shown to be eco
nomically attractive because of the high frequencies and high peak beam currents 
that result from funneling. 

In our present stage of thinking, we would propose to configure the 32 
channels of the first structure as eight independent arrays of four channels 
as shown in Fig. 1, the 16 channels of the second structure as eight independent 
double-barreled structures as shown in Fig. 2, and the 8 channels of the third 
structure as 8 conventional 50 MHz Wideroe structures. As such, the early 
stages of the facility, those with the highest multiplicities, would take the 
form of eight identical assemblies, each accommodating a total current of 100 mA. 
This configuration lends itself to the possibility of developing, prototyping 
and testing one-eighth of the total configuration in a staged development of the 
total facility. 

ACKNOWLEDGMENTS 
The author wishes to acknowledge many useful discussions on these topics 

with his colleagues, R. H. Stokes, T. P. Wangler, K. R. Crandall, and R. A. 
Jameson. 

REFERENCE 
1. "Space Charge Limits in Linacs," T. P. Wangler. to be published. 



245 
STABILITY OF LONGITUDINAL MOTION IN INTENSE ION BEAMS 

David Neuffer 
T'emi \ational Accelerator l.ahoratorv 

Inertial confinement fusion using high 
energy heavy ion beams requires focussing of the 
igniting ion beams in longitudinal, as well as 
transverse, space at the pellet target. The 
focussing requirements set limits on the size of 
the beam emittances at the target, and obtaining 
sufficiently small emittances at the target 
requires sufficient stability in beam transport 
and acceleration from source to target, and an 
analysis of that stability is necessary for 
heavy ion fusion (FIF) accelerator design. 
Theoretical analysis is necessary since 
practical accelerator experience with high 
intensity non-relativistic ion oeams has been 
limited. This analysis is particularly 
important for the case of a neavy ion induction 
linac, since previous induction linacs have been 
electron accelerators, and the highly 
relativistic electrons have negligible 
longitudinal motion. In this paper we present 
some results of our analysis of the of the 
staDility of longitudinal motion. 

I. Equations of Motion 
The equations of longitudinal motion which 

we use dre ohtained by solution of Maxwell's 
equations with simplifying assumptions. We 
assume that the transverse (x-y) and 
longitudinal (z) motions of particles in the 
beam are completely decoupled with the beam 
length much greater than the beam radius. We 
choose the longitudinal distance from the center 
of the bunch z and the position of the center of 
the bunch s as the dependent and independent 
variables. We will assume the motion is 
non-relativistic and that the center of the beam 
bunch is not accelerating but moves witn 
constant speed B C . If tne beam pipe is 
perfectly conducting, we find the fallowing 
equation of motion (in MKS units): 

d̂ z IsL 
7 7 

di_ 
da 

qe 
MBV 

(i) 

where e is the proton charge, q is the inn 
charge state, M is the ion mass, \ is the number 
of ions per unit length, and q is a geometric 
factor of order unity. For the particular case 
of an ion at the center of a constant transversa 
density round imam of radius a inside a round 
pipe of radius b, g = 1 + .'' . • \b I a). Je assume 
that transverse variations simply produce Mime 
average g, which we treat as constant. In 
_r;uation 1, we have added sn externa! bunching 
field E to tne space charge self-field. 

Analysis of design studies of HIF 
acce lorators indicates that trie assumption of 
perfectly conducting w,ills may not be adequate. 
If we assume a resistive couplinq per meter R', 
a term 

d?z 
resist ive Miic 

must be added to equation I. In sections II and 
III we will assume that the walls are perfectly 
conducting (R' = 0) and in later sections we 
will consider the effects of non-zero R'. 

II. Fnvelope Equation for Longitudinal Motion 
Unperturbed longitudinal motion of a beam 

bunch through a transport system can be 
calculated using Lie envelope equation derived 
before. This envelope equation applies to a 
bunch transported through a system with linear 
bunching fields; that is 

E,(s,z! dz (s) (3) 
Tfie equa t i on of mot ion (1) is r e w r i t t e n as : 

qe J-J-jjE(s) z q V g 3 X 

- K ( s ) - A 

file:///ational
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The particle distribution which is a solution to t- ( z v ) 
the Viasov equation with this equation of motion '-" ' * ' l 

is: 
?.W 7 ¥ i I V 0 0 ' Z \ 0/ 

I ~ 2 j "—T ' Stabihty is determined by aading a small 
f(7, z 1. Si = — - V 1 - ~ - -^—srh - — z] m perturbation f„ U, v, s) to i n (z, v) and 

L > " ' solving the linearized Viasov equation for f 
(z, v, sj and x U , s) with our solutions of 

defined wherever the square root is real (f = 0 t h 0 f o r | l l 

otherwise), and where N is the total number of 
ions in the bunch, r, is the longitudinal ~'"ris 

f iz, ". >) - f ' z , v) e emittance, and i is the envelope amplitude, o 
This distribution lias a parabolic particle 
dens i ty: 

solution of the envelope equation 

-i„i s r 
f/jp = / f (z,v) dv (9 

Instability exists where 1111(1,1) £ 0. As rep .d 
in refer;--!,c« fi, tne solutions have tne folkving 
P'-opcl 10.,: 

x (.-in H. (—'--) (Leqendre polynomials' 

3 M l - kit! / 17) '"Id „i lid soli, t ion ; ^ ^ z o '• ' n 
n 

E I / ?m\ /^n-m\ 

~7 V,n ) L i J 

' , J " ^ " z 3 ? z . 
1. o 

where t h i ' i n i t i a l c o n d i t i o n s (z (s = U, z . ; s = 0 ) ) 
0 o 

may h^ chosen arbitrarily. 

This solution ran be, and has neon, us'o to 
check computer programs which integrate the 
Viasov equation numerically, such as the cooe of .> -- ,y> 

•? w i I n ..• ' ^ - ^ , v'" : K . "ieil, BCiChanari, and Cooper. P , •'• 
'' 0 

An analysis of perturbations of this '•<• " " be snown that all ,^ which are. 
distribution can also be used to evaluate' solutions of (10) are real, which indicates that 
lonqitudinal transport stability analytically. small space cnarqe perturbations are stable, 

unliKe tuf transverse case. 
III. Stability of Space Charge Perturbations 

Following techniques previously developed by The analysis lias been extended to the case 
L. Smith and others for analyzing transverse where K(s! is periodic, and it is found that 
stability, '' ' and analysis of the instabilities can exists where the 
stability of space charge perturbations of the eigenfrequency of the normal node u> and the 
distribution of section II has been presented oeriod of K(s/ are near resonance, 
and in this section we summarize tne results of 
the analysis. The largest such resonances are: 

I. A second order resonance (n = 2) which 
We first consider the case of the stationary c a n o c c u r i f t n e p h a s e s h j f t o f 

distribution, the particular solution of individual particle longitudinal motion 
equations 4-7 in which 1','s) is constant, and o v e r a period of K(s) is between 90" and 
z is chosen sucn that z (0) - z^ (0) = 101' at zero current. This has a growth 
0. Our unperturbed distribution is (.' J z'): rate of - 1.1 per period. 

(10) 
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2. A fourth order resonance (n = 4) which 

can occur for longitudinal phase shifts 
Detween 45° ana 57™ per period. The 
growth rate is - 1.03. 

We then solve the linearized Vlasov equation 
to find L<(k). 

3f r 
-i(u,-kz ') f,(z') + - 4 (-iAk-B) / fjfz'Jdz' = 0 (1! 

sz J 

For most accelerators considered to dote, 
such as the HIF induction linac, the 
longitudinal phase shift per period of structure 
is quite small, so periodic space charge 
instabi1ities can occur only in very high order 
n and the analysis indicates that these 
instabilities become vanishingly small. The 
only possible exception proposed to date would 
oe a bunching ring with a vary large (> 30°) 
lonoitudinal phase shift per turn at peak 
field. Such ounching rings should be designed 
to avoid tne largest low order resonances. 

The result is: •/"' = '/'A2 + k 2AN - ikBN 

. 7 ? _ , 2 N q V k A + k — - — 
M ( B C ) 2 4 " e o 

2 2 , , - i k V _ N R MBC 

Instability can occur since Im(n>) £ 0. 

(13) 

With parameters suitable for fusion 
induction Iinars, the waves of equations 11-13 
snow soiiie interesting characteristics: 

IV. Resistive Wall Instability 
Faltens' has suggested that particle 

motion, particularly in an induction linac, may 
show significant resistive coupling. In that 
case tne equations of motion are modified as 
described in section 1. The self forces are 

q e lb. 
3Z 

2 2 ' g_V_R_ 
M B C 

B x 

Tne value of R' depends upon the current, 
acceleration and efficiency requirements of the 
induction linac; Faltens" suggests that, for 
HIF it will be of the oroer of 100 f! /in. 

To siiow the effects of resistive couplinq we 
use dn approximate analysis previously presented 

n by L. Smith.' We start with an unperturbed 
distribution with constant density in z ana with 
a step function in z': 

f 0(z, z') = f ^ ( s u ' + a) - S(z' - A ) ) 

and consider perturbing waves of the forn 

f,(z. z's) - f,(z') e l ! k z - s ) M l ) 

I. !he r'-qu iremen t ot smu I ! eni'rgy spread 
for tri.il Toc.issinq sets A quite small, 
so that m equation 13 the velocity 

? ? dependent lerm S"A is negligible to 
a first approximation. As a corillary 
to tnis, tne wave velocity (Re(u>/<)) of 
disturbances m trie bufich is much 
greater than individual particle 
ve loot ies. 

7. The space charge term of equation (13) 
«""AN" is usually larger than tne 
resistive" term ikBN' in absolute value, 
if R' < ?U0 /m. With this 
approximation, we have Re(w) = ±Vk"AN' 
and we find that the wave velocity 
;Re(iL-;k!) is independent of k, so that 
propagatinq wave packets do not disperse 
but travel together coherently. 

I. Also with space charge dominant we have 
the relation 

ImU,j 2 1 < B N 

ikjYA H 

- ^ I q e R ^ ' 
fk| 2 f g M 

so that the •naqr.itude ol ie •- ah 
parameter is inuepe"df t of k .aves change 
in amplitude is .; '"! ' s and the sign of 

http://tri.il
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lm(u>) is correlated with Re(w/k) so that for 
Re(u/I<) > 0 ("fast" wave) we have Im(u) > 0 
and the wave decays, while with Re(u>/k) < 0 
("slow" wave) we have [m(<u) > 0 and the wave 
qrows. 

Typical parameters for HIF can be 
;ub:.tituced into equation (13) to find sample 
viiii"''. of Re(..i/ki and ini(.u). For example, with 
i-' = I'.Vj ., /m, N' = 3 x 10 "' ions/m., q = 4, g 
- ,', '•' -. "33 m , ana s = .33, we find P 

! ; Re!-) = 7.4 x ]CT J 

(14) 
') jlm>\,)j = ? x 10" ̂  m" 1 (SOD m ) " 1 

The growth distance is about 500 m., which is 
less than Lne total length of the HIF induction 
linac i,i few km.), out it is a substantial 
fraction of it. 

Tnr, w a y motion in a beam bunch can be 
s unijlalei: numerically. In figures 1 we show 
w.iv.' 0' ip.iqation in a perturbed beam bunch, 
f.i1 liaterj using the program of Neil, Buchanan 

••i Co'.p'-r, which numerically integrates the 
longitudinal Viasov equation. In this case an 
initial disturbance at the center of the buncn 
sol its into forward-going "fast" and backward 
"slow" wave packets which decay and grow 
respectively. The uehavior agrees closely wiln 
-•qudtion (13) and the discussion above. 

V. Effect of the Resistive Coupling on Beam 
Stability 
In the previous section, we demonstrated 

tnat a resistive coupling can lead to growth of 
perturbations in a beam bunch with HIF 
parameters. We need to determine the amount of 
growth by resistive coupling which can be 
permitted without endangering HIF performance. 
To estimate this, we must include the effects of 
the finite bunch size, which means that a 
propagating disturbance will reach the end of 
the bunch in a finite time. 

A naive expectation is that a growing "slow" 

wave will reach the end of the bunch, be 
immediately reflected to a decaying "fast" wave 
by the external Punching field, and therefore 
produce no net instability. With this 
expectation, we can set a limit on the allowable 
growth by requiring that an individual wave 
packet not grow by more tnan some factor F in 
traversing the bunch length L,,. This 
reguirement can be written as: 

G = |lmU, . JJ-JI^I.-^BCR' LB,.r. |F| 

For the sample case of section 4, with L,. = 10 m 
we have G 5 2.5 or F > 1?. This amount of 
growth may be tolerable provided t.iat initial 
wave packet perturbations are limited to a few 
per cent. 

Numerical simulation seems to indicate that 
longitudinal motion does not fit this naive 
picture. To observe wave pac<et reflection at 
the bunch end, we calculate a case with R' = 0 
so that waves neither grow nor decay. In this 
example (shown in figures ?l tne disturbances 
propagate to the ouncn ends from the center in 
about 800 m., then remain localized at the ends 
for 800 m. while particle motions reverse, and 
then propagate back toward the center. Wave 
packet reflection is substantially delayed. 

The same type of delayed reflection exists 
m numerical simulation with R' / 0. However 
substantial wave packet distortion occurs on 
reflection and tnis distortion is not fully 
understood, future analysis will attempt to 
understand this reflection distortion, and to 
determine its importance in describing the 
stability of longitudinal transport. 
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2:A-F Wave propagation ..nd reflection with R' 
= 0. The other parameters (N 1, q, g, M, 
B) are the same as in Figures 1, A-D, 
except the beam bunch is parabolic. In 
this case the "fast" and "slow" waves 
travel to the ends of the bunch from s = 
O n . , to s = 800 m. (A, B, C). From s = 

800 to s 1600 (C, D, EJ the beam bunch 
reflects tne distrunance. The reflected 
waves (reversed in <ign and direction) 
appear clearly in figure F (s = 2000 
m.). Reflection is not instantaneous in 
any usual approximation. 



252 

•ten n f r n p ^ n f i n , 

'.-,••'.;; ins '.'ic o lul'. 

i ' • 

f j n c t l - j r • I J -

2F 5 = 20C0rr, 

' ; i ' ! . ' ' i ; ) jUon furi'..'. ir,' f^ ; ; , 
B f , j . r t i . J ! ] , ; 1 *f, t ' / ' , , ' , . 



253 
STORAGE RING GROUP SUMMARY 

H. Marshall Kinq 
Rutherford Laboratory 

Storage Ring Group: R. Burke, V. Cho, estimates provided hy R. Bungerter , 
M. Cornacchia, E. Courant , M. Foss, K. Johnsen, repeated here as Table I along vith some 
L. Jones, T. Katayama, N.M. King*, J. Le Duff, immediate implications on accelerated beam 
j.R. Maidment, R. Martin, R. Mobley, 0. Mb'h 1, requirements. 
A. floda, G. Plass, G.H. Rees, L.c. Teng. Further definition of storage ring 

oiairman, Co-Chairman, Week ?, Co-Ch:i irrnan, progress in the RF Linac Group and t.n 
parameters involved fcedh.ick from the work in 

oup 
(3) Wee< 1). Final Beam Transport Group. 

As the workshop progressed, ring parameters 

INTRODUCTION were modified and updated: Consequently, the 
accompanying papers on individual topics will be 
found to ri-ft^r to slightly varied parameters, 
according to the stage at which the different 
problems were tackled. 

The Storage Ring Group set out to identify 
and pursue salient problems in accelerator 
physics for neavy ion fusion, divorced from ^ny 
particular reference design concept. However, 
it became apparent fhot some ;3asic parameter 
framework was requirec to correlate tne 1.1 r.i''-oto ot (.:f'r.l larjet. Data 
different study topics. in contrast lo, I.-.I-- 1 1-rr i||F wur,<snops, tie: 

Accordi"aly, three sets of skeleton system Ulest s.•;t-.j.•'- '•••'•••• ref.-i-rei) \.i, lower kinetic 
data were developed, starting from target energies e/emp i 11 r-o ov o GeV i] ions for 1 MJ 

iAB. t 

SAMPLE TARGET DATA St I S ' 1 1 , J 4 " 1 IONS, 

AND IMPLICATIONS ON ACCELERATED UEe" PAPA.Xc 

Lftbt 

Bea.t Stored Energy 
3ean K inet ic Energy 
Total No. or Ions 
Ru 1 se T ir.ie 
Poise T one at »eak Power 
Pulse Length at Target 
Power i'i Pulse Pea< 
beam Stereo Energy in ?<-ok 
No. of Ions in Peak 
Peak Current 
Average Cjrrent in Pulse 
Beam Momentum 

Y 
B 
BY 

Beam Radius at Target 
Approx. Target Gain 

EfMJ) 1 ', 10 

i OV'V | -, 10 0 

v.io' 1 '; 1 . / '•, I..3/C 

'- (n s j P'J • 1 ' ( / i l 

t p ! r , s ) 0 ' •o ' 1 

y«u \.'-, !,.•'• < o . I'J 

V (Twj 
P 

100 r-.r. 300 

E (•••:.]) 

0 . / O 

/ . ' 1 

1.0 ; . / • > 
I (kA j 

P 
'h 

' - • ' • ' • ' • 

I '. k A I 
av 10 l " . 3 

P(GeV/c i i'l. yV-i '>/. ;'/, n7.33A 

; . 0? /A 1.04-.I i . (MSI 
O.POBy o.pguf. 0.^906 

0.PI3A 0 . i 0 3 7 0 . 3 0 3 / 

Y ( n i f f l ) s.o >.o 4 .0 

g ;< 0 ! I I ' d 
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stored energy in toe beams (Case A ) , and 10 GeV 
+ 

U ions for either 3 Wd (Case B) or 10 MJ 
(Case C) stored energy. For the great majority 
of storage ring problems, Case A was identified 
to be extremely difficult, due to space charge 
effects at the low kinetic energy. Most of the 
later detailed work was carried out for Case B, 
where the problems already looked tract.au!'. 

Another striking aspect of the target data 
was the much more conservative estimate of 
target gain than heretofore: the oasis for a 
heavy ion fusion demonstrat ion plant 'tow seemed 
to be above 1 K.l, and the 3 f.y case looted much 
more appropriate in that context. 

On the other hand, encouraoi rig features of 
the new target date concerned tne larger pel lei. 
radii and longer puiso times tnan n-io heeu 
quoted previously, it'.iuiog trj cons iderab i •• 
easing nf tin- spaoe-on-irge-nominated acre le.-jt.nr-
prnu1 ems. 

accummulation rings feeding into the smaller 
storage rings in turn. 

(iii) Bunching and Bunch Compression in the 
storage rings to give a number of buncnes 
'N, . ' and a compression factor 'C c ' 
. bun'-" . (13), (14) S R 

in each ring. 

(iv) Ejection of each bunch into a separate 
beam line to give a total number of beams 
N, = N, . x N,„ directed towards the I) hunch SR 
target. 

(v ) Fu r t he r Bunch Compression in the beam 

1 ines by a f a c t o r 'C ' . 

The f i n a l r n r r e n t r each ing the t a r g e t i s 

t h e r e f o r e g iven by: 

M n ^ W V (1) 

!./ Ion Charge State 
- V O N the outset, the decision was marie u, 

consider si no Iy-charged ions exemplified 
thruvmoul Ui-- study oy 0 . Altnuugn hlgh'-r 
charge states were not ,::ia 1 y/'-tl i'< detail, trie 
sr af."_charqe or-nbloms eneounlereu were-
sufficiently forniid-in 1 e Lhat, as a general 
concensus of opinion, anything otnor than a very 
low rn-irge state was >-egar-ded witn seme 
SCOpf ir i sm. 

1. 3 ';•/: i c Framewor.-
The basic frameworr. envisaged fur ,i storage 

ring system involved t.ne following feature^: 

•'I ; Injection from a 'funnelled' KF Mreic 
system, starting from lf> ioo sources, each 
providing ,!/,ul ?() mA. Allowing for losses 
in the linac system, a total lime current 
at. injection, I, = 300 me was taken '. 1 ' I l n 

!ii, stacking a total of S turns into each 
of ri,.„ storage rings, accomplished via /s 

.Sr< 
turns into each transverse 
plane. f 4 ' > ^ > ! 6 ' m parctice, this 
prouably requires one or more large 

As storage rinq bunch compression studies 
prngri'ssed, ' J it became clear that a factor 
Crp qreati'r than about. 7 would be difficult to 
achieve, whereas the total compression factor 
C..,. x C, needed to be about ̂ 0. 
OK I, 

Accordingly, the factor C. = 50/7 was assumed 
to be accomplished in the final beam line, 
notionally using induction linac modules. The 
consequences of this latter requirement (e.g., 
on beam transport length and power required) 
were not analyzed in detail by the Storage Ring 
Group. 

Inserting the above values for I,. , i lin 
C. D, and C , the final current at the target SK b 
is given by: 

I (kA) = 0.0147 x S x Nfa (2) 

A glance at Table I shows that the product 
S x N, has to be in the range b00-1000 for all 

b ' 
three cases: immediate problems were therefore 
to examine how space charge limits in the beam 
lines and storage rings would determine the 
product N. = N. ,. x N r D , and how p b bunch jk 
emittance dilution during stacking would limit 
the number of possible injected turns S. 

http://tract.au!'
http://le.-jt.nr-
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1.4 Problems Idemified and Studied 

The following broad pattern of problems 
emerged during the course of the Study. All 
References given are to other- papers in these 
Proceedings. 

(i) Injection 
Emittance and Momentum Spread from 
Linac ( 2 ) 

*Multi-turn stacking in 2 Transverse 
(4) (51 Planes: Emittance Dilution1 ' ' w l 

R.F. S t a c k i n g ( 6 M 7 ) 

(8) •Beam loss on Septa 

(ii) Accumulation and Storage 
Laslett Tune Shift 
*Longitudinal and transverse microwave 
instabilities: thresholds and growth 
r f l t e r,(9),(.0),(6) 

Beam loss and lifetime due to Ion-Ion 
charge exchanoe and ionization 

f f • (11),(6) scattering 
Storage Ring Parameters 

, • • • - „ u r • (13),(11) 
( i n ; Bunch Compression 

Compression factor attainable: RF 
system requirements 
momentum spread 
Integer and Half-Integer Resonance 
Crossing: Non-Linear Effects and 
Emittance Growth. 

(i v) Extraction 
Mechanism: Kickers 
Possible Beam Loss 

(v) Final Beam Line and Focussing onto 
Target 
Space charge limit in beam lines 
'Effective Emittance Growth due to 
Aberrations: Uncorrected Momentum 
Spread. 
Power Density to First Wall 
Neutron Loss Through Beam Ports. 

Some of these problems were seen to be 
serious, particularly those marked with an 

asterisk, but none was identified as being 
insuperable for beam energies of 3 MJ or above. 

?. EMITTANCE MOMENTUM SPREAD BUNCH LENGTHS 
?. 1. Emittance at Injection 
From the work of the RF Linac Group, " ,1 

value of emittance at the end of the injector 
was given: 

C ] j n = 1.5 «. 10 /B 7(m). (3) 

(All omittances here dre quoted in their 
un-normn1i/eq form, and without the factor T ) . 

After stacking ,'s turns in each plane, the 
Storaq.' ring ernl I l.ani e may therefore he written 
as: 

.5 :< n (si •,' /BT (">), (i) 

where 0 i s a d i l u t i o n facLor depend iuq on the 

number of s tackeo t u r n s . At. the workshop, i t 

wis judged th . i t t i n 1 :,i i n imuin va lue Inr It 

shou ld be l . ' l , ami the c r i t e r i o n wa- idopted 
, -it 
i !J m , 

D .--• < ! (« - , / > l . ' l (5) 

Further discussions of this topic wiI I in- louno 
in References (fl) and (5). and the final 
allowances arriverj at during the Workshop are 
listed in Table VII. 

?.? Emittance in Final Beam 
Turning to the far end of the system, 

omittance at. the target, is determined mainly by 
the target radius V , trie reaction vessel 
radius 'R ' and the beam port radius 'a', v 
That is, the final beam line omittance is given 
approximately hy * ' ar/R . 

However, it was felt that some allowance 
should be made for aberrations in the beam 
line. For example, if there were an effective 
uncorrected momentum spread (Ap/p) in the 
beam, then since all of the beam should hit the 
target, 

http://th.it
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a|_r - a ( A p / p ) ] / R a r . , / R e f f v (6) 

That i s , the on-momontum component o f the beam 

should lie focussed on to a sma l l e r t a r g e t and 

rod i t r . , >' , , , l e a v i n g a (Ap /p ) f o r the 

chromat ic e f f e c t . The c r i t e r i o n adopted was 

That ( A D / P ) r 2 :< i n J was a 
• u 

reasonable assessment for a heam whose total 
:ip/pj wis '10 ', so that, with a = O.IS m, 
• ( ( -• r - n.'•', mm. 

'•" subsequent retlectiun, this may only be 
of sever.il allowance that should be made, 

I- ••. m m - w:j'-< is required en the final focussing 

' t one point in the study, limitations on 
i.'i" en.i ice of 'k ' inci ' ,i' imposed by power 
ueusify deposition at tin1 first wall, and by 
constraints on the neutron flux through the beam 
ports, were considered. However, it was felt 
that insufficient information was available 
•e> ' if future iinprovoments in reaction vessel 
design, and thai uncertainties about the degree 
of conservatism in the gain estimates made it 
ditfuult to form any worthwhile criteria on 
these topics. !ne tinal parameters adoptee arc 
su'iim.j i /eo in Tun le II. 

?.3 Emittance in Storage Rings 
As will be seen from the last line of Table 

II, a factor 1.2 effective dilution was allowed 
between storage ring and beam line, to take 
account of mismatch due to non-linear effects 
after bunch compression. ''' This factor was 
chosen rather arbitrarily and more work is 
required to confirm or modify it. The resulting 
value of c c u = hO x 10 in, consistent with 

SK 
current ring design experience, was selected for 
all three cases. 
?A Momentum Spread 

The value of !ap/p) at injection, provided 
by the RF tinar Group, , was taken to be 
±? x Id" . Similarly the Final Beam Transport 
Group 1"' provided the value <'Ap/p), ^ 
±1'J~' as the likely spread mat could lie 
hand led in the f inu I ;ie,iin 1 in£1. 

Starling from t.ne above fap/p) valui-, 
MS) ,"J 

i.he hunch compression studies t ; |r a 
compress em factor 7, led to the value 
±4 x li.r ' il. injection fren, tne storage 
rings. I h 
to the mi-ci 

t s imp I v •' K ( AP/D I • . du 
sn.inism of phas" 'll.ii i; re ifion du-'i'ig 

. 1 '"' empress i.in '. .lunmur 17 lug; 

j_Alil.j_IJ 
FINAL BtAM tMIl UNCI. 

CASE A 

Target Radius rk mm) r'.n 
Effective " r,,f f'"""' 1./ 
Reaction Vessel Radius R (in) 

V 
j.'..l 

Beam Port Radius a',m) U. 1S 
Beam L ine Emi ttanoe c (xHr 6m) 1? 
Storage Ring r (xlil"r'm) nil 

1. n 
0. is 

It will be seen that the beam port radius 
was kept at what seemed to be a reasonahlr-
maximum value of 15 cm, consistent with 
attainable gradients in the final focussing 
quaarupoles, and that the beam emittance was 
kept at 7? x 10 m for all three cases. 

http://sever.il
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(ap/p). . = ±2 x In considered involved the Courant-.'laschke formula 
(ap/p) . = ±4 x 10 for space-charge-1 iini ted power in the beam 

Max.(ap/p) = ± Hi"-'' lines, and the Laslett tune shift formula for 
space charge durinq accumulation in the rings. 

1. 1 Space Charge L i"ii t m_Be_.im J-_i_n_es 
The Cnurant-Maschke forum I i for a per i nil i i. 

focussing channel was used in Lho torn: 

i>.,I rwi ^ 16!!/ x (s-r i''•'•'• :-. - i; 

As remarked in Section :\2, an assumed 
effective uncorrected spread at the target was 
taken to be: 

(ap/p) , = *;' x lu"'! 

i-Vgi 1,'j, 
?.5 Bunch Lengths 

Finally to set the scene for storage ring ' h n 
parameters, the bunch lenoths at target (ct. 
Table M , cnmoinod with the selectee compression 
factors in neam lires and storage rings, leail to 
the fnllowinn values as shown in Table 111. 

.v i' h A -Co-., g I tor U ion',, and usmu 
B •_- -1 i tor tin- livid on the sup.-r-cnnduct l ng 
quidrupile poletms. 'n.- minimum r.olornhio 
numbo. of ;-..-,tin linos ' \! ; is tnon uivon Oy 

1. CHOICE .iF \ . N,.„ S, AND STORAGt RING 
PARAMETERS 
Following the argument o f Section l.j, 

emnndind in egn. (v I, the fi.-st obvious 
constr nets on tno numbers N, and N,.,, to n 

,-/l>IT>' 
p 

ho L>-- "" i ,r" , , r IT. tn. - t o t 

puI so. . oaol i - : : i in ; I 0, ! O I . Res l I t s to 

si inpN - , is."- - I C O I] i i - . ted in fa'- !•• IV . 

I Alii. i. 

CASE 

Bunch length at. tarcet . (m) l.."> 
Bunch length it S.R. Exit :>n../7|m' R.ui 
Bunch length in S.R. F'l • , ;m; -s'.s 

TABLE ,'V 
SPACE-CHARGt-l. iM IT tJ " Pl'wLR I ; , HtA ' ' L. 'JLL 

CASE A 

P h (TW) S .9 , ' h . 

p p ; T j j IOO i'-.J 

Chimin " '' 
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E a c h o f t h e v hoam ] i n r > , i>-, d e r i v e d i r e m a 
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Hence, compared with the Laslett tune-shift 
limit, this criterion determined a rather 
stricter limit on the minimum number of rings. 

them into the range of constraints outlined 
above, the final assessment of minimum storage 
ring system wi.s H I T i veil at as follows: 

Lively discussion of this topic was pursued 
throughout the Workhsop, and by the end of the 
second week it was agreed that the coupling 
impedance for heavy ion rings could lie 4U-100 
times greater than the above value: in other 
words, the instability could not be avoided. 
Attention then shifted to the growth time tor
tile instability, and it was argued that tne 
effect might not be serious under 10 ms or more, 
(less .nan the required -jtorage t i m e ) . These 
arguments aye considered in detail in References 
\ 9 1 , J 1 0 ) , and fb): however, by the end of trie 
Workshop, the limitation propounded 'n Table V! 
was the best that could be put forward, and wis 
incorporated into the parameter framewn>-<. 

Furtner exploration o< this problem is 
required to determine the growtti time in a 
likely neavy ion system, ana further theoretical 
or experimental rontr ihut ions would be e*|re;'iely 
v a I u a b 1 e. 

3.4 Storage Ring Lattice Considerations 
To determine the minimum framewOrK for .. 

storage ring driver system, two further criteria 
ar^> required, referring to tne ring lattice: 

i) 3 i po1e Fie Id: B 10P/3f < 5T (super
conducting), loading to c(m) - r p / 3 , 
(wi th P in GeV/c ) . 

(ii) Circumference Ratio: R/r > l.[>, 
leadinq to C „ ?„R > Sle. N, 

I) lumen 

These assignments determine a minimum number of 
bunches, II, . = N./N, ,. Incoroora11ng bunch b SK 

TABLE VII 
MINIMUM s, -icf. R I N G SYSTEMS 

fASE 
(M 
* bunch ml 

< N S R W 
vN. 1 . b mm 
M). jm) 

b 
c(m) 

R(m) 

r( in) 

R / r l m ! 

3; 1 ; 

S 

b 

1, I 7 4 . / S 

•ii?. lb h l u 

.74 H. i . /U 0 7. K 

.6 44 . '-! 44 . 9 

. 3 -' 1 . ) " • 1<3 

It SM ;,;,;< : .. .*--ipn i. izf.l tM„t t'K'se ,ire 
'minimum' r.ys + i"T'^, i-i '.'l'- swe.r trial D I P numbers 
of rings and pi-am lines ,ir.- th-1 m 1" irrturn possible 
to avoid the variojs limitations. ^h- space 
Charge pn>h 'em1, Income less -,<'vt rr /jnpn 1,irqer 
values of N,i. and N are splecleO. I'M', is 
a I reae.v i'v ulont. wi t.n Last-1 ', , where 1 .n'qt-r N 
i s rpq.j i rr-'iJ i n ur-;;pr t.n reduce s and '"a i se 0 
above the- minimi,m 'p*/el 1 .<'. quoted at thp 
Workshop. ~ur '/-aniplp, thn following choices 
for Cases tt ano ire p n s s i M e , and would reduce 
the requirements on injected current, permit a 
larger dilution factor, and allow operation 
further fn.nu the sprite-char-;*' limits in rin^s 
and beam Iines. 

CASE NSR 0, Min Ml 

30 

36 

36 

?31 
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4. FURTHER PROBLEMS 

Most of the problems 1 isted in Section 1.4 
have already been discusser in the course of 
Sections ? and 1. hu r four of ther have not '/o; 

he^n referred to. *n^v are .is follo.-.s: 

4. 1 Beam Loss n n Septa • " 
[)ur i nq 1 he • .-,r r-,^ ••+ m n s i der H o t"n<! 

i n j e c t i o n p r o r p v , (M.> nr--iol"in n f | H M T '••>; en 

•••'Dt^ emerged ,M. , -,,./,..,. '. ons tr.'s: n t i >> 

•i i qh - int-Mis •> t ; "c .-. , - • -;i :<u i n>>\. IJ.J*- :,,-. t h e ; 

•ator t range io : : i - . ! - • • • .: , "•.-en ,, i •>•• <'. ! t ' - i . t r i n 

•t f i n niMvy i • ••. • i ' \'\-. i •] !>•<_ t.e'i o^ani 1 .'St >r: 

.'•a turn may vdp ' - : - i ; . In-- ^ . i i p r i j ' , "mo Ire-

r e s u l t i n g ' h i . i - . v ' " I ' ' ' . ! ' • ' „',!:">'•'" n . r . ] • • ' - . ' • - • . t ' i 

t f i I I ow i nq beaii'. ] n r p'- : i •->;') ; -. "les-" •' ' ;'»••' ' '• 

1" t r i< ! in rJ.->f .- . - .T, .- . . .•, t {,.. ,-,,; tnt- -,'•'.. as - i; 

.•* 1 Ln N. .. - j ris -ir. • • *\im[. ;.-. 

•.vpros'.ed at i l •. .MH > i , U M . ' . ; ' r, : ' M I 

1/ . LOSS :lr n'Ht I r ; • I ' . , i t ; ; i i • > • '•••.••'••• • n-'.' 

f . ' i " i i - . i r - i * i / i ] ; . . I r t . ' lP \ e p < iH' c, ; i ,Mj td : ' " • ! • " - > > ' ' • 

i ' I . , - ' ; -••• I T I I r i ; > M T : • , : ' !• t • > • ' ' • ' • • ; • ' : t n < 

' i. t n ' i , re : l i ,< " . ] i t l - i . - n jii;,>>'' • " M " : q " r : * ;] 

! ' . Hir . ' -FMSPCl. 

T h i s <_ ' i r i s ! r j H i t was p . ' C ' ' q f i i / > , f J •>'"• 1 

p a r t i c u l a r l y S ' - v e r e f - ' i : ; - v : i f '1P1W I'^'l s!.'"iraq 

f 'P l i j v , . ir. j . ( P t i l l p f ! ' ' . / i l -- '- l • 1 1 s t ud ies ,H'-.- n . r , ! i ' 

f ri(" l...*r Ti thp CM.iU'.P »' ". , . 

^ . - HPdlli LOSS frn in "n ,v i» ' : x i ; h , W Di ^ ^ ' - . n m i 

Newly available Oat a on tne cross -S". ' ion 
tor charqe_p/ch anqe '-.<"" a t ' er i no tvas us*':] »e 
':(-sess the importance e f tnis effect or; 
Jetennin ing too tolerable lifetime m im.wy urn 
storage rings. The rjetailed analysis is 
rjoscr i hea in References ill] inrl (ft). 

Ta^nq a conservat iv^ly-1 arqe estimate pf 
r,-ir. r ross-s*j' t i on for j i ons, v(r><w loss for 
• n ^ cases iist"'l in Tari^' 711 would he a fe>v 
o»-"cer't •J.-'^a tnf; fi!:-nq time. Altnough it is 
r-'.t •'. >;'• /in-31: :sss ;s is l p^ah le around the 
•-'r"-j, f n s e f*^c. -:'->', ŝ jq-'-sts that a larger 
,-il,e of '*.. ''. s ̂  *"•'-•' -:"'-'.•. '-qain, more 
•'ietailed -^TIP^IC-: \\.".'••: j.^ri more experimental 
evidence on cross-•.-'".• ".r ". is desirable. 

4.3 RF Stack ing 

As an a l t e r n a t i v e i.or an a a a i t i o n ; to 

m u l t i t u r n U a c < i n q m t r a n s v e r s e pnase space, RF 

•,t.acKinq ,,as c m s i d e r i " J , anc in ter * - - . t mq schemes 

were desc r i t i ed :: f the Jaoanese n^rnhprs of tnn 

Group ' ' ' ; . A H r o u g n s.icn sc " - ; ' vs n a . r 

cons ide - . i h l o a t t - ^ c t i o n , i t was q^ne ' -a l l v T e l t 

• ' • •• :hr- l.mg f i l i i ' - q t imes make t t ipc ur 'v , i ta;-- !••• 

• .i f i " hlh systems cnnsn ie re ; ! at t»u A ' I - ' . S ' I O D . 

>i.- ;-]n,' t ; . i n pPo:.;letn f.i»- heavv i ">r sLi^-aqe 

'• inos IV1-, (waiTirT""*1 i n t e r n ' , -,f r n r " ' a l *• > -1 

p j p r ' i - t n t t - ^nn l q . j v S . A p a r t f ' r o i r !• !• .- •: t : p-j 1 a t i , " i -

1 'HT l a r q e t" j 1 ' - i r ^ r t . . r e < i ^ ^ p r s «••»•, l , i : , . 

r ( i nu i '"PC!, ": > '• • l i" i - . 1 ' p'-oo ' ern-, wer-- i it-r ' t i t ied : 

i s i v . • i - * " • ; . 

f u r O - M i n ! ; I • , , ' • : v ' d ' " i l e s i q r M n g . • , ! : - • - jrjM •• i -• 0 

• , . • •••::: ' • " . ' :« v i ' " ' * i M n . . " 'U ; t .• ' d p r i M t ; , 

; • ,,.;, j . - v , i i i . r j r e r o tn.it. 1 .- ; f r - te»-n: 

•.I j..i !•••; i -t >, h.'Sc m t p r e s I i nq t op I L s wiv ve*"y 

oi-s i •-.!!• ] • • , i* r r^ru i - ' i es L I ' I L I :>P 'f^adt- a v a i l a : ! ^ 

; ' t :' t't'ei-.-nt a i ' - p l ^ r a t - i r : ah . fa L."- i p ' . : 

t n e r r " t n a I , numpr t e a l , a<'J I'xpor i:i'eni t l ' ^t L-J I - 1 ^ 

,./iirr.- UK''".;p-i ate- l O j l o oe i uent i t )-''i ",e*" ; 

A ide •• pine or t o o i c s . 

M.inv nf tne p'-nh 1 erns ar-e common t .• a l l 

('ipfjp'-'i n iqn-- i n tee . : t v .icce 1 p-*ato-- anq s t<"»'"aqe 

>-1 nq ;]'••', iqn>., out Ci tew v - 1 pecul iar - to or 

part p_ i i ,i<" 1 v o>i- i (i ^ i n , heavy ion mac h i ties : 

f u r r - a n p l e , he un ioss on s e p t a , cha'"0e exc^a'-qe 

s c a t J - " - , n q l o s s , -. igh hunch co"iprPss i o n . 

A l thouqi - seen to oe seve re , none of these 

problems was i d e n t ^ i e d to oe i n s u p e r a b l e . 
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http://tn.it
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Beam injection and Accumulation Method in 

Storage Rings' for Heavy Ion Fusion 

I'. Kata\ama, A. Nod a, N. Tokuda and Y. Uirao 

Institute for Nuclear Studv, I'niversitv of Tokvo 

Tokyo, JAPAN 

AHSTRACT 

A combination of multiturn injection and RI" stacking is proposed 

as as efficient beam injection method in storage rings for heavy iin 

fusion. Five turn injection in each transverse phase space and four RF 

stnckings give a total of 1 Of I stacking turns. This represents a eomTromiso 

between the tolerable omittances and momentum spread in the ring. 

Space charge limitations and coherent beam instabilities are 

investigated. The most severe limit is found to be the transverse 

coherent instability, but this can be controlled hv the use (if sextupole 

and octupnie magnetic fields. 

Assuming a charge exchange cross section of I x 1(1 cm", the 

e-folding life time is estimated at 180 ms, while the stacking time is 

40 ms. 
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1. INTRODUCTION. 

The heavy-ion inert in 1 fusion program has heeotiK more promising 

through intensive work on high-energy heavy-ion aecel era t or.'-, diring 

the past three vears. The heavy ion method is superior to those ol the 

other particle beams because of its drastic reduction in the 'leak urrent 

requirement to the order of 1 kiloampere (particle current). Tit -; reduc

tion of current is allowed by the eomparative1v high energy per iarticle 

in relation to its range-energy behavior. At present it is a •. .lnser.sus 

among accelerator physicists that such high currents of heav ions could 

be produced, handled, transported and focused on a pellet lv the use of 

conventional high energy accelerator techniques, especial 1 " Kl: 1 inacs with 

storage rings or induction linaes. It is also true, how> r, that many 

kinds of research and development should be pursued: f< example it is 

a serious problem to accumulate heavy ion beams for • ! 0 turns in the 

limited emittances and momentum spread without any significant beam loss, 

ana to compress them into small bunches in the stora rings. 

In the present paper, the combination of mult urn injection in the 

two transverse phase spaces and RF stacking in the momentum space, is 

proposed as an efficient beam accumulation met ho which in principle 

brings about very small beam loss during the ac umulation process. Details 

of the design of the accelerator are given for U ions, as at the 

Workshop, but the proposed method takes a ra' ier long time and might be 
O ! 

generally favored for longer life ions such as Xe . 
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2. REQUIREMENTS ON THE STORAGE RINGS 

First we will start from R.O. Bangerter's three cases of target 

data at this workshop, listed in Table 1 for convenience. Emittance 

considerations in the beam lines give an upper limit of the allowable 

transverse emittances in the storage ring as 30 T mm-mrad (unnormalized). 

The momentum spread at ejection from the storage ring should be lower 

than + 0.4 7' because the momentum spread at the target is assumed to 

be t 2 7 and the bunch compression factor in the beam transport lines 

is designed to be 5. 

TABLE 1 3 CASES OF TARGET DATA AND BEAM PARAMETERS. 

E(MJ) p (TW) 
P 

T(GeV) r (mm) t(ns) t (us) P 
u 

1 100 2 20 6 8 
3 150 10 2.5 40 16 30 
10 300 10 4 70 20 120 

CASE A 

E(MJ) 1 
N(* 10 1 5) 1.25 
T(GeV) 5 
E (MJ) 0.6 
P 

N (x 101-1) 0.75 
P 
I (A) 2 x 10 1 

P 
I (A) lO 4 

av 

3 10 
1.875 6.25 
10 10 
2.4 6 
1.5 3.75 

1.5 x 101* 3 x io 4 

0.75 x 1014 1. ,43 x io 4 

Ions are U and the following notation is used. E; Beam 
stored energy, P; Peak power, T; Kinetic energy, 
r; Target radius, t; Pulse width, g; gain of the pellet, 
N; No. of ions. Subcript p refers to peak value at the end 
of pulse. 
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Table 2 Ring p a r a m e t e r s 

Case A 13 C 

Number of rings (\".„) 7 4 9 SR 
Harmonic number 6 3 2 

Particles / ring 1.79 4.69 6.94 (.<10i;') 

Particles / bunch 0.30 1.56 3.47 O10 1' 4) 

Emittance 30 IT 30 'i 30 ir ( * 10" 6 m-rad) 

Average radius 59.8 83.1 97.1 m 

Radius of curvature 31.6 44.9 44.9 m 
(B = 5T) 

Circumference 3 75.6 5 22 010 m 
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Other parameters of the storage rings are given in Table 2 which 

are determined by considerations of space charge power linit in 

beam lines (Courant-Maschke formula), limited tune shift in rings for 

accumulation (.'.v - 0.25), and bunch lengths before and after 

compression. 

Momentum spread of the beam from the injector linac is assumed to 

'"•• -' 2 -' 10~" after the debuncher, and the phase spread in the ring 

after the multiturn injection could be 2 T; , which means that the beam 

is completely debunched. The longitudinal emittance, - , of the 

beam in tiie ring is 

r = ;.;-..T = 105.6 (.keV-rad) (1) 

where 1 denotes a kinetic energy of each nucleoli in the ion. In the 

present paper numerical values are calculated for the case A, while 

the results for other two cases a re also listed in Table 5. 

ions ar.- first injected for 5 turns in the horizontal phase space of 

the injection ring, whose d ianerer is six times larger than that of the 

storage rin"s. The reason why ";• t urns are used is givrn in the following 

paragraph. Beam is ejected from the injection ring by the fast ejection 

method and its transverse phase spaces are interchanged with each other in 

the beam transport lines from the injection rine to the st-rage rings. 

Then beam is injected for 2 turns in each horizontal space of three 

storage rings, whose tune values of betatron oscillation are adjusted to 
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a half integer at this time. This process is repeated two times and 

another four storage rings are filled with two-turn beams. After the 

two turn injection process, the tune value of betatron oscillation of 

each storage ring is adjusted to an integer plus three quarters, and 

beam is injected in each storage ring for three turns. The total lay

out of the injection ring •• id the storage rings is illustrated in Fig. 1. 

In order to reduce the beam loss at the septum of the inflector 

during the beam injection process and to minimize the dilution factor 

in each phase space, five turn injection is applied for the injection 

ring and storage rings, by the following process: 

1) The tune value of horizontal betatron oscillation is adjusted 

to half integer and the beam is injected in the ring during a time 

2 T , where T is one revolution period in the ring. 

2) After two turn injection, the position of the septum of I he 

inflector is moved a distance of in mm in the transverse phase 

space within a time of 1/100 T in order to reduce the beam loss at 
o 

the septum to less than 17. The horizontal tune value of the ring 

also should be changed from half integer to integer plus three 

quarters, when the tune shift due to the already injected two turn 

beams and one turn beam to be newly injected, is compensated. 

3) Beam is subsequently injected in the horizontal phase space 
during the time 3 T instead of 4 T , because the tune shift due o o 

to the space charge of successively injected beam is significantly 

large, and the phase advance of the betatron oscillation per 

revolution is varied well away from TT/2. 

Details of the multiturn Injection method are given in the Appendix 

to the present paper. 
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The dilution factor of the omittance during the whole process of 
r> turn injection is claculnted t:o be 2.4 in each phase space. The 

emit Lance of the 1 inac beam is given by 

5 •'• v.-,. '• 2.4 = 30 -rr '• 10 f' (m-rad) , (2) 
1 inac 

•IIL = 2.5 n >• 10 -' (m-rad) , (3) linac 

and the normalized omittance is 

T I C = I;L ;•. I n linac 

= 0.534 - ' 10"' (m-rad) , (4) 

wnicli is smaller than the value estimated by the linac group at this 

workshop. But the peak current of the linac beam can be reduced to 

50 niA in our method, to allow such small omittance to be obtained. 

'i . "•',• STACKING 

'I he .''ii'rted beam in the storage ring by the five turn injection 

method is completely uebunched. It is captured adiabatically by the 

RF separaLrix and is accelerated to the stacking orbit, when the rate 

of change of momentum for the syebronous particle is given by 

dp/dt rev q ., 
_x = ^ • eV • i , (5) 

P ENlV A 

where f is a revolution frequency around the ring, E is a total rev N 
energy of each nucleon, 6 = v/c, q/A is a charge to mass ratio and 
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' = sinrf. . The fractional momentum difference between the injected s 
orbit and the bottom of the stacked region is designed at 1.5 %, the 

acceleration period is 5 ms, and the required RF voltage is 356 kV. 

The period of phase oscillation during the acceleration is 1.48 ms. 

During a period of acceleration from the bottom to the top of the 

stacked region, the KF voltage should be reduced to avoid an undesir

able energy spread of the stacked beam in the stacked region. Final 

RF voltage is determined, as the area of the separatrix is just equal 

to tlie Longitudinal phase space area of the injected beam, 1CI5.6 

keV-rad. In order to cover the longitudinal phase space area, S, of 

the injected beam by the separatrix, the minimum RF voltage is given by 

the following relation. 

where li is a harmonic number and ri is defined as 

Other notations concerning the synchrotron oscillation can be found 

in Reference 4. Substituting numerical values in the relation a 

minimum voltage 81.6 keV is obtained. The phase oscillation period 

at the final voltage is 3.09 ms, and the necessary time to change 

adiahat ical I •• from the initial bucket to the final one is given by 
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where oi is an angular frequency of phase oscillations associated with 

the initial bucket, M is that of the final bucket and v is a quantity 

related to the phase space efficiency of the process. Substituting 

numerical values, K is assumed to be 0.9, and 'I' is 2.43 ms. Thus the 

shape of the envelope of the RF voltage is that shown in Fig. 2. 

Next we must consider the relation between the number of RF stacking, 

'he compression voltage and the final momentum spread in the storage 

rim;. For simplicity, we assume that the momentum spread after n times 

R!•' stacking is 

" * © . • W 
where ' .p/p). represents an initial momentum spread of '2 x ID . The 

compression voltage including the effect of .space charge and moiientum 
, . . , 5 ) 

spread is g i ven hy 

3N bqh'r og 
2;,Amc Ay .<R. /„(„ • ^ M ] N (A^ + .•.*„, K> <1-V M ), 

(10) 

where. 

:•' = 931.5 MeV, r = 1.547 '• K)" 1 1' m o 
q = charge state ( = 1 ) 

g = geometrical factor ( = 1.5 ) 

N = number of particles/bunch 

'.<|i = initial phase spread ( = 2 ' ) 

'MIN 
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The final phase spread is derermined so that the phase compress ion l;ir-tor 

in the ring is 10, when the tune shift, ' •', during the compression is 

assumed to be 2.5. The compression voltage is 

eV = 0.1424 (IT + 0.1798) (MeV) (ID 

Next we should calculate the scpuraLrix lie i s-.iI 

compiession voltage end the linal momentum spread, 

following formulae, 

II, related to I 

i/p , by us i ng t ; 

H - w ' ' v •:, >-. (leV) (I-'1 

Ap = 1 211 
P " - h 

(1 O 

Numerical results are given in Table 3. 

TABU" 3 

n eV (MeV) 

0 0 .025 

2 0 . 5 9 5 

4 2 . 3 0 4 

6 5 .152 

8 9 .139 

10 14 .266 

li (koV) 
22.29 

107.48 
211.46 
316.2 1 
42 1 . 13 
526.17 

n: Number of RF stacking; 
eV: Compression voltage 
II: Separatri.x h a l f h e i g h t 

'.p/p: Momentum spread (full width 

' •J'/ i ' .( :-

i t . It)? 

0 . 3 1 7 

1.016 

1 . 3 20 

2 .024 

2 . 3 29 

t o r I no c o n n r o s s i on 
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if we assume that the final momentum spread in the storage ring should 

he less than 1 ", the maximum number of RV stackings is 4. 

As menlioned in preceding Sections, the number of multiturn in

ject ion;, is '"' in each transverse phase space. Then the required neak 

, for ! he 1 inac i s c. i von bv c u r r e n t 

r ° 
v'nei'c N is ,i number of the p a r t i c l e in r , i . ii s t o r a g e r i n g , and 

( 1 - 4 ) 

1 . 7 U • 11 
(IV) 

J . r,iAM I N S I A H n . r n i ' S 

ace . l i a r : 

in i I in a c i r ui i ;ir : i ng l .s g '• \'i n 

b - r 

where I! i s a bunching l a e t o r , r is a c l a s s i c a l p r o t o n r a d i u s 

i. :5't7 • »IV" • ' m and • i s an mi norma 1 1 ;;•• d o m i t t a n c e . In the i n j e c t i o n 

r i n g , emit l ance should he ave raged over h o r i z o n t a l and v e r t i c a l phase 

s p a c e s , each of which iias a numer ica l v a l u e s of 30 : mm-mrad and 2 .5 " 

mm-mrad. '['lie ave raged o m i t t a n c e is 

• t. = t i . 6 6 ii x v 1U" (m. rad ) . (17) 
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if we take a hunching factor 1.0, the space charge limit in the injection 

ring is 9.8 x 10 particles. In the stovai o ring, em ittance is 'SO n 

mm-mrad both in the horizontal and vertical phase spaces and the space 
14 charge limit is i.'IB x 10 particles. In noth rings, space charge limit 

excei'cls the designed circulating currents. 

5.2) Res ist i ve waJJ _in_s_ta_b il i tv 

Next we will consider the longitudinal anil transverse coherent 

resistive wall instabilities. The longitudinal coherent limit is given 

bv the Keil-Sehnell criterion , 

' F -tl 1.11 f.UV 
I ( p • 

(18) 

where .'•'. /n is a longitudinal coupling impedance. its numerical value 

should be examined further for heavv ion machines. However we will adopt 

here t lie value of !_"} '.: which is scaled from the experimental values at 

ISR ,\ CPS . Thus the longitudinal coherent limit is S9 A for a 

momentum spread of f? x 10 , and there would be no problem related to 

the longitudinal coherent instability in the injection ring and the storage 

rings. 

On the other hand the tranHver.se coherent instability limit is 

given bv 

Z, AE 
- < 4F -=-± I (n - v)n + ;. --- + — — 
n q e I R *• ' p • a • 

(19) 

http://tranHver.se
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where 7, In is a transverse coupling impedance and ', is a chromatic.ity. 

The first term in the bracket shows the effects of sextupole fields, 

and the second term tiie oetupolc fields. In tin- storac.e rim- the momentum 

spread is fairly large, ••! ";',and the correction due to the sexfupoiL' ! iehN 

is nine I. more efficient than that, of octupole fields. When we introduce a 

chromat ic i ty of -10, the intensity limit is 0.r>4 A or 2.0 >: 1 0 1 , particles, 

which is much smaller than the space charge limit. The e-folding 

growth time of this instability is given by 

4 IT v • YAK / q c 
"cT'"KeTz7y 4h ns (20) 

if we assume the radius of the vacuum chamber to be ') cm and the stored 

current to be 4.78 A. This formula, however, holds under the condition 

that there is no sextupole and no octupole corrections. Ive expert that 

TY I can be controlled by their corrections during a total accumulation 

time of 40 ins. 

f>. l.JI-T. T1MK 0_T_ THK RKAM IN TI1K STORACK K 1W;. 

In high-intensity hoavy-ion storage rings, a beam loss due to an 

electron trans!er process between ions in the beam, A + A 
,(n+l)+ fn-l)+ A + A , 

as fol1ows: 

may be a severe problem. The loss rate a is estimated 

N dt 

nlab vcnr'cm 

(21) 

(22) 
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The symbols are defined in Table 4, where machine parameters are also 

listed. The density of ions in the ring is 

, = - N — , (23) 
lab 2 MRS 

on the assumption that the beam is completely debunched. The beam is to 

be stored in the ring as shown in Fig. 3. Then the cross section oi the 

beam i s 

S = - ab + b.\x , (24) 
!' 

where a and b are obtained from the beam omittance i and the average 

betatron amplitude function, ;>, 

a = >'\-x~ , (25) 

b = >-'<-ys , (2M 

The beam spread due to a momentum dispersion is 

Axp = n f . (27) 

The dispersion function is approximately 

n = i^/R • (2H) 
= 1.81 (m) 

Then the beam cross section is numerically calculated with values 

listed in Table 4, and the density is 

n = 4.62 x 10 1" (nr3) . (29) 
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The speed of the ion in the center of mass frame is " ;ven by 

, 2 = ' 4 -"--̂  ! ~ + ( !••>• sin 4 V . (30) cm I 2 p I - ' 
I J 

As the ion momenta are considered to be il i st r Unit ed as in I-is:. -'< . 

the typical momentum difference between the ions which will coll ide 

witli eacli other, is 

i l l ! = Jll . _ * ? _ _ _ . - (31) 
p p 2a + .\x p 

when- w p / p is determined so thai the areas of the parallelogram and the 

rectangle are equal. Then the first term of eq.()0) is 1.65 \ .10 ''. 

Till.' maximum collision angle in the laboratory is evaluated by 

0 = 2vQT , (32) 

and the second term is numerically 3.61 >• 10~". Then the velocity 

in the c.m. frame is 

v = 1.19 x 10 s (m/s) . (33) 
cm 

which corresponds to a kinetic energy o\ 7 5 eV. 

According to papers ' the cross sections for the electron 

transfer process of various ions are estimated to be of the order of 

L0~ ' cm'. Therefore a value of 1 * 10" ' cm' is appropriately 

adopted here for U 

Now the loss rate can be numerically calculated, and 

u = 5.50 (s"1) . (34) 
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The life time, the inverse of the loss rate, is 

. = 0.182 (s). C35) 

which means fliit the beam will be lost by the amount of 2(1 " during 

stack inc. pro. ess of - 40 us. Therefore if such an amount of beam loss 

is serious, even though it does not occur at localized positions such as 

the inf lector septum, but could be uniformlv lost around the ring, 

another kind of ion of low intrabeam charge exchange cross section 
O i 

such as Xe should be used. 
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Table 4 List of symbols and machine parameters for case A 

N number of ions in the ring 1.7 9 * 10-" 

n. , density of ions lab 
R mean radius of the ring 59.8 m 

S cross section of the beam 

v velocity of ions in the center of mass frame cm 
•t loss rate 

I'. ratio of ion velocity to that of light 0.208 (21 MeV/u) 

r average betatron amplitude function 10.4 m 

IIP. 
P 

A_p_ 
P 

- y 

1 / /1 - B' 1.0224 

momentum d i f f e r e n c e between c o l l i d i n g i o n s 

t o t a l momentum sp read 1.6 - 10 

o m i t t a n c e in the h o r i z o n t a l d i r e c t i o n 30 - 10~" m.racl 

e m i t t a n c e i n the v e r t i c a l d i r e c t i o n j() • 1(J - ' mT. 'd 

ri d i s p e r s i o n t u n c t i o n 

i c o l l i s i o n a n g l e in the l a b o r a t o r y frame 

c c m c r o s s s e c t i o n of the e l e c t r o n t r a n s f e r p r o c e s s 1 v 10 - ' m'" 

•[ l i f e t ime 
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Table 5 Summary of the calculations for three cases. 

Case A B C 

No of multiturn 5 x 5 = 25 25 25 

Dilution factor for multiturn 2.4 2.4 2.4 

Normalized emittance of the 
injected beam from the linac 0.534TTX10 - 6 (m-rad) 0.759TIX10~ 6 (m-rad) O.759TTX10 6 ( 

LINAC peak current 48 mA 125 mA 158 mA 

RF stacking number 4 4 4 

Momentum spread after the 
compression in the ring 

required period for one RF 
stacking 

Total injection period for 
each ring 

Total accumulation period 
for n rings r 

Growth time of transverse 
instability 

1 % 1 % 0.899 % 

10 ms 28 ms 47 ms 

40 ms 112 ms 188 ms 

'"- 112 ms « 200 ms •\ -40 ms 

20 Hz 

8 .6 x 10 1 3 
3. . 3 x 10 14 

300 A 

0. 5- A 

Fusion repetition rate 20 Hz 8 Hz 5 Hz 

Space charge limit in the 
stacking ring 8.6 x l o 1 3 1.8 x 1 0 K 5.7 x 10 ! 

storage rin° 3.3 x 10 l M 8.7 xlO1'' 1.4 • 10 -' 

Longitudinal co! rent limit 300 A more safe than more safe than 
in case A in case A 

Transverse coherent limit 

46 ms 

Compression voltage 2.3 M? 2.2 MV 1 5 MV 

Compression time 102.4 us (17 turns) >. 1U0 us %100 us 
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APPENDIX 

Scheme of raultiturn injection into transverse phase space 

For the purpose of reducing the beam loss due to the collision with 

an inflector septum, the following process was studied. 

1st) Before the beam injection the tune value of the betatron 

oscillation should be adjusted to a half integer taking account 

of the space charge effect due to the intensity of a single turn. 

2nd) The beam from the linac is injected by a two turn injection 

method during the time 2 T , where T is the revolution time of 
o o 

the beam. 
3rd) The position of the septum in the phase space should be moved in 

a time of _ „_. T in order to reduce the beam loss to around 100 o 
1 X . 

4th) The horizontal tune value is shifted to an integer +3/4, taking 

account of the effect of the space charge force due to the two 

turn beam already stacked in the ring, and the first one turn 

beam to be injected in the next step. 

5th) The beam from the linac should be three turn injected during the 

time interval 3 T , and just before the three turn the position of 

the septum is moved from x = 11 mm to x = 21 mm in a time of 

1 
100 To. 

The acceptance of the ring and the emittance of the beam from the 

linac were assumed to be 30 IT x 10 and 2.5 u x 10 m-rad (unnormalized) , 

respectively. 

In the second process the transfer matrix of one turn, M , can 
o 

be written as 
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cos{2u(N + i- + A v ) } , gsin{2TT(N + \ + Av) } 

1 . — s i n {2TT(N + j + A V ) } , C O S { 2 T T ( N + J + Av) } j 

( A - l ) 

where N is an integer, Av is the tune shift due to the space cha e 

effect of the beam, and a [ = - -z S' I is assumed to be zero. We 

represent the beam ellipse in the phase space iust one turn after J jec-

tion as (a cosB + x , b sin8), where a and b are the length of horizontal c 
and vertical axes of the beam ellipse and x is the position of the 

c 

center of the beam as shown in Fig. A-l. Using 

-cosAp, -BsinAu 
M = o 

gSinAp, -cosAy 

(A-l)' 

where Au = 2TT-AV, the position of the beam with respect to the closed 

orbit after another revolution is given by 

x = -cosAu(a cos6 + x ) - 3 b sinG-sinAp . (A-2) 

The maximum value of x is obtained for the value of 0 which satisfies 

dx 
dx' (A-3) 

and 
Bb tan0 = — tanA;. a (A-4) 

For such a v a l u e of 8, 

= -x„ cosAu + / a 2 COS2AJJ + g2^,2 s x n 2 ^ y (A-5) 
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The maximum value of x in the equation (A-5) when Au is varied, is 

obtained as 

x = i3*b 1 - •— 73—; 
max •. a1- - b-M;'-

= KI + a 

( a * b |- ) (A-6) 

( a = b ;J. ) 

In our case the numerical values are as follows; 

r 3 
6 - 15 m, 
a - 4.0 * 10" 
b - 6.25 x 10-1* 
< = -4.5 x 10- 3 m 

(A-7) 

and the maximum value is 

x = 0.0106 m . max (A-8) 

Therefore when the position of the inflector septum is shifted outward 

as far as 1] mm after 2 turn iniection in a time — ™ T , no further 
100 n' 

beam collision with tlie septum is exported. 

in the third process, it is necessary to estimate the required 

high voltage of the pulsing system for bump magnets. The bump magnets 

should be located 90° up and down stream of the inflector. In Case A, 

the required deflection angle of the bump magnet is estimated to be 
-4 ft. 733 x 10 rad in order to distort the closed orbit by 11 mm at the 

position of the inflector. If each bump magnet is divided into 6 units 

which are excited in parallel, then the necessary deflection angle for 
1 -4 -4 

each unit is 7- x 6.733 x 10 = 1.122 x 10 rad. The field strength 

of the bump magnet is calculated at 177 C, for case A, where the total 

momentum of LI is 47349 MeV. The required current for each bump magnet 

unit is calculated to be 704.8 A if a single turn coil is used. 
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If we assume a critical damping, the rise time t from 5 % to 95 % 

of the maximum value is given by 

t = 1.14 ±- , (A-9) 
r co 

where L and Z are the inductance of the coil and the characteristic o 

impedance of the circuit, respectively. The inductance of the magnet 

is given by the relation 

L = N 2-u 5^1. F , (A-10) 
o d 

where u is the permeability of air, w, Z, d are the width of the pole, 

the length of the magnet, and the gap height of the magnet, respectively, 

and F is the ratio of the leakage flux defined by 

F - -f" , (A-ll) 

where <j> and $i are the total flux in the iron yoke and the total flux 

which goes through the pole face, respectively. Assuming the following 

values 

w = 0.07 m 
I - 1.0 m 
d = 0.05 m ( A - 1 2 > 
F = 2.0 

L is 3.52 uH and the characteristic impedance Z should be 67 ft 
o 

so as to make the rise time t as short as 60 |is. The required high 

voltage V is given by 

V = 2 Z .1 o o 
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and is 94.44 kV, which is a manageable value. 

Then the horizontal tune of the betatron oscillation is moved to 

an integer +3/4, including the space charge effect due to the beam already 

injected into the ring and the beam which will be iujected in the next 

turn. 

After tuning, the beam from the linac is injected by three-turn 

injection as is illustrated in Fig. A-2 (a) "~ (c) . In the calculation, 

tiic: additional effect of space charge due to beam newly injected into the 

ring is taken into account. The time shift is given by the formula 

Av = 
-NB-rp q' 
2 iree:1, 3A (A-14) 

where B, r and E are the bunching factor, the classical proton radius 

and the unnormalized emittance of the beam. In case A, this effect 

is estimated to be Avj = -0.07 and the transfer matrices of the 1st 

2nd and 3rd turns, Mj, M 2 and M 3, are given by 

f COS2TI (N + - + {i - 1 )AV!) , 6 s i n 2~ (N + j - + ( I - \)h\>x) 

\- T s i n 2i (N + T + {i - l ) A v x ) , cos 2TI (N + ~- + {i - D A v ^ J 

= 1, 2, 3. 

(A-15) 

Due to space charge tune shift, the beam will come back to the septum 

position after three turns, as is shown in Fig. A-2. Hence it is needed to 
99 

shift the septum position to x = 21mm in the time interval (2 + —--) T < 
100 o 

t 3" . T:,e required current for the bump magnet is 576.7 A, and the 

r.ii-'r. v-.ltjK is calculated at 77.3 kV. 

.̂rir.i -J-.-.h. multiturn injection process, beam with an emittance of 

Z.'-j " - '..',~ --rad (unnormalized) is injected into the ring with an 
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acceptance of 30 TT X 10 m-rad during { (2 + 3) - —r-r x 2 } turns. 

Then the dilution factor due to this multiturn injection is 

D = — : =2.41 . (A-16) 
2.5 x { ( 2 + 3) - — , 2} 

This factor is close to the value of the usual multiturn injection, but 

in this scheme beam loss due to collision with the inflector septum is 

reduced to 2 % of the total beam. 
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Figure captions 

Fig. A-l. Beam injection is carried out with the el 1ipticaliv-shaped beam 

shown in the figure. The number of betatron oscillations per revolution 

is tuned to a half integral value, including the space charge effect 

due to the one-turn injected beam. During the first turn, the beam 

ellipse revolves by 180° in pb.se space, but during the second turn 

the beam ellipse rotates as illustrated in the figure due to the space 

charge effect of another one-turn beam. In order to avoid beam loss, 
99 . the septum is shifted to x - 11 mm in the time interval (1 + -—— } i 

< t < 2 T , where T is a revolution time of the beam, o o 

Fig. A-2. In this process the tune value of betatron oscillation is 

adjusted to integer plus three quarters including the space charge effect 

due to the one-turn beam. 

(a) In the first turn, the beam ellipse rotates in the phase space by 90'. 

(b) In the second turn, the tune is shifted by the space charge force 

due to another one-turn bea." and the beam ellipses rotate as is 

shown in the figure. 

(c) After three turns, the first beam comes hack to the septum position 

as is illustrated in the figure because of the tune shift due to 

additional space charge effect. In order to reduce beam loss, the 

septum is shifted from x = 11 mm to x = 21 mm in the time interval 
99 (2 + ~ ) T < t < 3 T . 100 o o 

http://pb.se
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In jec f ion Ring 

Reactc 

Storage and 
Compression R'ngs 

r i g . l Schemat ic l a y o u t of tlie i n j e c t i o n r i n g 
and s t o r a g e r i n g s l o r c a se A. 

2 . . . 

Fig.2 An envelope of the RF field for the 
momentum stacking. 
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AXr 

Fig. i. The beam profile in the storage ring. 

1 
Axp 2a 

: • - - . 1 . . : • - - . 1 . . 
U3 

: • - - . 1 . . - • " 

a 
1 < 

a 

. , , . , , 

>. 

Fig. 4. Four beam pulses of different momenta are stacked 
in the storage ring. The typical momentum spread 
?'\> is determined so that the area of the ractangle 
(da.sh.ea line) and that of the four pulses are equal. 

http://da.sh.ea
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*• 2 r j=N 

"lntl*ctor 
S*ptum 

Fig. A-l Schematic diagram of the first 
2-turn-injection with the half 
integral tune value. 
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X'(mrad ) 

( a ) 

( b 

n l l e c t o r Septum 

5 10/ 15 j 20 S 

lnl l«ctor 
Septum 

( c ) 

Fig. A-2. Schematic diagram of the second 3-turn-injection with 
the tune-value of integer plus three quarters. 
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BEAM LOSS IN THE STORAGE RING COMPLEX DUE TO CHARGE EXCHANGE SCATTERING 

J.R. Le Duff & J.R. Maidment 
Rutherford Lahorntorv 

1. INTRODUCTION 
We have estimated the DP am loss due to 

charge exchange scattering for the three 
reference designs used during this study. The 
formula derived under simplifying assumptions is 
similar to that used previously by Mills '. 
Our results show that this effect is by no means 
negligible and indicate a need for both more 
complete calculations and furtner experimental 
data on charge exchange cross-sections for 
specific ions. 

2. BEAM LIFETIME 
n the lab. frame we nave 

(which defines the beam emittance) is takfn as 
twice the rms amplitude of a gaussian 
di stribut ion. 

The validity of these assumptions is commented 
upon later. Under these assumptions equation 
(2 ) may be wr i tten 

1 N 
7 = a v v (3) 

dN = vor'dV (1) 

Now V - dTi<x><y> , and we take an average 
relative velocity v = 2B C < X > where <x>, <y> -
rms transverse amplitudes, • = ounch lengtn and 
<x > = rms angular spread, sc = particle 
longitudinal velocity. 

where- v = relative velocity, o = particle 
density, N = number of particles in a bunch of 
volume V and ? = event cross-section. All 
quantities are measured in the laboratory frame. 

This leads to an e-folding time - given by 

We assume equal emittances in each 
transverse plane so that 

1 , ,1/2 <x> = <y> = 7 (rB,,) 

where 6 = envelope function 

1 1 2 ,„ 

To evaluate tne integral in equation (2) we 
make the following simplifying assumptions: 

a) The relative velocity, v, is that due to 
betatron motion only and is an average 
relative veloc ity. 

b) The cross-section, a, is independent of the 
velocity. 

c) The effect of storage rinq dispersion on the 
particle density is neglected. 

d) The particle density, 0, is assumed to be 
uniform. However the maximum amplitude 

and z = 4<x> 

Substituting into equation (3) we obtain 

NoBC 
J/2 „ 3/2 r ii e 

We assume a uniform longitudinal particle 
Nsc I distribution Ze and on transforming 

the cross-section to the center of mass frame 
obtain 

1 1 I "cm 
u Ze 1/2 3/2 r. B y 

(5) 

where we have dropped the subscript from the 
envelope function B. 

The loss rate will vary around the ring due 
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to the azimuthal variation of 8. In evaluating 
equation (5) we therefore take an effective 
value of 8 defined by 

"eff 1/2 1 1 -2/3 
, 3 / 2 

m m 3/2 

The resultant lifetimes, for a cross-section 
°cm = "̂  c m • f o r e a c h o f t-'ie three 
reference cases are presented in Table 1. 
Values for s. . and s„,,„ have been taken 

>'! I n m a x / , 
from Cornacchia and Sees '. 

TABLE 1 

; case A B C 

Bef f (m) 6.2 0 . ? 6.? 

c (m. rad ) 6 0 x 1 0 " 5 60x l0- 5 60xlO- 6 

- c „ , ( c m 2 ) j , - -15 10-15 10-15 

Y 1.0? "f i 1.0451 1.0451 

1(A) 6 17.1 ?A . 3 

"(ms) 10.? 37 ?6 

The present numbers assume a r.narge state 1. 

COMMENTS AND CCIJCLUSIfj:;5 

Equation (c.) shows that \I2 
We have 

used the final stcage/compression rinq parameter 
and these conta"s some allowance for emittance 
dilution. Vlhii the beam is beinj stacked in 
these or similar intermediate rings- will be 
less than the quoted values oy up to d0':. Since 
the minimum beam handling times between linac 
and final compression in the rings are 
respectively 0.7, 1.0 and 3.2 ms we would 

estimate the beam loss, using a = 10" " 
cm , to be at least i/2'-, 2.5 , and 12,- respective
ly for cases A, B, and C. 

h(3) 

We have used a somewhat arbitrary 
cross-section of a „ = 10~ cm for t cm 
'Uraniuin-1 ikt>' ion. Recent measurement'"'' on 
Cs ions indicate that this may not be an 
unreasonble value. Clearly further measurements 
on other ion species are necessary. Intuitively 
it seems appropriate to select a closed-shell 
ion. However, if this leads to either a 
multiply charged ion of A >. ?00 or a s i ny !y 
charged ion of A < ?0U problems of space charge 
in circular rings would necome exacerbated. 

We made siveral assumptions (a) and (c) above seem 
equation (5). Assmptions (a) and (c) above seem 
justifiable since, for tne uncompressed beams, 
momentum spread', dre of order U»~ while 

_ i angular spreads if: of order 10 ". We have 
not attempted to consider tne situation during 
compression in the rings because of significant 
perturbations to the lattice parameters by space 
charge effects and because the compressio', stage 
occurs over a relatively shorl time scale 
(60-100 turns, 400-60" ,,s ). 

To obtain an accurate assessment of thp 
problem, complete calculations (numerical 
simulation?) should be performed using realistic 
n-D distributions, including space charge 
effects, combined with the cross-section for 
Itfss (ion izat.ioo may leave one particle within 
the ring acceptance; as a fi notion o+ relative 
ion velocity. 
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BEAM SCRAPING PROBLEMS IN STORAGE RINGS; THE BLACK CLOUD 

Lawrence W. Jones 
Univorsitv of MLchi-̂ .-m 

1. INTRODUCTION 
The heavy ion, multi-GeV drivers for inertial 

(onfinement fusion are being designed to produce 
beams of an energy, power, and specific 
ionization sufficient to raise matter to 
tnemionucl ear temperatures. The magnitude of 
LM-', ; p mimeters is so far beyond current 
i.«per i • * 11 c e thai some problems raised warrant 
•...rofjl scrutiny. Ir particular, the consequence 
"f some fraction of the beam lost on storage ring 
inflection septa, extraction channels, and 
oeam-defining collimators seems potentially very 
serious. Unless carefully contained, a beam halo 
can easily vaporize the best refractory 
materials, and the resulting vapor cloud will 
interact destructively wilnin microseconds with 
the following beam. The limits on beam flux 
dhich may be so lost for particular examples are 
orders of magnitude bplow current experience. 

t = 380 usee total time of injection into 
each S.R. 

We will assume that, where lost, the beam 
strikes a tungsten surface. The relevant 
properties of tungsten are: 

density 
atomic mass number 
specific heat 

thermal conductivity 1.50 

n = ?0 g/ciiT 
A = 134 
c H 0.145 J/g 

W 
cm" K 

melting temperature T = 3653 K 
latent heat of fusion .' = 190 J/g 

From this may be derived several quantities of 
interest assuming that the boiling point is close 
to the melting point and the latent heat is small 
compared to the sensible heat. 

2. BEAM. AND SEPTUM PROPERTIES 
As examples of the problems in this area, 

consider the parameters of a 10 GeV, 
3-MJ '"" 0 1inac-storage ring driver* . 
The critical quantities, referenced Lo the linac 
output, are: 

T = 10 GeV 
I. . = 0.30 Amperes from linac 'njector 
P. . = 3.0 GW 
t = 3MJ total oeani energy 
', = 1.375 x I 0 1 D 'J+1 ions finally 

accimu lated 

--—i- = I ."- x i0~ /2v n linac injector 

~J ~ storage ring e-iittance 
pe^'so o f revolution in S.R. 

ct^o './ij into each of 3 

Range of 10 GeV U +' in W: 4x = 0.'' g/ci/ = 
0.01 cm 

Energy to melt W: u = caT + •. = 680 J/g 
ulx = 140 J/cm 

Black body 
radiat ion of W at 4000°K 

p = oT4 = 1450 W/cm? 

jseeoi '.'y. 

Thermal conductivity of 
W over aT = 3000°K, p = k ̂ - = 45 kW/cm 

AX = 0.1 cm a x 

The handbook vaporization temperature and 
latent heat for tungsten are given at 
atmospheric pressure: it is my understanding 
that the vaporization temperature in vacuum is 
close to the melting temperature, and that the 
latent heat there is small. In what follows we 
will assume a vaporization temperature of 4000 s 

K and a total heat required to raise 
room-temperature tungsten to vapor (in vacuum) 
at 4000 CK as 750 J/g = 150 J/cm 2. 
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3. ILLUSTRATION OF THE PROBLEM 

The scope of the problem is recognized when 
these values are combined with the beam 
parameters. Thus, if all of the beam were 
dumped into tungsten the 3MJ is sufficient to 
vaporize 4 kg of W; the full beam rate would 
vaporize tungsten at a rate of 4 metric tons 
per second. In orde- to dissipate this energy 
by radiation, the full beam energy would need 
to be spread (uniformly) over an area of 
tungsten of 165 m . Since the beam is 
absorbed in a thin surface skin of thickness 
100 sino microns (e is the angle between the 
beam and the normal to the the surface), it 
seems improDable that this energy can be 
removed by conduction, e.g. by water cooling of 
septa or slits. The effect of thermal 
conductivity will be to increase the effective 
depth over which the ionization energy is 
deposited beyond the 0.01 cm nominal range. 
However the linac beam power is so high (3 GW) 
that thermal conductivity cannot dissipate the 
temperature build-up from even a small fraction 
of the beam. Thus the means for dissipating 
any beam energy lost are assumed to be: (a) 
the sensible heat tc raise W to the boiling 
point (it could be cooled between pulses), (b) 
radiation from the hot tungsten, and (c) 
ablation or vaporization from the surface. In 
the case of this device, this ablation can 
cause immediate destruction of the beam. The 
following argument illustrates this concern. 

4. EFFECTS OF SEPTUM VAPORIZATION 
Consider that the full beam falls on a 

septum of vertical height y, and vaporizes 
tungsten at a rate of 4 x 10 g/sec. At T = 
4000°K, the rms x-component of velocity of the 
tungsten ions will be 425 m/sec; the density of 
tungsten vapor atoms close to this septum will 
be 

n is Avogadro's number, A = 184 for W, and 
the factor of two is appropriate if the vapor 
can fly off to ± x. rather than in one 
direction only. The limited data available on 
charge exchange cross sections indicate o - 4 x 
10" 1 6 cm2 for Cs + 1 + C 5

 + 1: sing'y 
charged ions of U, etc. probably have 
charge-changing cross sections on neutral, 
heavy atoms at high energy of at least 10" 
cm . This suggests that, for a 1 cm septum 
which may vaporize to both sides, the fraction 
of the incident beam which, when lost on a 
septum, will develop a vapor cloud equal to an 
ion interaction mean free path is: 

V^T-Te = 6-5 * 10~8 

3.1 x 10 J x 10' 

This vapor would propagate across the 
vacuum chamber at a rate (v S, or 0.4 
mra/usec. In the time it takes to fill the 
storage ring (3S0 usee) this cloud would 
propagate 16 cm. Of course the high-energy 
tail of the thermal distribution would 
propagate correspondingly faster. The 
conclusion I draw from this simple calculation 
is that one must so engineer the beam and the 
various septa so that any beam lost is absorbed 
by the heat capacity of the loss target and/or 
radiated as black body radiation. Even in the 
linac or transfer line, a vapor cloud will 
develop fast enough to destroy following beam 
in a 1 cm aperture in several microseconds 
if > 10" of the beam scrapes and leads to 
ablation. If the loss results in sputtering of 
metal at epithemal velocities, the vapor 
density is correspondingly reduced. If a 
lighter element is considered (beryllium or 
titanium) the heat capacity per gram is 
greater, but the number of atoms vaporized per 
unit energy may also be greater. As /v S 
will also be greater the problem is 
qualitatively similar. 

4 x 10 6 n /A 3.1 x 1 0 2 3 atoms d 

< z > y < \ > 177F 

where y is the vertical height of the septum. 

5. TOLERABLE BEAM LOSS 
The problem of accommodating the energy of 

the scraped beam on a storage ring inflection 



septum may be restated as follows (for the 
numerical case under discussion). The heat 
capacity of the tungsten surface area normal to 

2 the beam of 150 J/cm while the total beam 
energy is 3 x 10 J. There may be n 
storage rings. The fraction of beam which may 
'•••.• lost in each ring, f, on a septum of 

2 projected area A cm is given by 

IS On _r 

' .: s £ - A • 5 x 10 J n A. 
v n sr 

3 x 10 
If there ire j storage rings, and if the septum 
irea i'. 1 cm x I inn, the maximum loss f = 1.6 x 

It n ly ;,(.• noted that ;hi? beam would fall 
onto ti>t septum with a power of 50 kW; even 
witi- tee '-eptum inclined at 5" (so that the 

2 eti'T-gy is spread over 1 cm ) the beam power 
is stiil 30 times that which could oe removed 
uy radiation. 

The energy per unit a,-ea on the septum may 
be related to the omittance of the linac and 
tne betatron wavelength (or, more explicitly, 
s and 3 ). For our example, the linac x y 
emittance at 10 GeV is 0.3 cm rad, so that the 
beam area would be 5 cm' for B = 8„ = 33 

x J 
in. Thus the beam energy density, for three 

2 
storage rings, is ?00 kJ/cm . As the septum 
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can only tolerate < 150 J/cm , the beam halo 
at the septum must be less dense than the 
central beam by a factor of 1330. This is a 
less frightening factor thar 10 (cited 
above). The problem may be made to appear even 
less severe if a larger number of storage rings 
and larger B values are considered. Thus, if 
there are 10 storage rings and B = 50 m, the 
beam energy density in each ring is only 38 

2 kj/cm , so that the halo density need only be 
less than the central beam density by a factor 
of 250. 

In conclusion, we believe that this pioblem 
merits serious study. This limitation will 
affect the choice of storage ring parameters 
and perhaps the number of storage rings. 

The diffusion equation f-r the temperature 
vs. time and depth for the one dimensional 
problem should he explored with the proper 
parameters for tungsten and other candidate 
materials (Ta, Mo, Ti, Be) considering heat 
capacity, conduction, and radiation. 

The targets of high-power klystrons and 
x-ray tubes surely are limited by these same 
considerations, and there is a body of 
engineering experienre in n>is connection which 
would be instructive. 
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BUNCH COMPRESSION IN HEAVY ION FUSION STORAGE RINGS 

M. Cornacchia (RM.) and C. II. P.cos (Rutherford Laboratory) 

1. INTRODUCTION 
Bunch compression in the proposed heavy ion 

fusion storage rings results in large transverse 
and longitudinal space charge forces. In this 
note parameters are derived for the bunch 
compression in three reference designs and 
aspects of the transverse and longitudinal 
motion are discussed. 

Transverse and longituainal space charge 
forces on an ion depend on both the transverse 
and azimuthal co-ordinates of the ion in the 
bunch. It appears therefore to be insufficient 
to treat the transverse and longitudinal motions 
separately in the non-adiabatic compression and 
that a detailea evaluation of the problem 
requires elaborate numerical simulation or an 
experimental test facility. 

2. REFERENCE STGRAGAE RING DESIGNS 
Parameters used for the three reference 

designs are: 

CASE A CASE B CASE C 

Number of 
rings 

Ion U+ U+ 

Kinetic Energy 5 G^V 10 GeV 
Target Bunch 
duration 

20 ns 40 ns 

Initial Bunch 
duration 

1 MS 2 MS 

Revolution 
period 

6 us 6 us 

Bunches/ring 6 3 
Bending radius 
(B = 5T) 

31.6 m 44.9 m 

Mean radius 59.8 m 83.1 m 
Emi ttance/n 60xl0" 6 37.5xlC 

U+ 

10 GeV 
70 ns 

3.5 us 

7 l |S 

2 
44. 9 m 

97.1 m 
60.0x10 
rad m 

4 4 
cr J (iv = 

1/7) 
Particles/ 1.1? or 2.91xl01'1 7 x l 0 M 

bunch, N 0.64xl0 1 4 

Energy in 
target 
P(TW) 100 W 

> 3 MJ 

150 TW 

> 10 MJ 

300 TW 

The total bunch compression of a factor 50 is 
assumed to consist of a factor 7 in the storage 
rings and a factor 50/7 in the transport line to 
the target. The maximum momentum spiead allowed 
at the target has been specified as ap/p = ± 1 *\ 
and thi c infers, in the absence of dilution, a 
momentum spread for the unbundled storage ring 
beam of ap/p = ± 2B f x 10" where 8, is a 
final bunch shape factor (approximately 2/3). 

3. TRANSVERSE MOTION DURING COMPRESSION 
Reference design B will be used to indicate 

the scale of the effect of the transverse space 
cnarge rcrces on the betatron motion. Ring B has 
a mean radius of 83.1 m and the following lattice 
design was assumed: 

Betatron tunes v , v 8.3, 8.3 x' y 
Number of cells 28 
Cell length 18.65 m 
Integrated quadrupole strength / gdf 41.5 T 
Peak value of beta-function, B 33.1 m 
Peak value of dispersion function, n 2.2 m 
Gamma transition, y 7.7 
Minimum value of beta-function, B 4.0 m 
Minimum value of dispersion function, n 1.0 m 

I D C Uv=l/4) 
50 I Dc 
Number of 
bunches 

18 A 23.3 A 3? A 
900 A 1165 A 1600 A 
24 (or 42) 12 18 

At a bunch compression of 7 and an assumed 
bunch shape factor of 2/3 the resulting bunching 
factor B = 0.0952 = 1/10.5 for a uniform 
transverse density. 
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The parameters above have been used in a 

program of A. Garren tn.it solves the equation of 
tne betatron envelope in the presence of linear 
transverse space charqe forces. The program 
calculates the equivalent modifications to the 
lattice functions, an-j for B = W10.5 the 
following results were found {when B - 1 
cor-esponded to Av = n.25): 

4 xdisp = ( n l ,) •" (4 - 2.2) 

3.3 ^ fi.05 

33 .1 » 3R.fi m 

4 . 0 > ft.23 r 

2.2 > 4.0 in 

1.0 ± 1 .3D 

7.7 > 5.6 

x 10 

where 
nr ^ maximum value of the unperturoec 

dispersion function in the ring = 2 .'• 
r,, = dispersion in presence of space 

charge = 4 m 
ap = maximum momentum deviation at tiie end 
^ of the compression = *• 4 x 10 

(This value is discussed in Section 4 

The mismatch of the B functions also 
introduces an increase in tne horizontal and 
vertical betatron amplitudes if tne order of 

Results for other values of B are qiven in Fig. I. 

The dependence of the lattice functions on 
the hunching factor, depicted in Fig. 1, results 
effectively in a spread of values of these 
functions along the bunch, due to the 
longitudinal variation of the space charge 
density. Since different particles have 
different optics, it is impossible to completely 
match the beam ejected from the storage ring 
into the transfer line. The result is a olow-up 
of emittances. For the case B under 
consideration the maximum increase in horizontal 
betatron amplitude due to the dispersion 
mismatch is, for a hunching factor 

B - 10.5 ' 

r
n -" injected beam emittano = 37.5 

i.,-fi 
10 rad in 

p - unperturbed 6 function - 33 m 

B. = 6 function in presence of space charqe 
= 38.5 m. 

It is debatable whether tne blow-up ni 
betatron ampl tunes discussed above should be 
added linearly to the unperturbed amplitudes of 
the injected beam in order to estimate the 
resultant emittance blow-up. If we do so, we 
find, for the relative emittance increase, 

45.2 35.2 0.65 
35.2 

c ̂ .CTiONS FOR CASE B ( V=8 31 

where x, and x are the maximum perturbed 
and unperturbed Detatrtn amplitudes. 

If, instead, we ado the amplitude increase 
quadratical1y, the relative emittance blow-up is 
only 4.8 . A statistically significant analysis 
of this effect would require further study; 
here, we shall arbitrarily settle for 

http://tn.it
http://3R.fi
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approximately half the value calculated from the 
linear addition of betatron amplitudes, and 
assume: 

{ 4 e / e 0 ) m 1 s ™ t c h = 3 0 " 

Figure 1 shows that a considerable fraction 
of particles (those in the higher charge density 
region) will cross two integer and four 1/2 
integer resonances during, the compression. We 
estimate first the blow-up in crossing the 
integer resonance. 

For U random dipole errors in the ring, the 
oscillation amplitude increase is given by 
(r.m.s value): 

,fi- dip '°av / A B 

7 2 ,7. 

•Bav A B 
/?N \ B 

sintf ('•) 

\ B/ 
wh e x = normalized maximum oscillation 

amplitude, horizontal or vertical 
(i.e. max. ampl. '• 

9 = circumierential anole around the accel
erator, in radians. 

; .. = length of a single dipolar- pertur
bation. 

s •- average value of horizontal or 
av 

vertical B function at the petur-
bation location. 

<t> = betatron phase angle at a re;?rence 
point iri the ring. 

o - bending radius 
/ T! \ = r.m.s. value of random dipole errors 
\ e 

In equation (1), we have made the 
simplifying assumption that the sources of 
errors come exclusively from the main dipoles. 
We assume that the tune change occurs linearly. 
Thus the non-integer part nf the tune at the 
reference point in the ring is given ay v, = 
V r 
of 

and equation (1) oecomes: 

<jx\ _v ̂ ay_ / a B \ 
d e />rN-A V 

Ae 
of (2) 

where 4 is a constant. 
The expectation val''e nf the normalized betatron 

amplitude after crossing is: 

( 5> fi 
^ \ ^ ) / 0 C ' i " ( ^ 9 + ^ + \ W - ( 3 ) 

If the points e and e are chosen well away from o 

the resonance, the integral can be approximated 

by: 

, T W A ".in L - (v o f
?/2A) * (W4) 

Thus, the final amplitude after crossing for the 
most unfavrrable phase :s: 

/ - . _ ' cl_V 
\ /final ,~-,s dYi 
It is indicative tn relate the residual 

dipole field perturbation { A B / B \ to a realistic 
value of the closed orbit distortions alter 
correction for the unperturbed working po'nt 
v . The expectation y-ilue of the orbit o distortion is given by, in normalized amplitude: 

fee) av tS) 
. I Sill <v > N 0 

Expressed in terms nt tne above closed orbit 

error, equation (4) becomes: 

-/-A (6) (*> final = ( V „ > < i n -

Then, for {x \ assume t mm : Vfi 

In estimating the rate of tune change, we 
ionore the sinusoidal variation of the busich 
lenqth and ta<p V•••> average over the whole 
tunr-span. Th's ,;ppr;)x imat io'i is justified by 
the fact that the i'M.^ger resonance is crossed 
twice and it is not possible to choose t.ie 
fastest r^ilf of tune change for both crossings. 
We choose, tneroforp A = (8.3 - 6.1)/(2* x 68) = 
0.0051 rad where the number 68 is the number 
of bunch rotations during cc'pression: see 
Section 4. Eqn. (6) gives the final normalized 
betatron amplitude after one crossing of the 
integer resonance. For two crossings, tne value 
increases by * ?, and we obtain: 
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x f i n a l ( n o t nor-mal izer i ) = / § ( * ) f i n a ] = 1?.8 

For the h a l f - i n t e g e r resonance we f i r s t 

c a l c u l a t e the s top-Dand h a l f - w i d t h 1 ' : 

<*"> is the r . m . s . of the g r a d i e n t 

i n the q ' j ad rupo le of l e n g l n • . Asvjrni nq , f o r 

th-r l a t t i c e inuor cons i o e r a t i o n : 

\ V <" 
quadrupo lo g r a d i e n t . 

« • ¥ E1 

< - 1 

1/? 

<3}) V-" • = " - " ' " 

For the i n t e g e r resonance, the l i n e a r 

a d d i t i o n of amp l i tudes i s j u s t i f i e a by t ^e f a c t 

t h a t t ' i e re is a coherent d isp lacement of a 

c r o s s - s e c t i o n s l i c e of the neam: tn-r 9o 

omi t tance n l o w - j p concerns o n l y t h a t f r a c t i c - i OT 

tfr~- r»eam which r r o s s ^ s tne resonance t w i c e , 

which ; s a l . o , u n f o r t u n a t e l y tne r e g i o n w U n 

h i qner p a r t i c l ' " 1 d e n s i t y . For the na 1 f - v i t ^ o e r 

res/Mi' 1 . i .e, tne n \ ow-'jp i s i ncnherent am: a 

q u a r r a ' ' C increas* 1 i s pr •/.->.v,-, ] y mor>-

s t a t i s t i c a l l y r e a l i s t i c , wnich ma*.-s p u s 

resonance c m s i i> r ; i ! i 1 v I*-js\ O<K.Q<-"'"UIIS t m:n t ho 

i n t ege r resonance. " n - i l 1 / , Me .naqnet u l i e 1 d 

q u a l i t y we havu assumed f o r tno O p o l e i n : 

quaorupo ; e e r r o r s i s , v* 
d I S O ' J S S l . j r i . 

M e e t t o 

arr:p ! i t . jdn r; 1 jw-up a f t>-r r ross inn i -, 

1/7 

initial netatron amp 1 i tude 

average tune change per tarn 
:-.. •. -6.1 \).U:,? 

T lie r h.",nq.-. i -I t-q. :njnr m 'iQ t ar t c " is tn 

l iunrn rn'Tipf-'.s i(")•'• p'- "-1•!•'.:s I • vi'<:•,''• P. - i u. 

f o r 1 r i " •-••< ' " - . M i l . . - .. '• . 

i'm- na ' ! ' . 11 ,joV M ' • ! - - •••*•(• o r t s t n j i c i t o s 

i t mciy s:ji)'.t--q:, :n t \y ,•> necessary t: '-t-:Juc-

somowh.it t lv- minin^r .•-, f p a r t i c l e s D°r r i nq a 

inr r o a s " * he number of r l nqs . 

f i no the- o low-up per c ross i n n : 

ih 

For t* o ru ' - s i n r i s , f h " i m p i i t u d e qi ' wt.h inereast 'S 

hy » *": 

V '\J t inal 

I'm- r e a c t i."- iinpodanc" 1 rj.jo to ' ho 

i o n q i t r l i n a l space charge fo*-oes i s : 

.HI'Vj/'V-/ 

;t w-- calculate the relative emittance ; Ijw-up, 
issuing that tne flotation amplitudes &\'- added 
1:near i y, we find: 

For jntoqer resonance; —- = ^0 
E 0 

Fo"- o -intoqei' resonance: —- = ?6 r 

I; r.. ijnvet et al., A Selection of Formulae 
and Uata Useful for toe Design or AG 
iynenrotrons, CERN/MPS-SI/Int. OL 70/1, 

er . ? TASt B B J N : - . - ; " , r A r J c Vs NUM3EP OF COMPLETED REVOLUTIONS 

http://somowh.it
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(a t in f.c-V; = - j r. 1 1--N; 

^ f i V l l ^ ' i ' neqa *. I J'1 if. i ' j . j f |. j n r . i ' v a l j ^ s JO' 

TM-' l.j'*•"]''• v : : ,• . if L " ' " i . ind !.. Hi"'"' a c n n ^ i - ^ u e n r " 

* t h e I DW ?.-vM ::«»'•".. To " s t i ' " U p t h e maqn i t o d ' 1 

! i f * h " l . in . j i t . J I .'•.•) I •"-p.trp r - M T T ' f o r c e s , ! . h " 

' - r o r . j ; . - .-I'M-i ' r / n ; ' ) ! ^ ,,("•'• -J .VJHJI-MJ t 0 »10 V •' -3 

n.!»~a!>o I I f f •"""" l Mi th<* i / i:'lu L»n 1 d 1 r ^ r t. 1 i"i'l SO 

t h . l t i n n -! . [ / . r ' lul l i r> ' i , i - ( ] / ' j . M ' l .if" lOSS p>-;- t u C ' i 1 

'.•nt^rt' 1 . i s h l I * t ime i ! u r , i L i n n o f t n e i»u n<: i 

t ' l p r n v g a i n s / l o s s e s p* r t ^ n , f u r t h e t h r o . 

ri>fpron(.r> (-]..-, j ,-]FT; a r e ; 

- 1 . n ' j l i nil 

:, ' ! . h j < | ' l 

y {;'i i - i) 7 1..-; n s 

'< ! "la •:) i ' l . ' - l / i " i 

I . I • 11 mri 

/ . ° 1 < I 0 M 

1 J ? . T ns 

± : . '•• ;<» MeV 

1 . V S niH 

?S0 ns 

± 3 . r / ML'V 

s a w - t o o t h f o r m . i n J n o t s i n u s o i d a l . r n e h u n c h i s 

e x t r a c t e d b e f o r e r e a c h i n q t n e q u a r t e r w a v e l e n g t o 
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parameter a, is a constat *jqua1 to ?. The 
exact express ns for a lepena on the chamber 
dimensions ana of tne transverse density 
dist-'i;>jt ion in the beam. 

For a c i re, I ar oeam centered in a c i rr-i 1 ir 

coamber ^itn a uniform transverse density 
oistribut inn; 

(?) - ( f 

Since tne space charge f o r ces are l a r g e r 

than tne ' i w - t o o t h compress ion f o r ces t h e r e must 

he a pronounceo e f f e c t on the bunch compress ion . 

Numpr i ra ! s i m u l a t i o n is r e q u i r e d to e v a l u a t e 

the p rob lem. A r e a l i s t i c s i m u l a t i o n must 

i nc l ude bo th I'.nq i tud ina 1 ami t r a n s v e r s e 

•not i n n s , i n f at p resen t i t ts uniaiown i f 

i - e i l i s t i r UO t r a c k i n g programs ran be d e v e l o p e d . 

.-/here :i I s t h ^ ch imner r id l u s , a the oeam rad i ,-, 

I'n I -' tne i rid i v i dua ' p a r t i •_ le r a d i o s . 

f-o>" a par ah j M c dens i t v d i s t r i b u t i o n , th>-

f . i rnu i a i s mod i t led tn ; 

f r;i'~ iii '-11 ! i p t i ca ) no am in ^.n ••> j ] i p t i r a 1 cn.'.mh-"", 

rVi tn the e l l i p t i c a l con t ou r s c o n f oca 1, ino : ••• • 
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. b , o , / b , + b.. 
? . nf 

fl- n -)M 
r * , y > are p a r t i c i - 1 t r an-. .,"•--•-..• , ->_ -•,:: in . i t ' -s 

' a . , ^ ) are s^in l -a *es ->T Ln>' bea !ii 

el I lpt ica I cross-sec t ion, v.-i 

;' b,. b 9 ) .ir^ sein i -a <es it" tne en amber 
"1 ! iptica 1 o-oss-soct ii"i. 

£11 three express l ons *•,-..- g inO Kate < 

variation nf the 1 onq i tuc: MI j ] space- r.narqe 
forces across a transversa section o* beam 
"xamp 1 e, i'' tn*3 first e • 0'~ê  s ion, eon. ! -'. 

var i-.-s f niiii 

.. , . , b 

I I , . . i rqi ; t r in , 

Char-qe T; , r .vs j 

the iiuocn ;.,'mpr 
sti'*-aOi"' r | ' i ' | - , . 
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to 1 e r . i t e i i'i ; h.- t.i**[j,-t ( n .yber J ..- th l s 

i" IS'-*. r n t i . i P i . ' o i l j i i o n f.t tne ^v- fj e,- / i n 
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.Mr; - i 1 " ! it •>)•• ; ;inq i tud ina 1 space charge 

ro r , - f ' ! ' •- , . , . , •.-.., i.r msversi- ' d imens ions of 
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•'<act i" ..-tpe^s it. i .n ut the i o n q i t u d i n a l 

t e r r e s '•"" 11 :-i-am p a r t ic l e s . I t is 

r n p d r t j r ! . I. • " v ; I , d t e the maqmtude ot the 
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^o;'p i " tne L -ans fe r 1 ' ne ( t r a n s p o r t 

Ttt r i n . ! t i--s t - i r Ap/p > ± 1 ) and ap /p at 

i-i }-rf ;m in t'v-> s to rage r i n g ( l o n g i t u d i n a l 

i n s t a i n 1 11 / cens i f j e ra t i o n s ; . L o n a i t u d ina 1 

mot i.>n is :>-pen,'ient o-1 tne t r a n s v e r s e and 
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longitudinal beam distributions and a 
realistic numerical simulation of bunch 
compression must include Doth longitudinal 
and transversa motions. 

C. it is desirable to restrict the maximum 
•mmertjm spread in the storage ring (to 
± .: / ]•)' jiist prior to extraction) in 
order li li'^t the size nf the RF system for 
bu^n .̂ ji'.pr-'Ŝ ion and t.o limit the 
t--i'isvjrst.' emittance Jilution at transfer to 
' J I M |;i'<jir i intr . 

T; It appnars to be advantageous for thn RF 
system design to nave two RF systems, one to 
compensate tor U\<- longitudinal space charge 
forces arid "ine to Drovicie the bunch 

rotation/compression. Tne system suggested 
for space charge compensation is to use a 
large number of passive ferrite loaded 
cavities (whose resonant frequency is well 
above the harmonic components of interest in 
the beam current). The RF system for 
compression has ideally a saw-tooth waveform. 

6) The effects of non-linear transverse 
density distributions have not been 
considered but could be important. 

1, The compression leads to a large 
variation of the y function along the 
Punch which will contribute to the dilution 

of tne longitudinal emittance. 
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Otbi&Ii STUDY OF AM ACCEI.FRATOK Furt HEAVY Mill FUSION 

J. Katayama, A. 'lod,', N.. lokuda and Y. Hi-io 
Institute for Unclear Study, University of l-.y-.yo, 

lokyo, JAPAN 

ABSTRACT 
Design of a demonstration accelerator for 

heavy ion fusion based on a synchrotron system 
is briefly described. 1'ie prone--- • -!—'-.-
system of injector linac, rapid cycling 
synchrotron and five accumuI at ion rings can 
produce a peak c'rrent l.b kA, peax power 3^ T"» 
and total energy 0.3 MJ. Investigations of the 
intraoeam scattering give a lifetime of the hean 
longer Lli-m the fusion cycle time of I sec. 

Table 1 General Requirements fo*~ the 
Demons trat ion Accelerator 

Total energy 
Peak Pnwer 
IJeam pulse vidtn 
dumber of part ic le' 
Peak Current 
Energy depos i t ion 
Repetition rate 

i? TW 
I,, ns 
I x H)'" 
1.6 kA 
6.R MJ/g 
1 Hz 

1. INTRODUCTION 
in recent years interest in high energy 

n>jdvy ions nas been growing in various fields or 
science and applications. In Japan an 
accelerator comolex responding to these uemands 
has been proposed at INS, University of io<yo: 
this is called the NUMATROH ' ' l and it should 
provide heavy ions up to uranium in an energy 
range of 0.1 - 1.3 GeV per nucleon. Tne main 
feature of the accelerator is to provide j high 
intensity heavy ion neam v tne use of two 
synchrotrons and an injection method which 
combines the techniques of multiturn injection 
and RF stack!no. 

Here we will present the design of the 
demonstration synchrotron-based accelerator 
complex for fusion power generation: it is not 
directly aimed at producing practical fusion 
power plant, but is a Mrst step to snow the 
feasibility of heavy ion fusion. 

General requirements for the accelerator are 
given in Taole 1. 

2. OUTLINE OF THE ACCELERATOR 
The accelerator consists of two ion sources 

followed by . MV Cockcroft-Walton generators, 
Wideroe linacs, Alvarez linacs, rapid cycling 

synchrotron and five accumulat'jn/compression 
rings, from wnich 20 beam bunches dre extracted 
simultaneously and .irr carriud to a reactor 
chamber locited at the center of the 
accumulators. Total beam intensity is 1 x 

14 10 within a time nf 10 ns, which corresponds 
to 32 TW total peak power, 300 <J total energy 
and 1.6 kA peak current. Tnroughout tne design 
of the accelerator, xenon ions have been assumed 
because their intensity and characteristics at 
the ion source stage are w^ll understood at 
present. 

3. INJECTOR LI MAC 
''om the point of view of acceleration 

efficiency, high charge state of the ion is 
preferable. However, since the available 
intensity of high charge state ions is low, in 
the present paper a Xe" beam is assumed at 
the ion source stage. 

2* The Xe beam is accelerated by the 1 MV 
Cockcroft-Walton and is injected into the first 
i7-3ir mode Wideroe linac. Tie expected intensity 
from this injectc system i^ 5 particle mA , 
and two such systems are funniled to obtain an 
intensity of 10 particle mA. Kinetic energy and 
velocity at the input of the first Wider'o'e linac 
are T. = 15.15 keV and e = 0.57", 



306 

r e s p e c t i v e l y , our: trie s t r . n 

l i n a c i s a H o s t tui- sam- •.-, 

t he NUKATKiji. p r o j - c ; . A f t e r 

keV per n';ri,ii-.i ••!.. •... 

linacs, the xenon oeam is -.; 
stripper to the c-a . i 1 i!.i- i in, o n 
4. The fraction m tne equilib 
at this stripping enerqy is estimated I.., he 

; i 
0.2 '. The resulting ', carlicio in/'i bean, is 
accelerated to ?0 M-V D" r no ;,_-nii !iy th- r-3 
and T.-V mode Wider'd' ••i.r.s an:! the Alvarez 
linac. The total |.-,,oin ,,( iiuars is uo,<ut. 

ot tn- Wider lo 
,me on .rjneo b 

ppcd by a or, 
irue Stat" IT o • 

rnarqo si. it" 

i'-'tonsit.v •••-T.'î Pd by fh<- fusion proqra 
say I x bj J * part is les /s , t rich,-,-,-.,-, 
should no a rapid c y 1 i ,••; on- .•: i 'M a r,-j-

Tn- r no:;", reri poa ; ' " ^ n - , 0 . ' rem the 

w h i m is o!) ta ineo e a s i l y by , h - p resent 

t.e< '1,1 i q u - of nea;y ion I i n .OS. 

i t t h - i n t e n s i f y 

s taqe were s u f f i c i e n t 

the i n j e c t o r system •.-. 

,!l tr ie ion sou, 

on, say / p a r t i r |, 

o - ::iucn s imp I,',-. 

rO-r,;', ,.oos i d n r a t ions of magnet ic r i g i d i t y arid 

a t t a i n a b l e niox i:;iu-n f i - l d i n i i i rmu l bending 

magnets, f h - para" . t e r s q ivon in Taole 2 a-~e 

s n i t a i i l - f o r too p'o-sont d e s i a n . 

4 . .^APID CYCLING bYbod- .Trd , 

Sasic r equ i r emen ts to r toe syncnr 

as fo1 lows : 

1. Xe beam i , i n ; - , - 1 - o at i no 

?fi MeV/u a- : so, ; Id : - an, " I -

around lno MeV,-,. 

or- o u t p u t i n t - n -

snou l f i anion,it to 

per secor-o. 

l t / of trie syncumar 

syocu L inas bean is i n j e r t e o int., 

the n u l t i t u m i n j e c t i o n metnns, 10 t u rns 

h o r i z o n t a l l y by 5 f . r n s v - r \ ic i1 i y . Assuming 

the d i l u t i o n f a c t o r t o v ' . too omi t tances 

a f t e r trie m . l t i t u r o i r i j e r t i n •--.- ],)(J- ;• l o~ ! 1 

-h 

m r:d in horizontal bnas-. ', ,-,r,. ,.no vb^ • 1 
n: rjo in the vertical ore . 

g i v» 

T ne space Charge l i c i t is t h - r i n g i< sirnj 

f - ^ . 

wnere b is a bunching factor, r is the 
P -IP 

classical proton radius 1.533 x IC m and r 

is an emittance. If we take the bjiiching factor 
as 10, the space charge lirif at inject io.'. 

12 enerqy is calculated to be 2 x 10 
partlcles/p i In order to attain the 

lue ?!f volfai-- r - ( ] J j r . r ( | fc.r tne acre lera t ion 
of the bov" Is liven •,, 

V sin$(. - ZT,-,A:; . 'b; 

In trie preseni design, trie ma* ixurn !i ir '3o 
W'lpers/rn'• s'-c are; tne stanle phas- angle is 
.?r; , so that ',/ is 5.- Mv'/turn. This , normous Df 

vo tage is upplied by 5b cavities, eucn of 
w n K h fias ?. accelerating gaps ^itn a qa voltage 
of b-> kV. Trie rovolutejn frequency of .ne Oea'n 
changes from 135.2 kHz at injection to 3-6.5 <riz 

at ejection, so that toe RF frequency ratio is 
too moderate value k'.S. 

The vacuum pressure required to a >su re 80 
percent sar'vi/al rate of the aco-lerated beam is 
6.x x 'b torr, t o < m q trio cnarge exchange 
cross section due to collision., of the Xe beam 
m i t " U gas to ;,e ,"'.,' x 10" en/ at lbO 
MeV/j and 1.7 x I d - 1 3 c m ? at 20 MeV/u. 4' 
Using a bellows type vacuum chamber of 0.12 mm 
tnic-: stainless steel, and a dry pumping system, 
this vacuum pressure is easily obtained without 
eddy current effects the beam. 

We will consider the transverse coherent 
resistive wall instaoility, T C , ohich is most 
severe for the acceleration of high intensity 
heavy ion beams. Tne TCI limit S given by 
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Tab.:. ? Sy nchr oiron Prframet" 

Jesiqn -;inet ir. energy 
•it injection 
at '"-j''Ci. ion 

Intensity (ipace 
charge 1 imi t j 

R f ipet it icm Rate 
Radius nf curvature 
Average rad ius 
C i rcumfer-'-r;ce 
Focus irvj stnjc t ir^ 
Vainer of [)pt.;t.rr-i} oscillations 

p?r turn 
Transition kinetic er,'rc:y 
Number of ci?l Is 
Length of the un i t r.e1 I 
Length of the jendinci magnet 
'•'agnetic field sLronnth ut the 

bending magnet 
at inject ion 
at ejection 

'•laximum time tier i -j0i i ve rc L h < -
magnetic field 

Momo^tur. compact I in faclor 
Momentum spread of the beam 

at injection 
at ejection 

Revolution f requericy 
at injection 
at ejectiun 

Required energy gain per turn 
Harmonic number 
RF frequency 

at inject ion 
at ejection 

'•iwr-ber of accelerating st'.Hjrs 
Number of RF cavities per station 
Total number jf accelerating gaps 
Vacuum pressure 

VoV/u 
> x 1') icv./pulse 

lr,n- kG/S 

!,>'•. x Ifj 

13^.2 kHz 
3*o\5 kM.' 

?\7H MHz 
<*03 MHz 

50 

6 x 10 Torr 

N < — 
q 

! zo 

» I (n-On + ' | ̂  (4) 

T" = WYI- - W V , <3"d r î> 'i chromaticity 
[no momentum spread of the injected beam is 
-,',sume-< ' • N' '-• x l!1''' . -•;':' ;• •.•••• -'!t- . ] , • 

chromatic ity of d*"Ound / 3 . \ 
^ ( A p / p l J - h , thr

i l l 
i n t c i s i l v l im i t , is :>. o * U p a r t i c l e s , wh ich 

i ' , much s m i l l e r loan fne space charge I ' m i l . 

However, Hie growth t ime of t h i s i ns tab i 1 i t y is 

about li.i ms even when ;•' x 10 f p a r t i c l e s .er~e 

i n j e c t e d i n t u tne s y n c h r o t r o n . This growth ' ime 

j u s t erj'i'i i •-. the a ' '•' l e ra l . ion t i m e , and so the 

IT I w i l l hi we I ' c o r r e c t e d by S i l i t a h l e v x t o p u l e 

and f ieUipn 1 e :i:agiief<-. 

Due Ln a d i u h a l i c damping dur ing. 

,tcee l e r a t i o n , the 'noment.um ' .pread anrl ern i T lances 
-4 

rtl the f in . i l energy w I . ' !> * i n , -or x 
_ <; . fs 

Hj rn.rad ( l i o n / n n U l ; and 18- x I1) m.rad 
! v e r t ica 1 ; , resoeot iv " ' l v . 

f-'ust pa-MHi-o ••!-'> of the s y n c h r o t r o n ar i g i ven 

/\r,i.t;r!ji.ATirjij /-.mi r; JWKI'SSI.ON Rir: • 
Ten pulses ,-.f t.n<- s/MChreLruh beam arc 

stac<r-:d in e,jch dccu:::u 1 a t l-.m ririg, wnuse 
diameter is t/.'ice as large' as th/it of m e 
irijector synchrotron. Two pulses •'if- injected 
in separate longitudinal spaces, and i?r stacking 
is repeated f w e li:ses. Trie- space charge I n i t 
of eacn ring is c<: 1 su i a f ed to he (•> x i0 
particles, assuming tnat lujnching factor during 
?. stac< i ng precf-ss is 1. '•! in Uie r inq, ami tne 

-5 emittance is l/./r / 1;) m«rad. To i i limit 
is large enouqh eo:'ipared .-;itn 10 pulses from the 

1 ̂  synchrotron, ,'' x }lj ~J pa-"ticl"s. 

The RF stacking process in toe accumulation 
ring is similar to that which is used for the 
ISR at CEf-N 6' and fo- TARN at INS. 7' 8 ) The 

where Z T is tne transverse impeaance of the 
ring and Z is the vacuum impedance 1?OTT.O , 

outline of the r.L stac<ing process is as follows. 

The beam from the synchrotron bucket is 
tra: 3ferred into the accumulation ring bucket 
with synchrcnizat'on of the RF systems. Ai .er 
capture of the beam, the PF frequency is varied 

http://in.il
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for changing the equi1iurium orbit. T u e 
momentum change for th.- -, /nchrnnous part 
gi.en b/: 

:,i/dt f , r eV *̂  i nyi 
r?. 

.•.'•ion- i. is total '-norgy pur nncli.-on. 
Assuming the momentum difference b-'Hweor 
injection orbit, tne lop of toe stac••."'! nr 
bo 2 , and toe RF s u c k i n g t i nn - to nc 5 
required >JF voltage is 400 kV Ouriug In 
process the [>f frequency must be or inned 
rate: 

l.o 
t'n< 

chosen l.o be 12'! and each cell has a long 
straight section. 

Tne vacuum pressure reouired to assure 80 
percent survival rate is 1.5 x 1C ' torr. On 
the other hand, the W e t i m e due to intrabeam 

4+ 13 
scattering of tne Xe beam at the 2 x 10 
intensify is 1.5? su r in tne d^sign^d 
acre I era tor. 

In Tab If; 5, major parameters of the 
nccumu !ation ring are given. 

'''•tf, 
E Aocumu I at ion/ "empress ion Ring Parameters 

wuere f is a revnljt.ion fr-.-quency and i 
n/ri' . Substituting numerical paramo tors. 
oof !in trK' swe.'p range oi RF t'-equency as 

hi the final morion onmpros s ion process, tne 
0 i 

r e q n i r e d RF v " i c a g e is : 

/nyi-vn c 
P 

Nq.> r q 
P* 

,\^Uin ti^M^M.^, 

h.nfi ' ,1,0', ? 

wnere Atf . i s g i ven by the ' - e l a t i o n mm ' J 

A h p. r 
^ M l f l = W ' ' • • 

For the purpose of reducing the RF voltage, 
'he harmonic number of tne accumulation ring is 
deternined at 20. Substituting At - 10 ns. 

'.5 x 10" ', 'I - 2 x 10 ", mji = ?», we ap 
p 
obtain V = 2R.6 MV/turn, jhioh ..'ill be supplied 
by 60 RF cavities with 2^0 accelerating gaps. 
Sacn gap produces a potential difference or l,?o 
<V wnicn is within present f.F technique. The 
compression time is estimated to be 5.8 pS which 
corresponds to ?.° revolutions in the ring. 

in order to afford spaces for cavities and 
equipment far tne extraction channels, the cell 
number of tne magnetic fpcusing structure is 

Kv , r f.ic energy OT Xenon ion 
Intensity 2 
R e p e t i t i o n r a t e 

" . i i r " i . i t F i " l d Bending "aqn<H 

R.idi' js of cu rva tu re 

Averaor r a d i u s 

\ i rcuml erence 

uumher of cr-1 j s 

I onjs i ug structure 
Rev (j I i.j 11 on f requency 
iransit ion kinetic energy 
qumuer of betatron oscillations 

per revolution 
Requlr'-d energy gain per turn 
Momentum compaction factor 
Moment im spread of the stacked 

;:i'u"' 

Harmunie number 
R.F. tregneucy 
dumber ol R.F. cavities 
iota! number of gaps 
Final bunco length 
Bunching time 

ISO MeV/u 
13 

ions/pulse 
1 Hz 

13.3,? <G 
o = 3i m 

R - 110 m 
C = 8/9.65 m 

128 
FOJO 

173.25 KHZ 
9.61 GeV 
- 10.25 

28.6 MV/turn 
9.52 x 10 ' 
6.52 x 10 ' 

-3 

h = 20 
3.465 MHz 

60 
240 

20 ns 
5.8 us 

= 2.9 revolutions 
1.5 x 1 0 " 1 0 Torr Vacuum pressure 

'-lumber or extraction channels 20 
Momentum Spread after compression 1.33?'> 

(full width) 
Emittance after compression 

(Horizontal) 35n x 10 m rad 
(Vertical) 18n x 19" m rad 
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The intensity limit due to the transverse 

coherent resistive wall instability is 5 x 
10 ' particle if we introduce a chromaticity 
of -6. The e-foiding growth time of the 
instability for the intensity of 2 x 10 is 1 
r r . s , a factor 3 less than the accumulation time. 
From the point of view of TCI, the momentum 
spread of the stacked beam should be large to 
give larger tune spread for Landau damping. As 
is clear from equation (7), large momentum 
spread requires enormous RF voltage which is far 
beyond present RF techniques, so that, other 
methods to cause Landau damping, for example 
creating an amplitude dependent tune shift by 
oc'upole nagnets, will oe useful. 

6. CONCLUSION 

The goal of our design for a heavy ion 
fusion accelerator is achieved by a massive 
system which consists c " 5 accumulation rings, 
each with 20 beam li'ies, and a rapid cycling 
synchrotron. For further progress of the 
design, detailed investigation of the techniques 
for surmountinq the transverse resistive wall 
instability is necessary. 
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INTEGER RESONANCE CROSSING IN H.I. ACCUMULATOR RING 

J. Le Duff 
Rutherford l.nborntorr 

1. INTRODUCTION 
The R.F. Linac scheme requires current 

multiplication in order to reach the necessary 
amount of peak power on the target. As part ot 
this multiplication, a complementary accumulator 
ring is filled up to its current limitation 
within the usual Laslett tune-shift limit s» == 
0.25. However, duri' ^ compression Liie turn, can 
spread over, at least, one integer. Trie 
compression time is of the order of several tens 
of revolutions: (the revolution period is of the 
order of b v%). 

where — A S is thp integrated t" i < ;• 11: error, n the 
B 

number of revolutions, 6 the envelope function 

•; — — . r, the bending radius. 
vx 

Using previous numbers with, in arid i t i an, 
H. --- 10 meters and o - V) meters, one nets 

x = — - ("inJ . 
11 10 

An amplitude growth of I cm is th>" ontaii 
after Kit) n.-Mol itiote,. 

Experimentally, on existing circular 
machines, relatively fast crossing of hai. 
integer resonances has been achieved, which is 
not true for integer resonances. However, in the 
case of a heavy ion accumulator ring there is 
concern with relatively fast crossing ot sucii 
resonances flaring th j compression time (,. 
fraction of -: synchrotron oscillation period), 
the beam being ejected after this operation. 

In what follows, two simple approaches are 
considered for the transient particle dynamics 
when the operating tune is vi-r'J close lo an 
integer resonance and assuming dipole defects 
dre distributed around the ring. 

?.. INTEGER RESONANCE BEHAVIOR IN CASE OF STATIC 
TUNE (v k_)_ 

Let's assume a single defect corresponding 

to a field error — = 10" over a magnetic length 
B of 6 meters. For u = k, a particle initially 

moving on the reference closed orbit (axis of 
the magnetic structure) will get, at each 
revolution, the same angular kick at a constant 
betatron phase. Obviously the amplitude of the 
induced betatron motion will increase linearly 
with the number of revolutions 

'-BAS „ 

Assume now that N uipole delects are 
randomly eisfributeh iround the circumference. 
Cons ider ing o nly the bending magneis r- ijrrnr 
sources, a realistic value is ft '•.'). with no 
corre1 I at inn between errors, tnis loans to: 

n N , . 

which now corresponds to an amplitude growth ot 
/ cm after 100 terns. 

Oils is certainly unaccep t ab 1 e . newnver, in 
the absence r>i non-1 inear 11 ies, trie lame will 
vary across the integer during compression which 
increases the space charge forces progressively, 
ihis is the object o^ the next Section. 

3. KULG-j; RESONANCE CROSSING: VARIAUt TUNE 
Using trie smooth approx imat ion for the 

optics, the particle motion in tiie transverse 
plane can be written as fellows: 

,7 
v"(fl)-x = F(o) 

wiere F(o) represents the gipolo defects 
distributed along the circumference. 

F( S J = K Z i^ii . 
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As usual, let's ta<e the main component of 

its Fourier expansion: 

• ^ + v (e)-x = R F. cos (ko + -», ) , 
de K * 

wherp k is the integer close to the tune. One 
will assume that k is different from a multiple 

r M of 2 , where M is the periodicity of the 
magnetic structure. Then the envelope function 
t?.. is not expected to change when v varies. 

Assuming also that v varies slowly, one cjn 
get the adiabatic solution for the homogeneous 
equation {absence of defects), through the 
W.K.B. approximation: 

and x(e, = A'lJ.x^e) + B(a) x^fe) . 

It looks realistic to integrate for A and 8 un 
to infinity, because as soon as the tune has 
moved away from the integer the amplitudes will 
stop growing. 

The fast varying terms in tin? previous 
equations can be neqlected, seeping in mind that 
half ol the ::ect will nappen before the 
integer is crossed: 

K' F 
A( ) 

k , 2, , - sin (an )d9 

x(e) =• Ax, (e j + 8x (©) B() cos (as")de 

_ ] / ? Q .x, (e) = v(e) cos ij v(e) cle 

x ? ( Q ) = v (9) ~ ' s i n {J ° v(o) de 

According to the well known Fresnol's 
integrals, after a wnile the amplitude of the 
particle motion becomes: 

In the presence of defects, tne general 
solution can he obtained by using the method ot 
variation of parameters, which leads to: 

R'F. 
x( ) 

do R'" F, x ?(e) cos ko 

6 R H F, X|(g) cos k9 de 

With the following assumptions in additior. 

which is inversely proportional to tne square 
root of the crossing speed. 

For comparison let's consider the case a = o 
and v = k. From previous equations one nets: 

i) x(0) = 0 
i i) v = v 

i i i) A\J << k 

it comes out that: 

where v is the 
non integer part 
of the tune at 9 
= 0. 
total tune varia
tion (0 ;C 9 < ... ) 

A(e) = 0 

3(9) 
R 2F, 

e 
2 k 

' , i 1 " ^ 
X(9) = ^ — j - 9 

showing that the amplitude is now increasing 
1 inearly with e. 

R Fk i" I Z\ 
A(e) = - sin ', (v + k)9 - a9 •• cos ke.de 

, k -'o i ° ! 
R Fk rf' \ 2 

B(e) = cos \(v + k)9 - a9 ; cos ke. 

From the first section, and assuming 
R = 1.5 x , , one can roughly deduce: 

Ffc
 : 2.3 x 10 7 ( m _ 1 ) 

The variable tune case then gives: 

http://ke.de
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x(^) (m) 

,'a 

For a total tune shift of O.C over 100 turns 
one gets: 

_'> 
x = 1.5 x 10' mm 

which looks quite reasonable. 

However in practice, the non-linearities of 
the space charge forces may keep the tune or the 

integer, or very close, as soon as the amplitude 
starts to grow. The truth may be somewhere 
between the two approaches. 

It will certainly be very interesting to 
study integer resonance crossing on an existing 
machine experimentally as a function of closed 
orbit correction. A crossing time less than I 
ms is required to answer our present, worry. 

I would line to thank G. Leleux, J.L. 
Laclare and H.P. Level for useful discussions. 
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LIFETIME OF ION BEAM IN AH ACCUMULATION RING 

T. Katayama, A. Noda anr N. Tokuda 
Univcrsitv o( 'okyo 

Beam loss due to charge exchange processes 
such as 

A n + + fln%A(n + l, + + f l ( n - l ) + 

Table 1 List of Symbols and Machine Parameters 

N number of ions in 
the ring 

dens i tv of ions 
2 x 10 13 

may be a severe obstacle to accumulating intense 
ion beams in a storage ring. Here, the loss 

4 + rate is estimated for a ring where Xe inns 
are supposed to oe accumulated. 

Tne loss rate is gwen oy 

mean radius of the ring 
cross sect ion of 

the beam 
V(-m velocity of ions in the 

center of mass frame 

140 m 

loss rate 

1 dN N dt 
6 ratio of ion velocity to that of light 

0.507 (ISO MeV/u)(~ 14.5 GeV) 
0.204 ( TO MeV/u)(- ?.6 GeV) 

•" nlab v cm 0 cm . (?) 
The symbols an defined in Table 1, where 
machine par^cters are also listed. The density 
of ions in tne ring is 

N 
lab ~ PTIRS 3) 

average b e t a t r o n 
amp I i Lude f u n c t i o n 

r 1/Vl - B? 

L'p momentum difference 
p between colliding ions 
J' total momentum spread 

13./ m 

?.5 x 10 -3 

on the assumption that the beam is completely 
debunched. The beam is to be stored in the rinq 
as shown in Fig. 1. Then the cross section of 
the beam is 

S = nab + bax , (4) 

where a and b are obtained from the beam 
emittance ? and the average betatron amplitude 
function, §, 

(5) 

(6) a . . V . 
The beam spread due to a momentum dispersion is 

ap 
ax = TI — -

P P The dispersion function is approximately 

n = s 2/R (8) 
Then the beam cross section is numerically 
calculated with values listed in Table 1, and 
the density is 

r x emittance in the 
horizontal direction 

cy emittance in the 
vertical direction 

n dispersion function 
e col 1ision angle in the 

laboratory frame 
ccm cross section of the 

electron transfer 
process 

life time 

n 

AXr 

35 x 10 
m-rad 

IR x 10" 
m-rad 

1 x 10 •19 2 

fig. 1. The b^.nm profile in the accumulation ring 



lab " 

The speed of the 
frame is given by 

Bcm ' ? p J 

•i x i o 1 3 (..r1) . to) 
in the center of mass 

Sysi n 7 \ 

As the momenta of ions are consioered to ou 
distributed as shown in Fig. ?, the typical 
momentum difference: netween the ions which wi 1 ! 
col 1 ide with each otner, is 

?a 

where 6'p/p is determined so tnat the ar<MS c.t 
tne parallelogram am; tne rectangle are equal. 
The the f i r s t - t o r n of eq . (10) is l .h9 1.1 
for l:,rj MeV/u and 6. SO x 10* for ?() feV/u. 
The maximum collision anqle in the laboratory 
evaluated by 
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Q. 
< 

2a+q(6p/p) 

1 CL 

i<-0 

A X p l 

. V 7s dn.v the loss rot. name--1 r i i 1 v 

and the seconu term is numerically I.hh 
lor I'd.) HeV/u and S.C3 x lu"'1 for ,''" Me' 
In^n the velocity in the cm frame is 

.?7 x ID' (m/s) (150 HeV/u) (13} 

( I") C m I.2<1 x IUS Im/s) (70 HeV/u 

A\ experimental d.ita of cross sections for 
the electron transfer processes are scarce and 
there are no data for Xe 4 + + X e 4 + > X e 5 + + X e 3 + , 
so a theoretically predicted value is adopted. 
Macek estimated the cross action for 
Xe S+ 8+ 9 + Xe° * Xe + Xe at much smaller 

10 
than 10" cm . ' It is supposed that 
such a small cross section is due to a 4d 
closed outer shell configuration of a 

8 + 4 + 

Xe ion. In our case of Xe , howe"er, four 
electrons remain in the outer shell, so the 
cross section should be larger. According to 
papers presented at previous Heavy Ion Fusion 

I?) Workshops the cross sections for the 
electron transfer process of various ions are 
estimated to be of the order of 10" Jcm . 

-15 2 • Therefore, a value of 1 x 10 cm is 
adopted here. 

O.li'.i/ S 

, O.'J'J s" 

(]•',>•• M e V / u ! , 

ro MPV/U 
The life tine, the inverse of the loss rat", is 

1.5/ s 

1.0? s 

'} KeV/u i 

( ?u MeV/u) 

These lifetimes are long enough in a heavy 
ion fusion ori-'er complex which includes an 

accumulation ring where about 10 ions are 
t A '3) stored. 
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LONGITUDINAL BEAM STABILITY IN HEAVY ION STORAGE RINGS 

D. Mohl 
CERN 

1. INTRODUCTION 

This is an attempt to scale conditions for longitudinal beam 
stability to heavy ion storage rings (HIS) which have been proposed as 
part of some accelerator schemes to drive pellet fusion . The insta
bility considered has bten observed in many high intensity proton machines. 
In the CERN' 25 GeV Proton Synchrotron (PS), it can occur near transition 

2) . . . 3) 
energy ' as well as during debunchmg at high energy . In the 
30 GeV intersecting storage rings (ISR) similar effects happen to the 
newly injected beam ' when too dense bunches are transferred. In all 
these cases the instability manifests itself by a rapid blow-up of the 
beam momentum spread and this blow-up is accompanied by RF activity 
observed on beam current pick-up electrodes at frequencies in the, say, 
0.3-2 G-lz region. The picture is consistent with the assumption 
(first maac in the classical paper by Nielsen, Syraon and Sessler and 
generalized by many subsequent workers) that a longitudinal density 

j i • > -v in(s/R-ut) , , , , , - r -
modulation \ = A e develops on the beam and self-amplifies 
via the interaction with structures surrounding the beam. 
2. ASSUMPTIONS FOR SCALING 

For the present purpose I sr^l take three sets of observation 
as established: 

i) The instability threshold is described by the "Keil-Schnell" 
selfbunching criterion with local values for momentum spread 

2.3 7) . . . 
and beam current ' (although a rigorous derivation only 
exists for the coasting beam case). By the same token the growth 
rate is determined by the coasting beam selfbunching rate taking 
the local value for the current of a bunched beam. 

ii) The impedance Z n describing the coupling of the beam to its 
environment at a frequency near n times the particle revolution 
frequency is Zn/n i = 20 fj with a real part ^n^ 1 1 " 2- 15 .") 
both in ISR and PS for the 0.5-2 GHz region. 

iii) Growth times can be as fast as 100 ..s in the PS and probably 
also in the ISR. 
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As the real part R-u/n is of vital importance for our scaling 
two comments are in order : R n has been estimated from measurements ' 

of the growth rate of the transverse head tail instability using relations 
between transverse and longitudinal impedance. Clearly this is an indirect 
measurement which in addition gives lower limits on R n to the extent that 
Landau damping tends to reduce transverse growth. 

Values obtained in this way are R n/n = 2 - 5 Ohm in PS and 
2-15 ;. in ISR (f = 0.1-2 GHz). In the ISR, Z n seems to be inductive 
rather than capacitive as expected for perfect walls. This permits some 
cross checks on R^ from the longitudinal growth rate (see following 
section). Further checks aie possible observing that the "imperfect 
wall contribution" 7.w to Z n is a physical impedance, iience transformations 
can be used which relate R., X v and Ẑ . and permit e.g. to calculate 
R_.(~) if ^ („ ) is known over a large enough frequency range. From these 
checks one night speculate that R n becomes comparable in magnitude to 7.r 

at frequencies around a GHz. 

3. SCALING RELATIONS 

a) Threshold current ("Kei1-Schnel1") : 

I ^ F ' y-j- -^ r • Y I' - (1) 
V " \ P / F W H M r q 

where : F is a form factor depending on tha nature of the 
impedance and the sign of r. As a rule of thumb F "« 1 ; 

r = Y • • _ 'i is the "off energy" function of transition 
the storage ring (machine constant at fixed energy 
depending on the distance In-- transition energy). 

2-R <E n ^ ds 

0 '' 
is the coupling impedance defined 

by the longitudinal electric field I" exp •. in(s/R- .tl 
induced by a beam current In exp {in (s.'R - ..t>- and 
summed over one turn and averaged over the beam cross 
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Lp 

FWHM 
is the beam momentum spread (full width at half 
maximum) 

= v/c, Y = (l-S'"'* ; are the usual relativistic factors 
2 

n^c = 980 VY is the "proton rest voltage" and 

A, q are the mass number and the charge state of the 
ion (A = 238, q = 1 for U, ' ) . 38 

If (1) is violated for any node numbpr n, the corresponding bean 
density modulation will self a-plify. The e-fo ldi:v.* '.int.- for conditier..-

^ h o i for above t:;e threshold (1 is obtained ', norm: that 1. = I:-. (r. . . ' 
and scvin; 

(n •.. - n .. ) ' = n' 
rev rev 

i • I Zn.'n 
Vn(A/q1 U J 

.'here ... = rc/R is the (angular) particle revolution frequeiicv. For rev • ^ -
protons conditions near threshold and more details are described, 
e.g. in ref. 9), 

We shall be interested in cases where R + i X is such n n 
that X >> R . Then (see ref. 5) fo^ the "good" sign of X and '-n n n 
(capacitive X below, inductive above transition*) we find from (J) 

I- / - I " 
T ' " "rev V 2 '^ y u Â 

\ R̂ /: 
(2a) 

And for the "bad" sign ("negative mass region" "" ) 

T rev y 
r I / ^ 

-r:7lp(A/,;) V n 
(2b~> 

Following bad tradition we use the theorists (e- "" ) 
rather than engineers (e1' ) convention. Hence capacitive 
impedance means posifivc i-n (.'!') etc . 
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For coasting proton beams, the threshold and growth rate condi
tions are discussed in literature . The generelization to bunched beams 
is done - somewhat in an ad hoc manner - in references 2, 3, 7 and this 

2 3 4) 
bunched beam theory seems to fit with observation ' ' . The genera
lization to heavy ions can be readily done following e,g. Hereward's 
"old fashioned" derivation . He observes that threshold corresponds 
to conditions where the RF potential("self b\ jket") induced by the 
perturbed beam is just deep enough to hold the beam momentum spread. 
In a similar fashion the growth time is related to the period of synchro
tron oscillation in the self bucket. 

IMPEDANCES IN AN HIS 

Relations to estimate Zn/n for many structure'- are compiled 
ir. reference 11. Two things are important for our scaling, namely 
the *. dependence of the impedances and the cut off wave number beyond 
which the beam ceases to couple to the walls. 

In the long wavelength limit (see below) the basic contribution 
to Z r namely the impedance of a beam (radius b) in a perfectly conducting 
s:..\'L:. chamber (radius h) is 

•̂  = i ¥^S {I + In & } (3) 
n c y 2 b 

V.oze the difference between high energy protons (£Y' > > 1) and heavy 
ions (/•.: < 1). 

Additional contributions to Z due imperfect walls (cavities, 
cross section variations, ferrite structures, etc.) are similar in proton 
and heavy ion storage rings up to the cut off wave number which can be 

, , .. .. N storage rinc circumference 
sr.ovn to ae of order (Appendix) n - y -= s—r—r- :—r-r—:—=—r—— 

v v c 2 - x chamber halt height 
For above this cut off the beam fails to couple to the wall. 

In the L t off region (say, up to 2 n ) the growth rate is roughly cons
tant (Fi . 1) for constant wall impedance Zn/n rather than to increase 
linearly with frequency as suggested by (2). 
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5. SCALING 

We conclude from section 4 that the HIS will be dominated by 
the large capacitive impedance (3). [This was first pointed out to me 
by Graham Rees.J Since probably all HIS will work below transition, we 
take equation (2a) to work out the growth rate. Guided by experience 
from PS and ISR we take for the real part fC/n = 2 ;1 (optimistic ?) or 
R /n = 15 ii (pessimistic ?) . With the parameters of Table 1 we find 

T = '800 us *n 

*n 
T = 100 us — = 15 

at the cut off a = T = 2 . 5 x 1 Q 3 -c h 

It is possible in principle to reduce 1/7 <* X " by 
increasing the capacitive space charge impedance (increase of h) . This 
would however further complicate the RF manipulations require:! for 
controlled beam bunching because the external RF lias to counteract 
space charge. 

It night also be argued that Z/f rather than Z/n should be 
kept constant scaling wall imperfections between r.achines of similar si:. 
This would improve the HIS growth times by 2-3. 

6. HOW MAXY E-FO",'.INGS ARE TOLERABLE ? 

For a perfect coasting b^am the initial perturbation is the 
12) Schottky noise due to the finite particle number. The corresponding 

current may be written in terms of the average beam current I Q as 

I =\/2 e q f I 
n V rev o 

v.-herc we assume hi'jh mode number sueh that n '• — "> 1. 
"Catastrophic" growth has occurred when this current becomes comparable 
to the DC component i.e. when 

I c ^ - I „ 
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From which one obtains: 

t/T = \ £n(I /2 e q f ) = 17 in HIS o ^ rev 

This would suggest that, say, 15 growth periods are acceptable. 

On the other hand assume that a 1 per mille high frequency 
modulation remains as a memory of the linac bunch structure. Then, 
•.n IH3 ~* 7 e-foldings lead to large blow-up, t/T r"j 5 may be acceptable. 

As a result with "pessimistic scaling" one expects deterioration 
of the HIS beam after, say, 1 ms. With "optimistic scaling" the corres
ponding time is *s 10 ms. Beam may be required in an HIS for several ms. 
Assume for instance NVn = 5 rings with S = 60 turn injection in each 
ring from the same linac. Then, the first ring has to hold beam for 
at least t x :.' x S ̂  2 ms before all rings can simultaneouslv eject rev SR ' 
onto the pellet. 

co::cirsic:: 
Longitudinal stability in a HIS is an important and challenging 

problem with possible repercussion '•n parameters like the number of rings, 
the aperture of the vacuun: chamber (cost '.) , the ion charge state, the 
storage time, etc. 

f. beam environment with a low resistance is important to permit 
safe beam storage for several milliseconds. Care has to be taken about 
cavities, ferrite structures, ceramics etc. to keep their coupling 
resistance Rn/:i is low as a few Ohms even for singly charged ions. 
For higher charge states t': e tolerable impedances are lower (in proportion 
to the square of the ion charge if the same number of ions is used). 

Impedance values of a few Ohms are at least as good as those 
obtained farter work .) in PS and in ISR where \Z !\\ is estimated to 
be about 20 .. and R/n of the order of 2-15.. over the frequency re ige 
of concern . 

There are interesting cifferences between the HIS and the 
protcn case, ar.or.-s: the-.: 

The 1-.- cancellation of spa^e -....rge forces is ineffective 
in a HIS (typically : "-' 0.3). Hence the cupucitive impedance due to 

http://ar.or.-s
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space charge (direct and images on perfect walls) is large, typically 
1,5 k."; compared to a few Ohms in ISR and PS at high energy . 

To the extent that this impedance cannot be conpensated by 
inductive walls (a difficult task for 1500 f:) a "typical" HIS beam will 
always be unstable with growth proportional to the resistive "wall imper
fection". What one can hope for then is slow enough growth within the 
required few milliseconds of storage time. On the positive side, the 
freque-.cy band of importance, is, s.iy, 1 GHz in a HIS rather than 20 GHz or 
more in PS and ISR, because due to Lorcnt? contraction the cut off wave
length is ".-tir.es shorter in high energy proton machines. The smaller 
frequency band night make it easier to improve the effective coupling 
resistance and/or i^vice feedback stabilization. 

http://-tir.es
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T A B L E 1 

Assumed P a r a m e t e r s 

PS 

fat high 
energy) 

ISR 
(inj ected 
pulse; 

HIS 

(typical) 

C i r c un:~ e r enc e / 2~ R On) 
Relativistic p 
factors 

Beam Current 1 (A) 
Revolution 
Frequency rev (kHz) 

Energy •'- : '-p'"1 (CeV) parameter q (CeV) 

Off enerav -2 - . • 

function ' 't 

Half heie.-.t of , , , . h beam, charr.ner (no) 

Cut t ol f „ ,. n = vR/h mode num.Dei c 

ipacc cnar^c 
impedance 

Wall impedance 

37 7 f.,1 
r Y* '2 " in £) O n 

100 
1 
20 
1 

475 

20 

1/38 

35 

6 :•: 10" 

:-15 

150 
1 
25 
1 

315 

25 

1/100 

30 

1,2 x 10 s 

0.6 

2-15 

100 
0.3 
1 
60 

H O 

20 

2,5 x10 J 

15CC 

2-15 

20 - 20 << 1500 
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- Al -

A P P E N D I X 

Coupling impedance of a beam in a circular tube 

The fields can readily be obtained e.g. from the static field of 
ring of charge in a perfect tube as given in text books. A Lorentz 

transformation yields the field of a moving ring. Integrating over a 
perturbed coasting beam, assuming uniform radial density and working out 
the average electric field yields the coupling impedance (in terms of 
modified Bessel functions I and K) as 

— = i I I-?11 ? { 1 - 21 !(x) :"Ki(x) + al,(x)] } (Al) 
n b Y x — 

K0(:vw) " rKj(xw) 

a 

where a % I 0(* w> + rl!(xj 

i 377 fi 

E z / 
Z = - — / (wall "surface impedance") 
S H / T . C / wall 

n beam radius (b) 
orbit radius (R) 

x n chamber half height (h) 
orbit radius (R) 

For low modes (x < 1) this yields w 
z n i "O r-„ .h. l-i z s R 

The factor \ rather than k as assumed above comes from the fact 
that we average over a uniform beam. For the central field in a uniform 
bean or the average over a Gaussian bean ';. is more realistic. 
_|_If one wants to work in terns of the central field one can still use (Al) 
but replace the term 21 1(-;) in front of Che innermost bracket by x | 
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- A2 

Z s R Mote that for x « 1 the wall impedance Z = — - — simply adds to Z . w r w h n 

The behaviour over a wider frequency range is illustrated in Fig. 1 
where R n/n and the "growth rate" 

Rn/n 
2/Xn/n 

are drawn from (Al) assuming parameters such that the wall imperfections 
give Z /n = 15 ft independent of frequency and space charge yields 
Zn/n = i 1.5 kf2 for low modes. Equation (Al) can also be used to cal
culate the surface impedance required for perfect compensation and the 
"residual" impedance Z n (which can become resonant .' ) for non perfect 
compensation of the space charge terms. Note that (Al) is an approximation 
valid for small surface impedance. More general results are given by 

14) Keil and Zotter 
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Chamber 
Zs/n= 15ft x h/R 

(surface impedance) 

Beam 
Zsc/n = 1.5k& 

(space-charge impedance) 

2b 2h 

h/b= 2.5 

x= yR/b 

Xw = y R / h 

Fig. 1 
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LONGITUDINAL MICROWAVE INSTABILITY 

S. Fenster 
Argonne National Laboratory 

A small deviation from the nominal distribution of particles in 
longitudinal position and momentum creates fields that may or may not increase 
this deviation; in the former case, a longitudinal instability occurs. They 
have been observed at microwave frequencies and their growth rate may be cal
culated in terms of the longitudinal impedance, which is the ratio of the 
negative of the voltage induced once around the ring to the perturbation 
current. This voltage is obtained by integrating the axial longitudinal 
electric field along the particle trajectory over one turn. The relevant 
frequencies are those above the cutoff for chamber propagation. 

A derivation of the relationship between growth rate and impedance is 
given here, starting from a chosen point in Ref. 1. The only other instability 
considered here is the resonance effect produced by excessive tune shift due to 
space charge. We assume, without discussion, that (Av) = .25; that is, this ° ' ' max 
resonance growth is avoided (stability) by limiting the ring charge. On the 
other hand, the longitudinal microwave instability is assumed to be present 
(cannot be stabilized). Thus, the latter involves a limiting impedance to 
keep the growth rate low enough. The maximum allowed impedance for a maximum 
allowed growth rate is listed below. 

Both instabilities are amenable to calculation only if quasistatic con
ditions obtain. Thus, the formulas below will be considered to apply during 
the following stages: post-injection debunching with BF = 1 and Av = 1/8; and 
adiabatic rebunching with BF = 1/2 and Av = 1/4. 

We have altered the ring parameters from those of the workshop in 
accordance with these specifications. 

Now, we will derive the relation between growth rate and resistive 
impedance. 

Notation: MKSA units 

q = charge state A = atomic weight 
m = proton mass e = proton charge 
c = speed of light S = v/c 
Ap/p = momentum spread 
I = electrical ring current 
Z = capacitive longitudinal impedance 
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N = no. particles on target 
I = electrical current on target averaged over pulse shape 
N, = number of bunches per ring bun 
1 = length of bunch on target 
N = number of storage rings 
K 

C = ring circumference 
E = energy on target 
T = kinetic energy per beam ion 
Z = resistive longitudinal impedance 
Z ' = resistive longitudinal impedance per meter 
U' = normalized capacitive longitudinal impedance 
V = normalized resistive longitudinal impedance 
n = number of instability density oscillations per turn Z = 120 IT o 
R = ring radius BF = bunching factor 
E = transverse geometrical emittance (area/ir) in ring 
Av = allowed tune shift 
(JJ = particle revolution frequency = BC/R 
Aft = real frequency shift 
Aft. = instability growth rate 
T = instability rise time 
Aft = Aft + iAH. r I 
z = x+iy = normalized Aft 
f(z) = normalized longitudinal distribution function 
I '(z) = normalized dispersion integral 
I . = space-charge limited ring instantaneous electrical current sci ° 
n = space-charge limit number of ions 
f = frequency of the instability 
a) = 2irf 
A = wavelength of the instability 
Aft = to - mo r o 
Normalization Definitions 

V + ±V = - • I • T ' — * - • TT / . ) N? * - (Z + iZ ) IT A m c c B 2 ( A p / p ) 2 n K r c 

2 • Aft 
ntO Q(Ap/p) 
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Relations 
Space charge limit 

. m c n = r?— • A v * — k ' -2~ * e P 2Y 3 *BF sc 15e q2 e sr 

_ gcqe r _ _2_ 
sci 2TTR ' nsc * BF 

Mode number n = 2irR • f/c = 2TTR/A 

Ring and target energy balance 

N,gcqen = 1 1 . R sc av b 

Compression factor = 49 
m c i 

Note: -=~ • -E- = 30e e 1.5347 x 1Q-1E 
C = 49 1, x N /BF b bun 

By Ref. 2, 

Z /n = Z /6 c o 

The dynamics of growth may be obtained from the dispersion relation. 
The time-dependent factor is exp (-i • AS" • t) and Aft is decomposed into its 
real and imaginary parts. 

AQ = Afl + i Art. r I 

Two significant properties of the distribution function are: 

a). / f(z)dz = J°° f(x) • dx = 1 
real axis _ 0° 

b). f is nonzero on approximately - y < x < y. 

The dynamical theory shows that the normalized dispersion integral 

I '(z) = - i f — • ¥• • du D ,' u-z du 
r.2al axis 

determines U', V* through the dispersion relation 
(V + iU') • I ' = 1. 
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and that x has the significance of normalized real frequency shift as defined 
above. This variable is eliminated in favor of the others below. 

To find the relation among Z , Ap/p and the growth rate Ml., one must 
choose an f. Simplest is the step function: 

f(x> = 1 _ !<_ x < _ | . 

f(x) = 0 elsewhere. 

The derivative of f is equal to ± the unit delta function at x = +^ and we find 

I. i _ 
D z2 - 1/4 

V' + iU' = -2xy + i (x 2 - y 2 - -i-) 

Assume, for the momet. that U' is a given number. Then, 

±\jy2 + i + u ' 

^i V = 2y^y z + ^- + U' 

where we choose the sign to give growing waves. This expression may be sub
stituted into the above normalization definition to express Z in terms of y 

r 
and hence the growth rate. The value of U' is determined in t2rms of Z /n 1 1 ° by the same definition. Numerical values below show U >> —, so -p can be dropped. 4 4 
Then, Ap/p cancels out, and one finds a quadratic equation for w : y 2 as: 

w 2 + U V - (^-)2 = 0 

with roots 

w + = ~ \ U' + J (U'2 + V ' 2 ) % 

Root w may be discarded as negative. One notes that V' 2 << U' 2 because Z << Z . 

The l a t t e r inequality is clearly true with the assumption Z = nZ /6 > 10°. Thus, 

we find: 

r— 1 V 
v = /w = —• — 
y + 2 sv 

ni c Z , 
z = ( 8 l r . -E_ . A . I . 1 . J=j-i . R . A J J _ 

r e q c i n l 
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This expression may be derived directly from a ^-function distribution taken 
for f. The result, in different notation, is: 

Aft 
- e n ui n I Z. 1 o 0 1 

2Trg2E 

Put n-»-l , E-*Am c 2 , I ->I, e->-qe, Z.+Z +iZ , u -ffic/R ro o b t a i n 

\fl = 2TTR 
2TT 

Z Z 
q. e I (-= + i -L) 
A m c 

P c n n 

Assume Z << Z and expand the sum in the root; the imaginary part is 

Aft. 2R \ 2TT m c 
P 

•cl (Z /n) c 

which can be solved for Z as above. 
r 

A useful form for systems wcrk approximates: 

n c S o I - 1 

and reads: 

2R 
Av- e 8 

In this estimate, the inductive effect of circular vacuum chamber, cross 
section variation and bellows, and plates formed by clearing electrodes or 

2 pick-up stations have been neglected, as they can only improve the situation 
in a minor way. 

Results are given in the following table, which differs from the Storage 
3 

Ring Group Summary because the charge balance equation is strictly kept at the 
sacrifice of a variation in E , and BF 

sr' 
.5 was chosen instead of BF 

The rise time T has been taken as .01. Note that the factor y in the denominator 
of Z /n makes the crucial difference between Isabelle and the rings considered 
here. 
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Table of Heavy Ion Fusion Parameters, MKSA Units 

Case A B 

E 1. x 10 6 3. x 10 6 1. x 10 7 

>; 1.25 x 1 0 1 5 1.875 x i o 1 5 .625 x i o 1 6 

T 0.5 x 1 0 l n 1. x 1 0 1 0 1. x 1 0 1 0 

T 
av 

1. x 10 4 0.75 x ioL> 1.43 x IO 4 

Y 1.0226 1.0451 1.0451 
ft 0.2089 0.2906 0.2906 
tiy 0.2136 0.3037 0.3037 
BF .5 .5 .5 
£ b 1.25 3.485 6.10 
491. b 61.40 170.8 298.8 
N sr 4 3 9 
bun 5 2 2 

Nb 20 6 18 
(N )min 17 6 12 

(Ap/p)min + 2. x i0-t* + 2. x 10_(* + 2 x 10 - I + 

sr 5,478 x 10" 5 5.313 x io~ 5 5.911 x io~ 5 

n sr 3.1335 x l o 1 4 6.2386 x i o 1 4 6.9401 x I O 1 4 

C 614.0 683.2 1195.2 
R 97.72 108.73 190.2 

(I )peak sr 10.25 25.51 16.22 
U' 30. 28. 18. 

n(2.5 GHz) 5117 5693 9960 
Z r 1024.7 612.7 1344.2 
Z /n r 0.2002 0.1076 0.1350 
Z' r 1.6688 0.8968 1.1247 
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CONCLUSION 

Heavy ion beam fusion must operate at large U', far from the Keil-Schnell 
stability region, because a large Ap/p (Landau damping) it, prevented by limited 
ring bending magnet strength, injection problems, and economic need of a large 
BF. Also, one cannot increase the final Ap/p by increasing the longitudinal 
emittance due to the final focussing limitations. Since Landau damping cannot 
be utilized, there is no point in placing Ap/p at the high end of its allowed 
range. Here, upper limits have been obtained for the resistive impedance 
corresponding to an assumed upper limit on growth rate. At this point, the 
longitudinal resistive impedance Z needs to be determined for candidate rings 
via a theoretical and experimental program. 
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rVMATRON and TARN 

T. Katayc a, A. Noda and \. Hirao 

institute for Nuclear Study, University of Tokyo, 
Tokyo, JAPAN' 

ABSTRACT 

General descriptions of the I.'UMATRON" design and related technical 
developments at IN'S, University o: Tokyo, are reported. A test ac
cumulation ring for MUMATRON projc t, TARN, waf -.onstructed tor integrating 
various technical developments. Recent results of injection test usin? 
this ring are also described. 
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1. INTRODUCTION 

In recent years, interests in high-energy heavy-ions have been 
growing up not only in the field of nuclear physics but also in the 
fields of atomic physics, solid-state physics, medical biology, fusion 
power generation engineering and many other sciences and applications. 
In Japan, an accelerator complex has been proposed at INS, University of 
Tokyo, which is named NUMATRON ,2> and should provide heavy ions up to 
uranium in an energy range of 0.1 ^ 1.3 GeV per nucleon. After completion 
of detailed design of the NUMATRON the major activity of the study group 
has been directed to the construction of the test accumulation ring for 
MJMATRON, TARN, which is a test facility not only for studying multiturn 
injection and RF stacking but also for integrating various technical 
developments. 

In following sections, the outline of the NUMATRON is described as 
well as that of the TARN and preliminary results of the beam injection. 

2. GENERAL DESIGN OF NUMATRON 

The proposed accelerator consists of Cockcroft-Walton generators, 
chree Wideroe linacs, two Alvarez linacs and two synchrotrons (Fig.l;. 

Two identi' 1 preaccelerators are arranged symmetrically in order to 
be able to opera • in parallel. Each preaccelerator has a 500 kV high 
voltage generator and two ion source terminals. The acceleration voltage-
is adjustable in a wide range so that ions of various charge-to-mass ratios 
can be accelerated o a constant velocity. After passing through the 
buncher section, ions are injected into a row of three Wideroe linacs of 
a resonant frequency of 25 MHz. The first and the second are operated in 
--3" mode and the third in TT-TT mode. Tne last Wideroe linac is followed 
by an Alvarez linac with a resonant frequency of 100 MHz at the energy of 
1 MeV/u. Two stripper sections with achromatic charge analyzing systems 
are installed at the specific energies of 0.3 and 1.6 MeV/u in order to 
obtain an efficient acceleration. The injector linac specifications are 
shown in Table 1. 



Table 1 

Wide roe 1 

I'ne Injector I. 

'.•.'icieroo 2 

Operation Mode T'-3", 3S gaps -•--3TT, 20 pap: 

Synchrotron Phase (deg.1 -30.0 -30.0 
T/A (MeV/u) 0.015 - 0.146 0. .146 - 0.30: 
v/c CO 0.562 - 1.768 1, .768 - 2.55 
c 0.0294 (U 7 +) 0, .0294 (U 7 +) 
L (m) 5.5 5.4 
AT/(L-e) (MeV/m) 0.S5 1.00 
Z c f f (Mf!/m) 67.8 36.0 
Power Loss (MV) 0.076 0.215 
Q-magnet Sequence FDFD FDF!) 
G (kC/cm) 10.0 - 3.18 3.18 - 2.20 
cosp 0.849 0.349 
Aperture (mm<|>) 20, 25, 30 30 
Admittance (mm mr; id) 114 TT 88.7 TT 

c Specifications 

U'idoroe 3 Alvarez 1 Alvarez 2 

TT-T, 36 gaps 2n, 46 gaps 2TI, 108 gaps 
-30.0 -25.84 -25.84 

0.305 - 1.102 1.120 - 1.603 1.600 - 10.023 
2.557 - 4.861 4.861 - 5.859 5.854 - 14.553 
0.0672 (U 1 C +) 0.0672 (U l e +) 0.193 (V"i+) 

8.0 7.5 32.1 
1.49 0.988 1.36 
47.6 41.8 - 43.4 43.3 - 31.6 
0.494 0.206 1.903 
FFDD FFDD FFDD 

3.50 - 1.83 4.00 - 3.30 3.30 - 1.33 
0.572 0.906 0.906 
35 40 40 

127 TT 248 TT 203 TT 
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Fig. 1 Layout of NUMATRON 

Final stage of the accelerator complex is composed of two synchrotrons. 
The first synchrotron has a capability of beam accumulation for obtaining 
heavy ions of high intensity. A combination of multiturn injection and RF 
stacking methods is applied to the injection scheme of the first ring. ' 
The beam is accelerated up to the energy of 250 MeV/u and is extracted by 
a one turn ejection method. After passing through the final stripper 
section in the beam transport line between the first and the second 
synchrotrons, ions are completely stripped and injected into the second 
rin . where uranium ions are accelerated up to the maximum energy of 127H 
MeV/u. The transition energy of the second synchrotron is 4.33 r,eV and no 
ions are accelerated through the transition energy. The operation 
scheme of the linac and two synchrotrons is illustrated in Fig.2. 

The RF systems in the rings are of two types, one of which is for RF 
stacking and the other is to accelerate the beams to the extraction 
energies. The former is described in the following Section on TARN. 

The RF system for beam acceleration is designed so that the sween 
range of frequency in the first ring is 1.65 ^ 6.97 MHz, and in the second 
ring it is 3.6 ^ 11.2 MHz for the various operation energies of the 
first and second synchrotrons. In the present design the magnetic fields 
of both synchrotrons vary linearly with time as B = 47.n kC. 3 and then 
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required RF peak voltage is around ••«" spin out iu* 
20 kV for the synchronous phase 
angle of 30°. On the other hand, 
the energy spread of the ac
cumulated beam in the first ring 
is 200 keV for the stacked 
number of 50, and the required 
peak RF voltage is determined so 
that the separatrix well covers the 
energy spread of the beam, namely 
80 kV. 

The required vacuum in the 
first ring is 2 x 1 0 _ 1 ' torr for 
a survival rate of 90 % after an 
injection period of 1 sec, whereas 
in the second ring, l x 10 
torr suffices to achieve the 
above survival rate because of its 
high energy operation. The output intensity of uranium is typically 
estimated at 10 9 particles per second, whereas for ions lighter than 
Z - 20, it may be 1 0 1 1 particles per second, limited by space 
charge effects. 

In the present proposal, one fast ejection channel and two slow 
ejection channels are provided to answer the various needs for high energy 
heavy ion beams. Even at the final stage of the acceleration, the beam 
size is rather large and it is important that the ejection system is safe 
aeainst beam blow up. From this point of view, we adopt the third integer 
resonance, although in this extraction mode, the arrangements of non
linear magnets will largely affect the emittance, spill time and the size 
of stable region. 

The main parameters of the accelerator complex are given in Table 2. 

Fig.2 Operation Scheme of the 
Accelerator Complex 
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Table 2 Numatron Parameters 

Particle, Energy and Intensity 
Particle Max. Energy (GeV/u) Intensity (pps) 
u 9 2 + 1.27 ^ 10" 
K r 3 6 + 1.47 -v 1 0 U * 
N e 1 0 + 1.81 

*Space 
^ 1 0 n * 
Charge Limit 

ljector T/A(MeV) Freq. 
(MHz) 

6(v/c) e(q/A) 

Cockcroft-Walton (500 KV) 0.0147 0.006 0.029(U 7 +) 
Widerbe (IT-3TT) 0.146 25 0.018 
Wideroe (TT-3TT) 0.305 25 0.026 
Stripping 0.067(U 1 6 +) 
Wide roe (TT) 1.10 25 0.048 
Alvarez 1.60 100 0.0 = 

0.193(u"6+) Stripping 0.193(u"6+) 
Alvarez 10.0 100 0.146 

C. 1st Synchrotron 
Injection Energy 
Maximum Energy 
Repetition Rate of RF Stacking 
Momentum Spread of Stacked Beam 
Useful Aperture radial 

vertical 
Vacuum 
Space Charge Limit 
Number of Particles/sec 

10 MeV/u 
250 MeV/u 

100 
± 0.7 % 

18 cm 
5 cm 

x 10" 

D. 2nd Synchrotron 
Guide Fisld (B m a x) 
Quadrupole Field (dB/dr) m a x 

Repetition Rate 
Magnetic Radius 
Average Radius 
Circumference 
Number of Normal Periods 
Number of Long Straight Sections 
Focusing Structure 
Useful Aperture radial 

vertical 
Number of Betatron Oscillations 
Phase Advance per Normal Period 
Vacuum 

18.0 kC 
1.38 kG/cm 

I Hz 
9.55 m 
33.6 m 

211.2 m 
24 
8 

FODO 
9 cm 

3.5 cm 
6.25 
70° 

torr 1 x 10 
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3. TEST ACCUMULATION RING FOR NUMATRON PROJECT - TARN -

The test Accumulation Ring for NUMATRON, TARN, is constructed for 
developing technical subjects related to the heavy ion accelerator 
complex. The heavy ion beams, for example tl of 8.5 MeV/u, from the 
INS-SF Cyclotron"^ are injected and accumulated in the TARN, as shown 
in Fig. 3. 

The main parameters of 
the TARN are given in Table 3. 
The ring consists of eight 
bending magnets and sixteen 
quadrupole magnets with a 
lattice structure of FODO 
type. The mean radius is 
5.06 m and the bending radius 
of the central orbit is 
1.333 m. The overall ring 
view is shown in Fig.4. The 
heavy ion beam is accumulated 
in the ring by a combination 
of multiturn injection and RF 
stacking method. Expected 
intensity of accumulated ions 
sucli as N'5+ is 10 1 0 particles. 
The lifetime of the stacked 
beam is determined mainly by 
the charge exchange reactions 
between heavy ions and 
residual gas molecules. As
suming the cross section of 
these reactions to be -3*10 
cm 2, the required pressure 

Fig. 3 Layout, of the TARN and the beam 
transport system from the SF Cyclotron. 
BA : Analyzer magnet. BBM : Bending 
magnet. SW : Switching magnet. Q : 

17 Quadrupole magnet. ST : Steering magnet. 
KM : Kicker magnet. S : Slit system. 
EM : Emittance monitor. P : Profile 
monitor. VP : Pumping system. in the ring is 1 * 1 0 _ 1 torr 

for a survival rate of 90% during a stacking time of 1 sec. In following 
Sections, the design and performance of the rine are describe^. 
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Table 3. Parameter List of the TARN 
General 

Beam energy (for N 5 + ) 
Magnetic field 
Bending radius 
Mean orbit radius 
Revolution frequency 
Betatron v values 

Vacuum pressure 
Injection scheme 

Magnet and Lattice 
Number of normal cells 
Number of superperiods 
Number of long straight sections 
Periodic structure 
Bending magnets 

Number 
Gap 
Pole width 
Good field aperture 

Quadrupole magnets 
Number 
Length 
Field gradient 

Momentum compaction factor 

Betatron amplitude function 

8.56 MeV/u 
B = 8.574 kG 
p = 1.333 m 
R = 5.06 m 

f D = 1.259 MHz 

v„ 2.200 
D torr 

Multiturn injection 
1 x 1(5" 

RF Stacking System 
Frequency 
Harmonic number 
Maximum accelerating voltage 
Number of cavities 
Total RF power 

Stacking parameter 
Momentum spread of the stacked beam 
Momentum difference between the injection orbit and stack top 
Repetition rate 
Maximum RF stacking number 

Q F B % 0 

8 
70 mm 

258 mm 
40 x 170 ram2 

16 
0.20 m 

k F ~ 0. 240 kG/cm 
k D = 0. 435 kG/cm 
Maximum = 1.70 ra 
Minimum = 1.01 m 
Average : = 1.4] m 
(x) (y) 

Maximum = 4.94 m 5.51 m 
Minimum = 1.08 m 1.18 m 

8.81 MHz 
7 

1.1 kV 
1 

1.3 kW 

2.469 % 
and stack top 6.289 X 

50 Hz 
100 
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3.1 Magnetic Focusing System 
The focusing structure of the TARN is a separated function FODO type, 

where both the superperiodicity and the number of normal cells are eight. 
The mean radius and the circumference of the ring are 5.06 m and 31.795 m, 

respectively, 
determined by 
considering *"he 
synchronic n 
between the ^F system 
of the TARN with c 

harmonic numbei of 
seven and that of the 
injector cyclotron. 
The number of betatron 
oscillations per 
revolution is around 
2.25 both in horizon
tal and vertical 
directions. In Fig. 5, 
the working lines of the 
TARN for various sextupole 
corrections are shown. 

The useful aper
ture in the horizontal 
direction for the 
stacked beam is deter
mined as 85 mm half 
width both in the bend
ing magnet and qudrupole 
magnet, taking betatron 
oscillation amplitude, 
closed orbit displacement 

and the spread of closed orbit due to momentum spread of the stacked bea™i into 
2 account. The aperture of the bending magnet is 70 (height) x 258 (width) ram 

(a) 

<b) 
Fig. 4 a) Total view of the TARN, b) Vacuum system, 
arranged tentatively before the installation into the 
magnet gaps. 
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including the thick
ness of the vacuum 
chamber wall, 4 mm, 
and spaces for heat 
insulation elements 
and distributed ion 
pumps. The radius of 
the inscribed circle 
of the quadrupole 
magnet is 65 mm. 

The bending magnet 
is a window-frame 
type, which has merits 

Fig.5 The work lines of the TARN. A and B ° f c o m P a c t n e s s o f t h e 

represent the cases of the ideal and real magnets structure and good 
systems, respectively. Other lines ( L % R ) 
represent the work lines with corrections. f i e l d u n i f ° r a i t y • 

In order to avoid the sagitta due to the small radius of curvature, 
1.333 m, the magnet is fan-shaped. The edges of the magnet pole at 
both ends were designed to be normal to the central orbit. In order to 
reduce the flux density at the edge of the iron yoke, the pole edges were cut 
with four steps approximating Rogowski's curve. The shielding plates 
were attached at both ends considering the small distance between the 
bending magnet and quadrupole magnets. The shape of fringing field is 
shown in Fig.6. 

The uniformity of the bending 
field along the radial direction was 
measured at the inner side of the mag
net ga7, sufficiently close to the edge, 
and was better than ± 2 x 10-1* over 

B/B, 
] 0 

the whole useful aperture. 
The quadrupole magnet was 

designed to afford the possibility 
of AC operation to allow fast 
tuning of v-values. The shape of the 
pole was determined using the com
puter program TRIM and is a hyperbola 

n 
Fig.6 The distribution of the 
magnetic field along the beam orbit 
near the pole edge of he bending 
magnet. The effective eo was 
calculated according to i_.,e3e curves. 
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which extended to its tangential line at both sides. The mechanical pole 
edge was cut so as to enlarge the flat region of the effective focusing 
strength.5) 

The field gradient of the quadrupole magnet was measured with twin 
coils translated horizontally and the induced voltage at each coil was fed 
into a VFC circuit of high sensitivity. The deviation of the field 
gradient along the radial direction was found to be less than 0.5 % in a 
whole region from x = - 85 to + 35 mm, where x denotes the distance from 
the central axis of the magnet as shown in Fig.7. The deviation of the 
effective length was also measured by , 
the longer twin coils and was found to 
be less than 17, over the above region. 
The effective length was calculated '"''-—̂  ; —= -;-- -4-
to bu 260 mm, while the geometrical one " "' 
is 200 mm. 

3.2. Multiturn Injection 
and RF Stacking 

Fig.7 The field gradients of the 
quadrupole magnet ( ), and the 
sextupole component ( ) along 
the beam orbit. The value of 
G(0) is 0.44 kG/cm. 

A combination of multiturn injec-
7 fl ) 

tion and RF stacking, ' ' is applied to 
the TARN. In this injection method, 
heavy ions from the cyclotron are injected into a transverse phase space 
via a magnetic and electrostatic inflectors while two bump magnets in 
the ring are excited, and then, are stacked into a longitudinal phase 
space by an RF field. This injection scheme is very efficient for 
obtaining higher beam intensity. 

For the multiturn injection scheme, two bump magnets are located 
upstream and downstream from the injecting position. These magnets 
produce a distortion in the closed orbit between them and the distance 
between the magnets should be half a betatron wave-length in order to 
avoid any effect on other parts of the equilibrium orbit. The collapsing 
rate of the closed orbit distortion is determined so as to optimize the 
beam intensity stacked in the transverse phase space. 

The procedure of RF stacking in the TARN is similar to the one which 
is used for the stacking of high energy proton beams at ISR, CERN.9^ 



345 

The initial voltage of RF field is determined such that the separatrix 
well covers the phase space area of the injected beam, and is rather freely 
chosen within the limits of satisfying the above condition. Then the RF 
voltage for the capture process is determined at the same value as that 
during acceleration, 1100 V, at which the period of phase oscillation is 
1.13 msec. 

The rate of change of momentum for the synchronous particle, — - — , 
—2 —1 is designed at 1.52 x 10 (ms ) for the synchronous phase angle of 30° 

and RF voltage of 1100 V. The fractional momentum variation corresponding 
to the distance from the injection orbit to the bottom of the stacking 
orbit is 3.82 %. Then it takes 2.5 ms to change the momentum. The 
revolution-frequency difference between the injected beam and stacked one 
at the bottom is 32.6 kHz, and the corresponding RF frequency difference 
is 228 kHz. 

During acceleration from the bottom to the top of the stacked region, 
the RF voltage is adiabatically reduced to the final voltage, 100 V, This 
reduction of RF voltage is necessary because the high RF voltage brings about 
undesirably large momencum spread of the stacked beam when the separatrix 
is moved to the top of the stacking orbit. 

The momentum difference between the bottom and the top of the stacked 
beam is designed as 2.469 %, and hence the RF frequency must be changed by 
149 kHz for this acceleration. In order to keep sinij) = 0.5 during the 
acceleration, the time derivative of the frequency must be 8.8 kHz/ms and 
the time required for the deposit is 17 ms. 

Using the results of the above calculations, a total stacking number for 
both transverse and longitudinal phase spaces is obtained as a function 
of the half aperture offered for the multiturn injection. The total stacking 
number has the maximum value of about 1900 at x R = 20 mm. The calculated 
envelopes oT aiultiturn injected and RF stacked beams are shown in Fig. 8 
as a function of length along the central orbit. 

3.3 RF System, Beam Monitor and Control 
The RF system is composed of a low level RF electronics system and 

high power parts including an accelerating cavity., The low level RF 
electronics plays an important role to obtain phase lock between 
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li I""! N I•»-""» 1 l°l i n t ~ .or , 0 I^^1"" I M I M I I a 

t-«ngch along Central Orbit; a (a) 

Fig.8 The envelopes of multiturn injected and RF stacked 
beams are shown by solid lines. 

beam and RF accelerating field. Also it is used to control tl̂ e accelerating 
voltage and frequency so as to obtain the optimum RF stacking condition. 
Programmed accelerating voltage and frequency are illustrated in Fig.9. 

The amplitude of the RF 
field is modulated by a 
balanced modulator in ac
cordance with the waveform 
from a function generator. 
The fast feedback voltage 
control function is given by 
an amplitude normalizer. It 
stabilizes the RF voltage 
against the variation of the 
cavity impedance due to the 
sweep of the frequency. 

The phase difference 
between the accelerating field 
and the fundamental mode of the 
bunch signal is measured by a 
phase detector, where the beam phase information is derived from a core-
type beam monitor with a resonator whose resonant frequency is adjusted 
at the RF frequency. The output signal of the phase detector is fed to 
a voltage controlled oscillator (VCO) through a summing amplifier. The 

Fig.9 (a) Programmed accelerating 
voltage in the RF cavity. It rises 
from 0 V to 500 V and decreases to 
100 V. (b) Accelerating frequency, 
which varies from the base frequency 
8.00 MHz by 380 kHz. The time scale 
is 5 ms/div. 
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output frequency of the VCO is determined by tK- voltage on a varacter, 
which is composed of a program term from the function generator and a 
feedback one coming from the phase detector. The absolute value of the 
stable phase angle is determined by a phase shifter in the loop. 

An accelerating structure is composed of two cavities with an 
electrical length of a quarter wave. In order to tune the cavity over ar 
operating frequency and to reduce the size of the cavity, 24 ferrite 
rings, 328 mm O.D., 260 mm I.D. and 20 mm thick, are stacked in the 
cavity. Each ferrite ring is sandwiched by cooling copper discs. The 
resonant frequency of the cavity is varied by changing a capacitance 
between two inner conductors or by impressing the biasing magnetic field 
in the ferrite cores. The copper plate was wound around the ferrite 
rings by two-turns. 

The RF power is fed to the cavity by a 5 kW RF power amplifier 
through a wide band transformer of a transmission type for matching 
their impedances. The transformer was also used to obtain two RF 
fields, whose phases are different by 180° from each other for the push-
pull operation of the cavity. 

Several kinds of beam monitors were prepared for efficient beam 
handling during injection and stacking. Electrostatic monitors 
with capacitive pickups and magnetic monitors using ferrite cores were 
used in a non-destructive manner, which is necessary for beam stacking. The 
former detects beam position by measuring asymmetry of ir.duced charges on 
two electrodes. The magnetic monitor, where a coil picks up magnetic 
flux induced in the ferrite core, provides informations on beam intensity 
and phase. Output signals are converted into sine-wave through a tank 
circuit and fed to the RF control system. Four beam-dumping (Faraday-cup 
type) monitors are installed in the ring for studying the injection 
orbit of the beam in the ring. This detector, with sixteen strips of 
Be-Cu foil 500 )jm in thickness and 2 mm in width, measures intensity and 
position simultaneously. 

3.4. Vacuum System 
On-beam pressure lower than 1 * 10" 1 0 torr (1.33 * 1 0 - 8 Pa) is 

required to achieve 90 % survival probability of accumulated ions during a 
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p e r i o d of 1 s e c . - 0 ' S ince i 9 7 6 , some p r e i i m i r . . ry t e s t s on u l t r a - h i g h 

vacuum 'Ud'*; sys t em have been c a r r i e d o u t , two . e s t s t a n d s fo r L'HV 

s : ;die = r e i n s c o n s t r u c t e d . The vacuum chamber c. t e s t s t a n d I i s c y l i n d r i c a l , 

i ' om : d i a m e t e r and 200 cm in l e n g t h , and i s made of s t a i n l e s s s t e e l 

i l o ~ . 7'r.e pumping sys tem i s composed of a 1300 <. s t i t a n i u m s u b l i m a t i o n 

- T J - : : ' ' . '..LzAi n i t r o g e n s h r o u d , and a 500 i./s t u r b o m o l e c u l a r pump 

:i .r .- .- : ': v a - ; J - :./s o i l d i f f u s i o n pump. On the o t h e r hand , t he vacuum 

ihanoer ::' t e s t s t and II i s a p r o t o t y p e aiodel of the bend ing s e c t i o n and 

-_':.-- s h o t s : r l i g h t s e c t i o n in the TA.RJ.'. The pumping sys tem i s composes 

of a. -'.. i s p u t t e r - i o n pump and a 2 J 0 / , /s turbomo ie : u l a r punp backed by 

a 10". . -- - i r t o m o l e c u l a r pump. The b a l i n g and d i s c h a r g e c l e a n i n g 

e f f e o : ; were measured u s i n g t e s t s t a n d s i and I I , r e s p e c t i v e l y . 

? „ n p i ' g c h a r a c t e r i s t i c s have been s t u d i e d to e s t a b l i s h e f f i c i e n t 

p r o ' e d . r e ^ f-,r bak ing out the vacuun chamber and glow d i s c h a r g e c l e a n i n g 

i - .'-.r : r Ar - .' . . I t i s found t h a t z'ne p a r t i a l p r e s s u r e of H.O d e c r e a s e s 

; i gr. i f i : an ; 1 y a f t e r glow d i s c h a r g e p r o c e s s i n g . In the t y p i c a l s p e c t r u m , 

a p^a- •: - e = 16 was the h i g h e s t one . I t may be u n d e r s t o o d t h a t t h i s 

^ . r f a . v . : -.':.--- oy.adrucoie m a s s - f i l t e r caused by e l e c t r o n impao; d e = . r p -

: : . ' : : : i- - : o1 la t ion i-to- the magnet g a p s . The sys tem was baked a : 2 3 3''2' 

for V r : ,r-. . - -d the ave rage p r e s s u r e of 2 ' 1 0 " " ' t o r r was a t r a i ^ e . ' 

a : : e r I , .• j . :•.-..- p jmpirg down w i t h o u t glow d i s c h a r g e p r o c e s s i n g . 

dia:--o - j - s n a p e d c r o s s s e c t i o n , and a s t r a i g h t s e t t i ' . n chamber. Tiiese 

c h a t t e r s a r e made of s t a i n l e s s s t e e l 316 L. .oath pumping sys t em i s com

posed of a s p u t t e r - i o n pump, a t i t a n i c - sub 1 i ~ a : i r pump, a-i a d i s t r i b u t e d 

p.mp, which i s i n s t a l l e d a l o n g the i n s i d e cf tr.e o . t e r v a i l of t he d i p o l e 

mat-net chamber and i s a l s o used as a h igh-vo l ta i - : - e l e c t r o d e for in s i t u 

i i s c h a r g e c l e a n i n g . " !) 
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As shown in Fig.10, two 
roughing and auxil<ary pumping 
systems are located at the 
straight sections S-3 and S-7, 
each of which comprises a 
turbomolecular pump backed by 
either an oil diffusion pump or 
a mechanical booster pump, and 
a rotary pump. 

The straight section S-l 
is connected to the injection 
beam transport line through 
three sta3es of differential 
pumping system. 

3.5. Preliminary Results of Injection Test into TAR.'." 
T'ne first trial of beam injection fro- the SF-Cyclotron to the 

7.-'-.?.'.' was performed successfully in August, 1979. The molecular hydrogen 
bear. (H. ' ; of 14 MeV was used, because the dissociation cross section is 
similar to the charge exchange cross sections of heavy ions with residual 
gas molecule--. In October, x particles (He/ + ; of 28 MeV were also stacked 
ir the rir.g. 

Typical results of bean injection and accumulation using ar. electro
static bean, monitor are shown in the following figures. Figure 11 shows 
".'..e '.',-% I'.rii; injected beams, which are pulse shaped from the 
'...v.. cyclotron beam by a kicker magnet installed at an upstream position 
in the bean transport line. The upper picture shows the intensity of a 

si-.gle t jrr. injected beam and the lower one shows trie intensity of the 
b-.-a- four-turn injected when v_ was adjusted to 2.25. According to the 
field decrease of the bump magnets, the beam is injected in multiturn fashion 
•-':.•-- intensity grows as illustrated in Fig. 12. The lower two 
'•-rv55 show the current forms of the kicker and bump magnets. Accumulated 
intensity by multiturn injection is '. 10" particles. Hie beam injected 
in multiturn is captured by the RF field. Fig.13 shows that the 
.apturec beam lasts till the next injection time after 25 ms. This 
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Fig.10 Vacuum System of the TARN 
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picture is 
taken by ob
serving the 
4th harmonics 
of the bean 
signals, 
avoiding 
severe noise 
from the RF 
source. , . T . , , . 1 t . 

Fig.12 Injected beam in multi-
Captured beam turn (a), current form of kicker magnet (b), current form of bump is moved to ° , > n n ... magnets (c; , 20 ys/div. 
the stacking 
orbit by sweeping the RF frequency. The spectrum 
analyzer device is us^d for observing the beams, 
which have frequency components corresponding 
to the range of momentum spread of the beam, A 
typical result is shown in Fig.14. It is, 
however, difficult to estimate the intensity 
of stacked beam correctly at present. Further 
investigations for measuring the intensity of 

the stacked beam is needed. A sextupole magnet correction system for control 
of chromaticity is being designed in order to surmount the transverse 
coherent resistive wall instability. The intensity limit of the stable 

(b) 
Fig.11 Shape of the 
injected beam with a 
length of 80 ps, a) single 
turn injection, b) four 
turn injection, observed 
by electrostatic beam 
monitor, 40 "us/div. 

Fig.13 Captured beam by RF field, Fig.14 Display of spectrum analyser, 
2 ms/div, 4th harmonic observation illustrating the momentum spread of 
of electrostatic monitor signal. captured beam by the frequency sweep 

of 380 kHz. 
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beam is estimated at 6 x 10 8 without correction and 4 x 10 9 with correction 
for N 5 + . The growth rate of the instability if we store 2 * 10 N into 
the ring is estimated at 0.2 sec. ' 
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Ijitroduction 

Multiturn injection is an essential step in generating high power beams 
for heavy ion fusion. Systems have been proposed that use a hundred turns of 
injection or more, 1' 2' 3 which must be done with minimal beam losses. To cause 
the stored beam to miss the back side of the inflector, adequate separation is 
required between the stored and incoming beams. This dilutes the phase space 
density, but the allowable dilution is also constrained by the limits on the 
brightness of the linac beam and the final focussing requirements set by the 
size of the fusion fuel pellet. The injection problem is thus bracketed by 
the constraints of beam loss on the one hand and phase space density on the 
other. 

The most commonly proposed scheme to accomplish many turns of injection 
has been to inject Nj turns into the horizontal plane of a ring used expressly 
for injection, transfer this accumulated beam to a storage ring after first 
interchanging the horizontal and vertical phase planes, and repeat the process 
N 2 times for a net multiplication of the linac current by N, x N„. For 
convenience, we assume Nj = N 2 = N and write N ? = S , the total number of 
turns injected into the first ring and destined for any one final storage ring. 

Investigation of injection schemes at ANL has begun to incorporate 
detailed space charge effects using numerical simulation.'' The results so far 
confirm the expectation that space charge effects complicate the injection 
problem, and more dilution seems necessary to avoid excessive beam loss. The 
means to increase the dilution allowance are, however, very limited. 

Allowed Diluti on 

The dilution allowance may be written 

n - E s R. 
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where E<.R = the ernittance of the stored beam and e. is the emittance of the 
linac beam. The total number of injected turns is also the ratio of the overall 
current of the beam stored in the ring (I S R) to that out of the linac (I.). 
The average stored current, based on the space charge limit, is 

I S R = K • Av . e $ R • ( p Y ) 2 . B • BF 

where the value of K is about 100 if the average magnetic field (B) is expressed 
in Teslas and the emittance is expressed in mr-cm. The expression gives the 
sane average current for a given fill and different azimuthal beam distributions 
(i.e., bunching factors, BF) as long as the corresponding value of the tune shift 
is used. 

The dilution may now be written 

D ^ [XSTBW] 7777 

The variables in this expression are subject to numerous constraints. As 
noted above, r is constrained by the final focussing requirements. Much 
consideration of the normalized linac emittance (BY E , ) has led to rough 
agreement about the minimum feasible; though reductions are not impossible, 
they are expected to be very difficult. Multiple front ends and other concepts 
have raised the linac current to the point where economics may be the limiting 
factor. The tune shift and bunching factor should not be too small to 
achieve cost effectiveness in the storage rings. Thus, a small average field, 
or large ring radius, may be the most useful possibility for increasing the 
dilution allowance. 

If there were a more important reason for keeping the ring radius small, 
this means of providing a larger dilution allowance could not be used. From 
the results of the storage ring group at the workshop, it appears that such 
a reason could be avoidance of the longitudinal microwave instability. The 
potential conflict stems from the dependence of the Keil-Schnell threshold 
current 5 for this instability on the momentum spread of the stored beam, 
which is related to the ring radius in the following way. 
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As the ring circumference is increased, so tends to be the length of the 
beam contained in it. This requires increased longitudinal compression to 
reach the final beam length determined by the short pulse duration needed to 
drive fusion pellets to ignition. Additionally, efficient focussing 
constrains the momentum spread in the compressed beam to some upper limit; and 
for a given upper limit, conservation of phase space in '-e longitudinal plane 
requires that the momentum spread before the final compres; ->n must decrease 
as the amount of compression is increased. Thus, enlarging u ? circumference 
of a ring tends to require storing beam with smaller momentum spread, raising 
the concern that the stored beam will be unstable. 

The storage ring parameters generated at the workshop use relatively high 
average magnetic fields, apparently to avoid the instability by maintaining 
adequate momentum spread in the ring. As shown in Table I, however, these 
designs may be easily adjusted to larger ring radius, lower magnetic field, 
fewer turns of injection, and larger allowed dilution without changing 
the momentum spread (or the final compression factor). The changes are made 
by adjusting the bunching factor, tune shift at the space charge limit, number 
of rings, and number of bunches per ring. As seen in Table J, all of the 
changes that have been made are non-controversial. 

Discussion 

The revised parameters show that phase space dilutions by more than a 
factor of 2.5 can be provided for the systems considered at the workshop. Initial 
studies of injection in the presence of strong space charge forces'' permit 
optimism that the allowance of this much dilution will result in acceptably 
small beam loss. In fact, the ease of reducing the injected turn requirement 
to a relatively small number suggests that one or more of the other significant 
parameters of the systems are not optimal and invites consideration of further 
parameter changes. Alternatively, one could simply rejoice at the prospect of 
an easier injection task, and that it is not mandatory to employ schemes that 
call for additional rings for injection, multiple ring filling ejection, and 
transfer, etc. Nevertheless, these schemes appear to be technically realistic, 
if confined to reasonable limits, and the most immediate question may not be 
technical feasibility but cost. Thus, it could be profitable to return to 
a higher degree of difficulty for the injection problem, if this allows changes 
that significantly reduce the overall cost. 
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In the systems studied, the linear accelerator is the obvious subject 
for cost reduction attempts. Most obviously relevant to the Injection problem 
is the beam current, which was taken to be 0.3 A. For cases B and C, the peak 
power needed to accelerate the beam is 3 GW. A reasonably optimistic unit 
cost for rf power is 0.1 $/W. The resultant $300 M price for the beam power 
component of the rf requirement suggests that it may be advisable to lower the 
current to cut the cost, and accept the corresponding increased difficulty in 
the injection problem. 

Reducing the total accelerating voltage of the linac would not only reduce 
the rf costs, but all other linac costs as well. In the context of the fusion 
pellets considered at the workshop, one would keep the ion kinetic energy and 
shorten the linac by increasing the ion charge state. 

Table II compares some parameters for a Case B system ('i MJ, 10 GeV) 
using U 2 with the previous U system. Halving the linac cost and increasing 
the cost for rings probably brings the total cost down. 

In addition to the space charge effects or charge state that were regular
ly considered before the workshop, the effect of the charge state on the 
longitudinal instability must also be taken into account. The systems studies 
at the workshop were guided by the dependence of the Keil-Schnell threshold 
current, which varies inversely with the charge on the ions. It appears, 
however, that the Keil-Schnell threshold criterion is irrelevant for HIF 
storage rings because of the low velocity of the ions, which results in a 
large capacitive contribution to the complex inpedance. This makes the stored 
beams unstable with a modest resistive impedance component/ The amount of 
momentum spread required for stabilization would result in excessive chromatic 
aberration in final focussing and/or impractical ring parameters. Stabilization 
by providing compensating inductive impedance also appears inapplicable. 
Because the impedance provided by any physical feature of the ring will depend 
on the frequency, such compensation would not stabilize all of the relevant 
modes. 7 Therefore, the risetime of the instability rather than the threshold 
current appears to be the governing consideration. 

Fenster6 finds that the riseti>r;e may he expressed for the purposes of 
systems studies in the following convenient form 

2R v'j Z o _ (sec) 
SR r 
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Z is the resistive contribution to the longitudinal impedance [Q m l) and 
A^ is the tune shift at the space charge limit. In the examples given in 
Table 1 and Table II, the problem has been looked at in terms of the values 
of Z needed to achieve t . = 0.01 sec. Since the beam is accumulated in r rise 
a fraction of this time (about 2 msec), the values of Z^ given in the tables 
should substantially overestimate the requirement. 

Summary 

Some basic issues involved in injecting the beam into storage rings with 
the principal parameters of those studied at the workshop have been considered. 
The main conclusion is that straightforward adjustments of the storage ring 
parameters makes injection easy. The largest number of injected turns is 
fourteen, and the phase space dilution allowance seems adequate to ensure 
very small beam loss during injection. The adjustments also result in lower 
bending magnet fields, and high field superconducting magnets (e.g., 5 Tesla) 
are not necessary. The design changes do not necessarily affect the Keil-
Schnell criterion for stability of the longitudinal microwave instability, 
although that criterion appears to be irrelevant. Because the beams are 
expected to be unstable, but with slow growth rates, the vacuum chamber 
impedances required to give equal risetimes for the various designs are 
compared for systems posing various degrees of difficulty for injection. 

Finally, the impact of the parameters on cost is noted, and a system is 
considered that cuts the length of the linac in half by using doubly charged 
ions. Aside from the possible net decrease in cost, the system using doubly 
charged ions required fewer injected turns (due to the same changes made fr 
the other revised systems) and a slightly lower resistive impedance per w 
of length than the comparison U system. 
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TABLE I 

Comparison of Revised Parameters (NEW) with Those 
Suggested at Conclusion of Workshop (WS) 
A = 238, q = +1, I L % 300 mA, Bye^l.5 ym-rad, 
Ap/p = 2.8 x 10"" (FWHM, beam stored in ring) 

CASE A i CASE B I :ASE C 
NEW WS NEW WS NEW WS 

E (MJ) 1 o 10 
T (GeV) 5 10 10 
Bp (T-m) 158 : ?24 ; ?24 
t f (ns) ?0 40 70 
IaV(kA) 10 7.5 14.3 

ib M 1.25 3.485 6.1 
Total Comp ression, LC 49 49 49 
Av 0.25 .068 0.25 .115 0.25 0.19 
BF 0.5 1.0 0.5 1.0 0.5 1.0 
e S R (um-ra d) 57 60 55 60 61 60 
NSR 4 7 3 3 9 6 
h 8 5 6 3 4 2 
Nb 32 35 18 9 36 12 
R (m) 156 40 326 81.6 382 95.1 
Vise ( s e c ) 0, .01 0. 0" 0 .01 
Z r (finf1) 2.14 2.24 1.63 1.15 1.68 .968 
B(T) 1.01 3.2 0.69 2.7 0.59 2.4 
I S R(S.CL. .) (A) 6.4 5.8 8.5 17 8.1 4 
I S R (avg) (A) 3.2 5.8 4.25 17 4.1 24.3 

I S R (exit) (A) 45 41 60 120 57 170 
S 10 20 14 57 14 81 
D 2.6 1.9 2.98 1.61 3.3 1.35 
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TABLE I I 

Comparison of 3 MJ System for U 2 

with U System from the Workshop 

q 
E (MJ) 
T (GeV) 
Bp (T-M) 
T f (nsec) 

I a V ( kA) 

l b (m) 

LC 
Av 
BF 
e $ R (pm-rad) 

NSR 
h 

% 

R (m) 

Vise < s e c> 
Z r ( f in f 1 ) 

B (T) 
JSR (SCL) (T) 

I S R (avg) (A) 

S 
D 

+2 

112 

15 

50 
0.25 
0.5 

57 

12 
2 

24 
15 

112 

.93 

1 
12.5 

6.3 

21 
2.5 

3 
10 

40 

3.485 

0.01 

+1 

224 

7.5 

49 
115 

\ 0 
60 

3 
3 
9 
6 

81.6 

1.15 

2.7 
17 

17 

57 
1.6 
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Definition of Symbols 

8" = average magnetic bending field = — 

BF = bunching factor in storage ring 
D = maximum allowable dilution per 2-D phase plane during injection 

h = number of bunches from each storage ring 

= nominal beam current on target 

= linac beam current 
aV 
L 

(S.C.L.) = peak stored current at space charge limit lSR 
i_ R (avg) - average current of stored beam 

» S R (exit) = peak beam current at extraction 

LC = total compression of beam bunches beyond their length 
when stored at the space charge limit 

l b = final length of each beam bunch 
IV = total number of beams on target 
( N , ) m i n = numbe; of beams required by transport power limit 

N Sn = number of storage rings 
S = total injected turns per storage ring 

R = average radius of storage ring 

t f = nominal duration of beam pulse on target 

t . = risetime of longitudinal microwave instability 

Z Q = 120 TT 

Z = resistive impedance of storaye ring vacuum chamber 
per unit of length 

E L = emittance of linac beam 
E<-R = emittance of beam stored in rin-j 

v = betatron tune of storage ring 
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ri'DV 07 [Mlbo-bEAM INTERACTION." .":." iNJECT'O 
rhh.'Cy.Srh.r- AT THE SPACE CKA?C-r" Li MIT 

••. T o-c;C.": and i . Fenster 
Ar. r.r.v -\'.i r "'-v na 1 Lab'- rat.", m. 

1. INTPODVOTECN 

.'-.ugmer.t ing a particle simulation nrograr-: or i g inally by I. Hlaber,- bearr 

. i -i . = ::" the injection process into a st-:r •;= r i n. i: is studied. Although a 

il :torage ring recently designed employs oarious hinds of rr.agr.etic elements, 

. e-sencial features of its beam dynamics ere determined by the cuudrupjie 

_clets. The lattice structure of the storage ring consists of 20 -'000 periods, 

rure 1 shovs the lattice, and Table 1 shov.s the storage ring parameter -.. 

The goadruooles are assumed to be thin. Thus, by obtaining or, ?"• .'.•'.. 

L-sport matrix for one period starting from beer injection point 7, acceptance 

iicse r.aramaters i . - .- are calculated at 7 for both >:-:•:' and •:-•:' planes A j ' Aj • " 
-'•'.,'/) for a given phase advance per period. 1 r. this paper, »;e div'-uss single 

•ne fxx'i injection. :«e set the bean emittance ellipse parameters for the 

. plane •' ... .'-.J equal to the acceptance ellipse < -., ,-, ; and take the 

iter of the beam ellipse in the y-y' plane at too .enter' .: the beam transport 

item. Thus, the beam ellipse in the y-y' plane is exortly matched, regardless 

its emittonce, so the beam ellipse in zhe y-y' plane has the same periodicity 

the storage ring elements. Thus, the four-dimensional efficiency and dilution 

the injection rrocess are eoual to the tv o-d imen si :nal ones in toe :•:-:•:' plane, 

vish :o chech vhether beam loss or phase space dilution con .oeur due tc 

.tibearn envel.te oscillatirns deoendent on the bean stachioo method in 

.ne program t:eeps trac?" c: oearr loss tor a giver, aperture ot a transport 

line: a special method accounts for septum losses. Chamber »ail image force i ; 

not included in the calculation, and t'r.e septum has thickness ecual t: zero. 

'tie will briefly describe here the circle c: ordinate transf ormacicn : vhich 
is convenient for optimizing beam shape parameters. 7 or a given injection point 
I in a storage ring, it is alvays possible to find a coordinate system so that 
the acceptance ellipse at I is a circle. The transformation from v.-v. coordi
nates to circle coordinates is a function of I. 

http://rr.agr.etic
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They are given a s : 

1 

T 
AI 

"AI 

Physical >- Circle 

AI 

'A I 

' "AT 

Circle Physical 

'AI 

where -j. , i are acceptance ellipse parameters at I. 

The following results are obtained by varying me-sh size, beam size, 
and time step length by factor of two. The result is independent of these 
factors. A.ll calculations were done with 1024 macro particles for each injected 
turn. The time step for the particle pusher is 1/5 of each lattice period. 
Thus, 100 time steps make one turn around the ring. The initial particle dis
tribution is chosen as K-V for each injected turn. 

hour turn, tune i 
I in joet ion 

This tune gives a phase advance at injection point I after one turn of 
the storage ring of (5^360+90) . Thus, ir. Fig. 2-1, we see the acceptance at 
point I of the ring filled with the incident beam at position 1; it is expected 
to come to position 2 after one turn. It clears the thin septum due to betatron 
oscillation with zero loss. The dilution of this complete injection is theo
retically calculated to be 2.0 without loss. Figure 2-2 shows the result for 
zero current of this injection scheme. Figure 2-3 shows the result with 1. mA 
in each beam. A total of four turns reaches the space charge limit of 4. TTA. 
The two figures correspond at time step 400. 

turn, tune v_ 1 

As is seen in Fig. 2-1, there is a hole in the center of x-x' acceptance 
at point I in four turn injection. If we inject a bean in the center of the 
acceptance at the first turn followed by bumping or' the equilibrium orbit, we 



354 

can inject five turns as seen in Fig. 3-1. Theoretically, the dilution of this 
injection is calculated to be 1.60 without septum loss. Figure 3-2 shows the 
result for five turns with zero current. Figure 3-3 shows the result with 0.8 
-.A each be.-r-i. A total of five turns reaches the space charge limit of 4 mA. 
The two figures correspond at time step 500. 

i. Minr turn, t'lii" V = ~> injection 

\h\ -, tune gives a phase advance at injection point I after one turn of 
t.:e -.L iT-ii-e ring as (c>'~if>0) . Injection is performed as follows. First, the 
••'1'ii ! ir.ri'.m orbit is bumped locally at [ such that it is two beam widths to 
trie right of the septum. inject trie first turn. Bump the equilibrium orbit at 
. toward tii'- lett. of the septum by tfie full width of the beam. Inject the second 
turn. Subsequent turns are injected the same as the second turn. Figure 4-1 
-bows the acceptance and beams at f. Theoretically, the dilution of this in
jection is calculated to be 1..57 without septum loss. Figure 4-2 shows the 
result for four turns with zero current. Figure 4-3 shows the result with 
1 mA in each beam. A total of four turns readies the space charge limit of 
4 -..A. Trie two figures correspond at time step 400. 

3. SUMMARY OF CU.'.'UITIO.VS ANT) RESULTS 

Scheme 

Phase Advance/Period 94.5 94.5° 90° 
Quadrupole Thin Lens Power* 0.44776 1/m 0.44776 1/m 0.43116 1/m 
.'.'o. of Injection Turns 4 5 4 

0.7366! 0.73661 0.70711 
4.67707 m 4.67707 m 4.920 m 
25 mr cm 25 mr cm 25 mr cm 

0.36831 0.36831 0.20676 
2.33854 m 2.33854 in 1.4386 m 

3.125 mr cm 3.125 mr cm 3.98 mr cm 
.',"o. of macro particles/turn 1024 1024 1024 
Beam loss due to septum 30 203 403 
Beam loss by wall** 105 75 0 
Total loss/Total beam 3.307 5.432 9.84% 

Acceptance \\x 
"Ax 

Acceptance- '"Ax 
Bean ''Bx 

''Bx 
Omittance • 

~Y. 
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Acceptance e 3.125 mr cm 3.125 mr cm 3.125 mr cm 
Av 

Beap , ' -0.73661 -0.73661 -0.70711 
By 
:•: 4.67707 m 4.67707 m 4.920 m 
By 

Beam Emittance r 3.125 mr cm 3.125 mr cm 3.125 mr cm 
IW 

Lens power = 1/focnl length. 
'"Vacuum chamber cross section is assumed as 14 cm * 8 CIT 
Tlie beam X is assumed to have 8.5 MeV kinetic energv. e 

4. DISCUSSION 

We notice that, for tlie beam at the space charge limit, although the 
turns are deformed in phase space due to mutual beam interaction, they can still 
be identified individually. A ring large enough to contain the beam with space 
charge art ifically turned off suffers losses on the septum and on the walls at 
full current. The total magnitude of the loss and its partition among wall and 
septum both depend strongly on which injection scheme is used. The septum 
losses differ by a factor of 10, and the best scheme in that regard suffers from 
significant wall depletion. Scheme b illusLrales a trade-off: the incoming 
current is 207, lower than that of Scheme a, but the septum losses are eight 
times greater. 

Tile next step is to add wall image forces to the program to make it more 
accurate. The present results are probably accurate enough to prove that injec
tion schemes cannot be ordered in efficiency and dilution or evaluated properly 
without this type of computation. The space charge effect is so significant in 
these high-efficiency, low-dilution injection processes that two-plane vs. one-
plane injection schemes may exchange places in merit. We have considered only 
schemes that have 1007. efficiency with zero space charge. Dilution can be 
inproved by accepting Losses, but quantitative determinations will require 
studv of a wider class of schemes. 
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FIGURE CAPTIONS 

Fig. 1 The storage ring is represented by a circle, with focusing and de-
focusing quads indicated. One period consists of two units drift 
space (2x1.64m) followed by a thin defocusing (x) quad, one unit 
drift space, thin focusing (x), and two units drift space. 

Fig. 2-1 Injection scheme of four turn, v = 5.25 is shown in circle coordi
nates in x-x' phase space. The acceptance is represented by a 
circle. Each beam is represented by an ellipse. 

Fig. 2-2 x-x' phase space at injection point I for four turn v = 5.25 
injection with zero current. This figure shows beam phase space at 
time step 400. 

Fig. 2-3 x-x' phase space at injection point I for four turn v = 5.25 
injection with a total current 4 mA. This figure shows beam phase-
space at time step 400. 

Fig. 3-1 Injection scheme of five turn, v = 5.25 is shown in circle coordi
nates in x-x' phase space. The acceptance is represented by a 
circle. Each beam is represented by an ellipse. 

Fig. 3-2 x-x'" phase space at injection point I for five turn v = 5.25 
injection with zero current. This figure shows beam phase space at 
time step 500. 

Fig. 3-3 x-x' phase space at injection point I for five turn v = 5.25 
injection with a total current 4 mA. This figure shows beam phase 
space at time step 500. 

Fig. 4-1 Injection scheme of four turn, v = 5.0 is shown in circle coordi
nates in x-x' phase space. The acceptance is represented by a 
circle. Each beam is represented by an ellipse. 

Fig. 4-2 x-x' phase space at injection point I for four turn v =5.0 
injection with zero current. This figure shows beam phase space 
at time step 400. 

Fig. 4-3 x-x' phase space at injection point I for four turn \> =5.0 
injection with a total 4 mA. This figure shows beam phase space 
at time step 400. 

The code on the scatter plots in Figs, 2-2, 2-3, 3-2, 3-3, 4-2, and 4-3 
indicates the number of macro particles per printing bin; we have not, as 
yet, used these details. 
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Fig. 1 
Storage ring lattice D and F corresponds 
to defocusing and focusing quadrupoles. 

Table 1. Storage Ring Parameters 

Method 1 2 3 

Quadrupole 
thin lens 
power 0.44776 1/m 0.44776 1/m 0.43116 1/m 
Acceptance X 25 mr cm 25 mr cm 25 mr cm 
a * 0.73661 0.73661 0.70711 
Ax 
e * 4.67707 m 4.67707 m 4.920 m 
Ax 
Acceptance Y 3.125 mr cm 3.125 mr cm 3.125 mr cm 
a * -0.73661 -0.73661 -0.70711 

Ay 
B * 4 .67707 m 4 .67707 m 4 . 9 2 0 m 

Ay 
*See Ref. 2 . 

CJ en 
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Fig. 2-1 
Four turn injection, tune 
v = 5 + 1 / 4 , X-X' phase 
space in circle coordinates. 
Outer circle is X acceptance. 
Inner ellipses are injected 
turns. 
Dilution = 2. 

Fig. 3-1 
Five turn injection, tune 
v = 5 + 1/4, X-X' phase 
space in circle coordinates. 
Outer circle is X acceptance. 
Inner ellipses are injected 
turns. 
Dilution = 1.6 

Fig. 4-1 
Four turn injection, tune 
v = 5.0, X-X' phase space 
in circle coordinate's. 
Outer circle is X acceptance. 
Inner ellipses are injected 
turns. 
Dilution = 1.57 
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Fig. 2-3. x vs. x' phase spare plot for 4 turn injection, 
tune v = 5 + 1/4. Eacli beam current = 1 mA. x 

11.62 19.37 
'mrad) 
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Fig. 2-2. x vs. x' phase space plot for 4 turn injection, 
tune v = 5 + 1/4. Each beam current = 0 mA. 
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Vi"?. 3-2. x vs. x' phase space plot for 5 turn injection, 
tune v = 5 + 1/4. Each beam current = 0 mA. 

11.62 
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Fig. 3-3. x vs. x' phase space plot for 5 turn injection, 
tune v = 5 + 1/4. Each beam current = 0.8 mA. 

(mrad) 



375 

Fig. 4-2. x vs. x' phase space plot for 4 turn injection, 
tune v = 5.0. Each beam current = 0 mA. x 

* ::- j = -.11 :.-'•'<-
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•(mra;1) 

oV 



376 

Fig. 4-3. x vs. x' phase space; plot for 4 turn injection, 
time v = 5.0. Each beam current = 1 tnA. 
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FINAL TRANSPORT IN VACUUM -- SUMMARY 

K. Brown (SLAC), E. Colton (AM.), S. Fenster (ANL), A. Garren (LBL), 
I. Haber (NRL), I. Hofmann (Garching), J. Lawson (Rutherford), 

S. Penner (NBS), and J. Peterson (LBL) 

INTRODUCTION 

Those considering final transport in vacuum 
believe that the main problem is the effect of 
space charge on the final focussing design. It 
was thought best to approach this from two di
rections: 

1. Assume uniform charge density in the 
axial and transverse directions in order 
to modify the zero space-charge designs. 

2. Evaluate the designs taking account of 
non-uniform densities by simulation and 
other methods. 

CONTRIBUTIONS 

The participants carried out a number of 
relevant studies which are included in these 
proceedings, and which are briefly summarized 
here: 

1. Design and chromatic correction of final 
focus beam-line at zero current, by 
K. Brown and J. Peterson. The beam line 
is made up of three half-wave sections 
that include dipoles and sextupoies in 
the first two. The sextupoies a>-e 
arranged in pairs at betatron phase 
intervals of 13U degrees in order to 
suppress their contribution to geometric 
aberration". If chiomatic corrections 
are not needed, the third section can 
stand alone. The corrections increase 
the momentum acceptance by a factor of 
two, permitting a 3% spread onto a 
4 mm target. 

?. Effects of third order aberrations ii. 
the above beam line were evaluated by 
E. Colton, and found to be negligible'. 

3. Beam line with space chan. The same 
beam-line, without dipoles sextu
poies, was modified by A. Ga.ren to take 
account of space charge. Als- procedure 
was proposed for calculation < dispersion 
in the presence of space charge. 

4. Spherical aberration from non-uniform 
space charge. If the space char 
density is non-uniform, it causes i vari
ation of the focal length of the nal 
quadrupole multiplet between the c ter 
and edge of the beam. An estimate f 
this effect by J. D. Lawson shows that 
this effect could be serious. 

5. Numerical simulation of final transport 
have been made by I. Haber. The first 
example replaced the final quadrupoles 
with a single thin lens, the second was 
that of paragraph 3. Use of K-V distri
butions confirmed the envelope integra
tions used in 3. Use of a non-uniform 
distribution showed some worsening of 
performance. 

6. Coherent Space Charge Instability. 
Analytic calculations by I. Hoffman 
show that stability thresholds are 
considerably reduced when the hori
zontal and vertical emittances are 
unequal. 

CONCLUSIONS 

Problems remain in the design, evaluation, 
and optimization of final vacuum transport team 
lines due to the combination of large values of 
current and momentum spread. At present a 
reasonably conservative estimate of allowable 
momentum spread is about + 1% until a chromatic 
correction system with space charge is demon
strated. 
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CALCULATIONS OF MAJOR 3RD ORDER GEOMETRIC ABERRATIONS 

FOR FINAL TRANSPORT LINE 
Eugene Colton 

Argonne National Laboratory 

Karl Brown and Jack Peterson have presented a Final Transport Line for 
10 GeV U . The system consists of three 1/2 wave quadrupole sections and three 
dipoles. Furthermore, the system has been chromatically corrected to 
second-order utilizing two families of sextupoles. 

The system was designed to produce a final 4mm radius spot in the 
center of a 5m radius reaction chamber for a beam with a geometrical 
emittance of 60 x 10"° n m-rad in both transverse phase planes; the starting 
ellipses in the phase planes are upright, viz 

2.94mr 

2.04 cm 

5.1 mr 

1.177 cm 

x = 2.04 cm o y = 1.177 cm J o 
2.94 mr y' = 5.1 mr 

The final transfer matrices, e.g. 

are 
-0.197 

1.41 x 10-2 
in the x plane (Horiz.) 
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-0.3413 
and ( 1 in the y plane (Vert.; 

7 x 10-3 

where the primes denote differentiation with respect to s. So the system 
is point to point and waist to waist (S = C = 0 ) . 

The third-order aberration coefficients for the system can be 
calculated by integrating the first-order functions over the transport. 

An aberration coefficient for a quadrupole system is given by (see 
Steffen p. 52) 

s s 

q = S(s ) / 6 C(s) f(s) ds - C(s e) / S(s) f(s) ds (V. 
o o 

where s e is the end of the beam (the central trajectory propagates in the +s direction), and f is the driving coefficient for the aberration . 
Since the system is point to point (S(se) = 0 ) , we rewrite Eq. 1 

q = -C(s ) / S(s) f(s) ds (1 
o 

The Transport run indicates that the large beam envelopes occur at 
very large S values (i.e., are built up only by tne initial angles), 
therefore, we only consider the aberrations due to the initial angles 
xl and yj and not those involving the initital beam sizes x Q and y r 

The problem is reduced to a modest exercise of evaluating four 
aberrations instead of twenty. 
The terms are 

s 

'o' 

(*l*0
3) = -cx(se) | / s x

2 (KS;2 - ̂  r s x
2) d s 

e 
o 

( X | X 0 K^ = ~W / e Sx C-T (KS/ - 1 K " y > S
y

S y ^ + K ' S x ^ ds 
s 

lv'3} = r (* ) 1 ! B c 2 ,',/C.2 1 „„„ 2, ( y l O = C y ( s e ) | / 5/(1(5/-^ K. I S y
2)ds 

( y , xo^o) = cy(se) / e s y il (KS;2 - \ rs/) ̂ s ; (KS; + rs )] ds 
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where K = 0 in a field free region 

and K = S- in a quadrupole where g is the field gradient. 

we integrate the terms involving K" once by parts and assume K 
and at s e 

s s 
/ K"S 4 ds = -4 / K'S 3 S' ds ; x ' x x 
o o 
s 2 s 

/ K"S S 2 ds = -2 / K'(S S'S 2 + S 2S S') ds 
0 x y J ' x x y x y y' 

The final expressions for the aberration coefficients 
s 

( x | x l 3 ) = - | C ( s J / [KS 2 S ' 2 + | K'S 3 S' ] ds v ' o ' 2 x v e' ; L x x 9 x x o 
s 

(x |x ' y ' 2 ) = - i c (s ) / [K(S 2 S ' 2 - 2 S S'S S') 1 o •'o ' 2 x e' > L v x y x x y y 

+ K'(S S' S 2 - S 2S S ' ) ] ds x x y x y y'J 

s 
( y ' y o 3 ) = f C y ( 5 e ) [ B ( K S

y

2 s ; 2 + f K 'S y

3 S; )Js 

s 

^K2y^-icy^ Ie ^ s x 2 s y 2 - 2 S x s ; v ; ] 

+ K'(S 2 S S' - S S'S 2 ) 1 ds x y y x x y ' J 
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Equations (2)-(5) are integrated to give the 3rd order aberrations -
contributions are non-zero only within the maqnetic elements. We ignore 
the three dipoles of the system and integrate over the twelve 
quadrupoles. For simplicity we approximate the fringe field behavior 
of a quadrupole by linear functions i.e., the K value is assumed to behave 
as shown 

K 

• K 
max / 

• K 
max 

/ 1 \ 
i \ 

- K 11 max 

2 
• 

( ' < " ' • 
r [ ) ( * 

+ rBJ 

The gradient is constant with value 

K for max 
eff 

where i ,, = quadrupole effective 

length and r R = bore radius 

and the gradient changes linearly when 

-Ml- r ^ |;|.:ett+ r 2 B ' ' 2 B 

Of course we maintain the same integrated strength as for a square edge magnet: 

I ^ - Kmax *eff = ^ ^ e f f ' ^ + \ ( 2 V 2 r B ^ 
so in the central regions K = K n l a x, K' = 0 and in fringe regions 

K 
K' =- max i 

2rR "[II 

K = ̂ x [ ( V f f + ^ + w 
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Each quadrupole was subdivided into fifty intervals and Eas. (?)-(5) were 
evaluated numerically for an interval 

A + (i „ + 2rJ/50 and * = A - J K eft B 

The S and S' functions were taken through each section of quadrupole 
by the standard transform 

sin > \ / 
cos !)• -—'- \ / 

S. 

S' / \ - / K sin.}) c o s * / \ S^ 

for a focussing quad 

S \ /cosh* 
\ - I 

S' / \f~K~ sinhsj) 
for a defocussing quad 

where the starting values of the S and S' functions were taken from the 
TRANSPORT output at ?. = -'eff/2 and transformed back to c. = -( £eff/2+r R) 

Equations (2) t) (5) reduce to a summation over the contributions 
from twelve quadrupoles 

12 
q = 2 Pi for each aberration 

i =1 

The contributions from each quadrupole to the four aberrations, as well 
as the final results are listed in Table II. The coefficients are small 
as calculated by this method - the major contributors to (X|XQ3) a r e 

quadrupoles .3, 6 and 11 where the beam is 50 cm wide horizontally. For 
the extreme rays 

file:///f~K~
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x' = 2.94 mrad, y' = 5.1 mrad 

3 i3 Ax-, = (x|x' ) x 0 = 4.67 mm 

Ax 2 = (xlx^ 2) x ^ 2 = 1.59 mm 

Ay, = (y|y;3) y^3 = o.3i mm 

Ay, = (y|x,2y') x'2y' = 1.58 mm J2 ' o J o o Jo 

In iew of the expected distribution functions, most XQ, yQ 
values will be small; since the aberration contributions are cubic in 
angle the geometric aberrations cause a negligible increase in final 
focus size. The results as found in this quick analysis should be 
verified with a ray tracing program. 
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TABLE I. QUADRIPOLE DATA 

QUADRUPOLE ACTION 9(T/m) 'eff(m) rb(m) 

2 
3 
4 
5 
6 
7 
8 
9 

HF 
VF 
HF 
VF 
vr 
HF 
VF 
HF 
HF 
VF 
HF 
VF 

.8966 

.6817 

.8519 

.1923 

.1923 

.8519 
-3.6847 
1.8966 
1.8097 
-3.5971 
5.8879 
-7.8457 

2.0 

0.15 
0.15 
0.3 
0.3 

0.15 

0.15 
0.30 
0.30 

TABLE II. ABERRATION CONTRIBUTIONS 

QUADRUPOLE i .3* (x x Q ) ( x l x ' y ' ) t ro 

ABERRATION (mm/(nir) 3) 

<>K3) w ^ 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

2.08x10-8 
1 .414x l0 - 4 

5 .88x lO - 2 

-7.654x10-5 
-0.30x10-3 
5.82x10-2 
1.428x10-4 
2 . 0 9 9 x l 0 - 8 

1.976xlO- 8 

1.467xlO- 4 

6.657x10-2 
1.511x10-4 

•0.73x10-8 
6.40x10-4 
3.79x10-3 
2.20x"IO- 3 

2.18x10-3 
3.78x10-3 
6.41x10-4 
0.73x10-8 
0 . 7 6 x l 0 - 8 

6 .54x lO - 4 

4.16x10-3 
2.73x10-3 

-3.33x10-8 
+ 4 . 7 3 x l O - 4 

4 . 5 9 x l C " 5 

+2.37x10-4 
+2.36x10-4 
+ 4 . 6 3 x l 0 - 5 

+4.73x10-4 
-3.31x10-8 
-3.18x10-8 
+4.77x10-4 
+ 4 . 8 8 x l 0 - 5 

+ 3 . 0 3 x l 0 - 4 

+6 
+ 1 

.0x10-3 
17x10-3 

+5.45x10-3 
+4.78x10-3 
+4.85xl0-3 

+5.52x10-3 
+1.16x10-3 
+6.02xl0-8 

+5.61x10-8 
+1.19x10-3 
+5.94x10-3 
+5.79x10-3 

TOTAL 0.1839 2.078x10-2 2.34x10-3 3.585x10-2 
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CHROMATIC CORRECTION FOR THE FINAL TRANSPORT SYSTEM 

K. L. Brown (SLAC) and J. M. Peterson (LBL) 

I. INTRODUCTION 

The final transport and focusing of the 
heavy-ion beam onto the fusion pellet in vacuum 
is complicated by several non-linear effects --
namely, chromatic (momentum dependent) effects, 
geometric aberrations, and space-charge forces. 
This paper gives an example of how the chromatic 
effects can be nullified, at least to second 
order. Whether third- or higher-order terms dre 

important is not yet clear. Space-charge 
effects are important but are not considered 
here. 

II. THE NEED FOR A CHROMATIC CORRECTION SYSTEM 

T R A N S P O R T 
I ATTICE 

26 9 1 

Rouna pollet 
radius 4 mm 

i y 

. 2 . 2 . 2 5 

•*589 - 7 8 5 

' r i j u ' . ' 1 A H. i i l w a v e S e r l i o n M a t c h i n g t h e B t ' a m f r o m 

., 4 - m e t e r F O D O T r a n s p o r t S y s t e m Jo n R o u n d . 

4 r n m - R a t l i n s T . i r q e t P e l l e t 

This half-wave matching section, altnouqh 
achromatic in first order, has s i qn 11 leant 
second-n^der chromat ic coeff ir ients: 

Consider tre problem nf bringing a 10 G P V 
U beam from the end of a KODO-t/pe transport 
lattice and focusing it onto a 4 mm radius 
pellet. Let th-: emittan^e in each transverse 
Diane be 60 * mm-rad. WP take for the values of 
the betatron functions at the end of the 
transport lattice 6 = 6.93 m and 8 = 2.11 m 

x y 

(corresponding to a 1-meter FODO period with 60 
degrees phase shift per period). The matched 
beam spot at this point is 20.4 mm (horizontal 
radius) by 11.8 mm (vertical radius). 

To match this beam to the 4 mm pellet 
(B -= B * 0.^7 m) at tne center of a 

x y 
S-meter-radius reaction chamber, it is 
convenient to use a half-wave optical system 
consisting of four quadrupole magnets as shown 
in Figure 1. This focusing array was devised 
using the TRANSPORT program. 

Coeff ic ient 

(x:x'Ap) 3 ?.0? mm/ 
{mrad- } 

(v:y'Ap) , 0.369 

Contribution to Spot 
Radiu', for I ap 

: .9 m f T ) 

where the symbol (xrx'Ap) represents thi? 
coefficient multiplying the input horizontal 
angular width x' and the momentum spread Ap ot 
the beam in the second-order Pxpansion for the 
horizontal radius x at the pellet, et cetera. 
These coefficients indicate that a momentum 
suread of more t.'ian U.b percent wili sprious'y 
degrade the focal spot at the pellet. It would 
he advantageous for a nigh-current accelerator 
system to he allowed an energy spread of several 
percent. Tn.is we are led to consider a system 
for corr^cting thp chromatic al»erra t ion in the 
t T M 1 transport . 

AN EXAMPLE OF A CHRQMATIC-CORRECT] ON SYSTEM 

I K . L. Brown, D. C. Carey, Ch. Iselin, and F. 
Rothacker, "TRANSPORT, a Computer Program for 
Designing Charged Particle Tseam Transport 
Systems", SLAC 91, (1973 Re v . ) , NAL91, and CEKN 
73-16. 

It is common in synchrotron/storage ring 
technology to reduce chromatic effects by the 
use of sextupole magnets at points of relatively 
high dispersion. Such arrangements produce 
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momentum-dependent focusing effects which c^n 
cancel, to first order, the chromatic effects of 
fhe basic lattice. The extent to which this 
technique is useful depends on the strength i f 

the second and higher-order effects produced in 
the dipole and sextupole magnets. 

end of the first half-wave section as well as at 
the pellet. This sharp secondary focus is 
convenient in that it allows the cancellation of 
the higher-order aberrations to be somewhat 
independent of the exact location of the 
sextupole magnets. 

Methods have been developed' for 
introducing the sextupole magnets in such a way 
that the net second-order geometrical 
aberrations are relatively small. The basic 
strategy is to use pairs of sextupoles with 
h-ilf-wdvelengtn separations so that their 
nigher-order effects tend to cancel. As an 
example of such a chromatic-correction system, 
consider the arrangement snown in Figure 2. 

This system consists of three half-wave 
sections with each section being optically like 
tnat shown in Figure 1. The last half-wave 
section is exactly the one shown in Figure 1. 
The first half-wave section has the same 
quadrupole arrangement but has in addition two 
dipole magnets to create dispersion and two 
sextupole magnets to produce momentum-dependent 
focussina in the two transverse planes. The 
second half-wave section is a mirror image of 
the first — i.e., it has identical elements But 
in the inverse order. With this symmetry the 
higher-order effects of the sextupoles tend to 
cancel. The amount of dispersion required is 
such that the beam width due to momentum spread 
is about the same as that due to the transverse 
emittance at the sextuoole magnets. Note that 
the beam is focused to a 4-mm round spot at the 

o 0 ( ^ S» s * B2 S y 6 

i 
- *" ~ K" ^ * *&s 

0 = bend magnel '? 
Sx. Sv -se* lupo le magnets ~s 

The TRANSPORT program .vas used to find 
magnet parameters such that the coefficients 
ix:x'ap) and (y:y'ap) became negligibly small 
(on the order 10 mm per mrad-percent). The 
most important remaining second-order 
coefficients that affect the beam size at the 
pel let arp: 

Coefficients 

(x : X A P ; = 1 . / 4 x 1'"' 

( x :Ap ? . i = ?.36 x 10-2 

f x : xx ' ] = 2. 75 x 1 0 - L 

( x : y y ' ) = ?.46 x l e i " 2 

,-2 ( y : x ' y ) = 4.?6 x 10 

! y : * y ' ) = 0.99 x 10 

iy:yap) = 0.84 x 1 0 " 2 

-2 

C o n t r i b u t i o n to Spot 
Radius (ap = I" ) 

0.?5 mm 

0.03 

1.65 

1.43 

1.47 

1.03 

0.10 

2 ft 3X/2 Cn -Correct ion anil Matching Section 

These coefficients were evaluated under the 
approximation of "square-edge" magnetic fields 
— i.e., negligible fringe fields at the ends of 
the magnets. 

This chromatic-correction system was 3 evaluated using the TURTLE program, in which 
individual rays are traced using matrix elements 
good to second order for each component of the 
transport line. The results are shown in Figure 
3, in which the rms horizontal and vertical 
widths and the fraction of the particles 
striking the 4 mm-radius pellet are plotted as a 
function of the momentum half width. In 
transverse phase space, the particle densities 
used in these calculations were uniform in x-\ 

2 K . L. Brown, "A Second-Order Magnetic Optical 
Achromat", SLAC-PUB-2257, 1979. 

3K. L. Brown and Ch. Iselin, CERN 74-;', "Decay 
Turtle", 1974. 
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and in x'-y' spaces out to the the elliptical 
boundaries (x/a) 
(x'/e x) 2 + (y'/9 y) 

(y/b) 
= 1. 

1 and 

The plots in Figure 3 show that the 
chromatic effects in this corrected system are 
relatively small for a momentum spread of less 
than ± 2 or 3 percent. That there is some 
spreading of the beam with no momentum spread 
and consequent loss at the 4 mm radius target is 
attributable mostly to the second-order 
geometric aberrations produced by the 
sextupoles. The question of how much these 
second-order geometric terms can be reduced by 
alternative arrangements of the lattice has not 
been pursued. 

To illustrate the efficacy of this 
chromatic-correction system, similar ray-tracinq 
ca julations were made for the simple 
one-half-wave matching section without chromatic 
correction (Figure 1) between the end of the 
transport lattice and the 4 mm pellet. The 
results are plotted in Fiqure 4. 
Comparison with Figure 3 shows that this 
chromatic-correction system improves the 
momentum acceptance of the final transport by 
about a factor of 2. It shows also that for a 
momentum spread of less than one percent the 
chromatic correction is probably unnecessary. 

5 ; 'OO r 

Figure 4. The Dmpntum Sensitivrty ol th 
"P. System (without Chro 

IV. SUMMAKY 

We have illustrated by means of an example 
that the inherent momentum sensitivity if a 
simple, four-quadrupole-maqnet final transport 
for focusing a heavy-ion nearti on to a small 
pellet can tie improved through trie uv j nt a 
particular ar.-angement of sextupole magnets. 

The relative importance of third- and hiqhr-r 
order terms in such a chromatic-correction 
system is not yet clear. Preliminary 

4 5 i 
estimate'. ' have given inconsistent results; 
further analysis is in progress. 

One of the weaknesses of this chromatic 
correction system is that it does not easily 
lend itself to the inclusion of space-charge 
effects. Subsequent to this work, new optical 
arrangments have seen developed which appear to 
be more amenable to the inclusion of both 
chromatic and space-charge corrections in tne 
same system. However, no significant results in 
this regard are now available. 

Figure 3 The Momentum Sensitivity ol the 3A/2 Chro.nalic-
Correction System 

E. Colton, private communication. 

•'J. Spencer, private communication. 
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Coherent Spa-e Charge Instability of a Two-Dimensional Beam 

Inge Hofmann 
Max-Planck-Institut fur Plasmaphysik 

Space charge induced coupling between different degrees of free
dom can be responsible for emittance growth or transfer of eir.it-
tance from one phase plane to another. The underlying instability 
mechanism is coherent if it depends primarily on the electric 
field due to the collective n.otion, in contrast with an incohe
rent growth that can be described as a single particle effect. 
Such coherent phenomena become increasingly important if one 
studies beams where the space charge force is no longer negli
gible compared with the external focusing force, as in Heavy Icr. 
Fusion applications. 

In this note we present results of analytic calculations or. the 
coherent space charge instabilities of a beam with initial 
Kapchinskij-Vladimirskij distribution and unequal emittances, 
rsp. average energy in the two transverse phase planes x-p ar,̂  
y-p.. • We note that in computer simulation calculations evidence 
has been given for rapid emittance transfer to occur if the ir.:-

1 2) tial emittances i , E. are noticeably different . We have x y •* 
not attempted to make a quantitative comparison of our results 
with those from computer simulation. The main purpose of this 
study is to give some insight into the instability mechanism, 
the dimension less parameters that characterize the situation ar.ci 
the growth rates one may expect to find. 

Dirricnsi' , Iwss Parameters 

For the round beam case with equal emittances, whach was studied 
by Gluckstern , stability is described by one single parameter, 
the space charge depressed tune v/.< . For the anisotropic bear, 
three parameters are required, instead, which we have chosen tc 
be 

1 P. Lapostolle, this v.j>rkshop 
2 R. Chasi.ian, IEEE Trans . Nucl. Sci . , NS-16 , 202 (1969) 
3 R.L. Gluckstern, Proc.of the 1970 Proton Lin.Acc.Conf., 

Batavia, p.811 

http://eir.it-
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j z -X- tune ratio; I = -§ intensity; n = - excentricity 
v \>z b 
x x 2 2 2 with u = 4q N/(v ab) the "plasma frequency" and a, b the x, y 

semi axi of the elliptic cross section uniformly charged unper
turbed beam. The tune depressions are found as 

•../ 1 + n v 2 1 + r. 
2 

' o x 

with ' ox' 
Resu I t s 

1 + n + I v 2

? 1 + - + I n / a 2 

the zero intensity tunes, oy J 

The dispersion relation has been calculated by integrating the 
Vlasov equation alony unperturbed orbits (details see elsewhere i 
Eigenmodes of the perturbed electrostatic potential V car. be 
written as finite order polynomials in x, y with a distinction 
between "even" and "odd" (as describing the symmetry in the angle 
if elliptic coordinates are introduced): 

even odd mode 

.2 . .2 
y dipole 

xy quadrupole (envelope; 
2 3 2 

*«;*;' y +B,x y sextupolc 
. 2 2 „ 4 3 ^ 3 

+ n 4 x i' +^>y x y+Bjxy octupoie 

Anisotropy lowers the stability threshold considerably. Instabi
lity occurs as a result of (linear) mode coupling or depression. 
of - to zero and negative values. Modes that are stable in a 
round bean for arbitrary tune depression, like the sextupolc 
node (Fig.la), can become unstable with anisotropy. A general 
rule of stability in terms of n, i has not been found. It may be 
of interest to note that we have calculated a number of cases 
and found that imbalance in energy as well as m emittance can 
give rise to instability. As a general feature, however, insta
bilities with noticeable growth rates were found only if t!.e 
tune ; n one of the directions is sufficiently much depressed. 
A lower bound of .75 for the two depressed tunes seems to be 
quite safe from this point of view. Tuture work should consider 
r.on-KV distributions and r-z ellipsoidal geometry. 

4 I. Hofnann, to be published 
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Figu re s : 
The normalized mode frequency o = u>/v i s p l o t t e d aga ins t 
i n t e n s i t y I . In case of complex solutionis Re o i s shown by 
a dashed l i n e and 1m o ( i n s t a b i l i t y growth r a t e ) by a do t t ed 
l i n e . Examples a re given for even modes anc' for d i f f e r e n t 
s e t s of a, n, which are r e a d i l y converted i n t o the r a t i o of 

2 e m i t t a n c e s , c /E _ = n / a , and the r a t i o of s i n g l e p a r t i c l e 
e n e r g i e s E

x / E

v 

2 . 2 n /a 

,./ 

a) s e x t u p o l c 
(round beam) 

b) oci-upole 
(round beam) 

:) o c t u p o l e 

J X 

d) s o x t u p o l e e) oc tupo l e f) oc tupo l e 
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Numerical Simulation of Space Charge Aberrations in Final Focusing* 

1. Haber 
Naval Research Laboratory 

For a su f f i c ien t l y intense bean, the size of the f i na l spot 
w i l l depend not only on the design of the f i na l focussing system but 
also on the detailed d is t r ibu t ion of the bean entering that system. 
in par t icu lar , any deviations frcm a uniform bean cross section give 
r ise to non-linear space charge forces which can defocus the bean. 
Because space charge forces increase in re la t i ve importance as the 
beam expands, aberrations becone most s ign i f i can t when n bean, 
already near the space charge l i m i t , is propagated at an expanded 
size in the f i na l lens system. 

A.ctual quant i tat ive calculat ions of the importance of space 
charge aberrations can be a d i f f i c u l t task since the very nature of 
the phenomenon involves the sel f-consistent evolution of the beam in 
i t s own non-linear space charge forces. The behavior of the system 
can therefore be quite sensit ive to the deta i l s o f the d i s t r i bu t i on 
of the entering beam, in addi t ion, the number of possible lens 
designs is quite large. Accordingly, a few sample simulations have 
been performed with the intent of discovering the l i k e l y importance 
of space charge aberrations. Preliminary resul ts indicate that these 
space charge non- l inear i t ies can s ign i f i can t l y a f fect f i na l spot 
character is t ics. 

in order to examine system scaling and to test the 
l im i ta t ions imposed by the n iner ics, a series o f simulations was >-un 
using a simple idealized focusing system. This system was forned by 
allowing a symmetric beam to expand in i t s own space charge forces 
and then passing the beam through a lens system which is focussing in 
both planes. Ihe entering symmetric bean was obtained by placing an 
appropriate strength quadruple at the mid plane between an F and D 
lens of the th in lens AG transport system in which the beam was 
propagating. While a strong th in f ina l lens, focusing in both 
planes, does not exist in pract ice, such an idealized lens was 
assumed for the simulation. 

Computer simulations performed previouslyM 1, have shown that 
intense beans with non K-V d is t r ibu t ions can propagate down an 
alternate gradient channel with l i t t l e omittance growth. Figure 1 i s 
a contour plot of the ver t i ca l phase space at the spot when the 
self-consistent non K-V d is t r ibu t ion obtained fron one of these 
simulations was used as the input d i s t r i bu t i on . While the simulation 
was run in normalized un i ts , for 1L GeV singly ionized uranium ions 
transported through an alternate gradient system with "St percent lens 
f i l l and a 1 [ pole t i p strength, the simulation corresponds to an 
approximately 1 kA beam at an rms cmittanee of 7.5 cm-rr.rad. The 
f i na l lens focal length, chosen to be the same as the focal length o f 
the lenses in the AG system, i s then h.h m, and the % percent spot 
size is 1.6 mm. By comparison, Fig. r_ i s a similar plot o f the spot 
resul t ing when a K-V bean, with the sane i n i t i a l rms omittance and 
radius, is focused in the sane way. The 9<- percent spot size in th i s 
case i s 1.7 mm. 
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A more rea l i s t i c focusing system, consisting of six thin lens 
quadruples, was provided by A. Garren. The design was generated by 
altering the one described elswhere in these proceedings so as to 
consist of thin lenses and thereby simplify the simulation. The lens 
systsn is designed to bring a bean of U+4 ions from the output of a 
60-24 AG system with an emittance of 6 cm-mrad and a current of 
0.78 kA (electr ical) down to a 4 mm radius spot 60 m away. The 
transport l ine period is 4 meters and the lenses are placed at 2.5, 
16.5, 29, 40, 50, and 54 meters from the center of the l as t lens 
which has half the strength of the others in the transport system. 
The quadrupole gradients relat ive to the gradients in the transport 
system are -0 .4V, 0.330, -0.2434, 0.1667, 0.3334 and -0.5177 
respectively. 

Figure 3 shows the vert ical phase space at the spot. Since 
the starting beam distribution was K-V, the non e l l ip t i ca l shape of 
the spot phase space distribution indicates that small imperfections 
in the in i t i a l distribution have grown as a resul t of traversing the 
focusing system. Since any actual bean entering a final lens system 
will likely have much larger deviatons from a K-V form than the 
simulation, significant deviations from the calculated spot 
characterist ics are possible. Simulations have in fact been run 
which seem to verify the possibil i ty of major aberration generated 
spot growth. 

Since only a small number of simulations have been run thus 
far, the systematic sensi t ivi ty of lens design to space charge 
aberrations has not been explored. However, significant effects have 
been observed. I t may therefore be necessary to preceed any 
extensive design of final lens systems with a program of simulations 
coupled to some actual measurements of bean character is t ics . 

* Work supported by the U. S. Department of E,,orgy 
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Figure 1 - Ver t i ca l phase space p l o t , a t the spot , of a non K-V bean 
focused by a simple lens system. 



394 

• 1 1 I I 
( I I I * 
I I I * 1 

1 ( 1 * 1 
t i l l * 
1 * 1 < ' 
1 1 1 1 1 
t i l l * 
( I I I * 

• I I I * 

I I I ' 1 

9 1 1 1 * 
• | l l l 
1 1 1 1 I 

F i l l * 
• • r • • 

1 t o - r j » 1 I 

| 4 O — "V* " i 1 1 

, t — *VI • » — 1 I 
1 • — I \ J :v» — • 1 * 

I | * - •— — M C 1 1 
I • — ."u >\* r\j -a 1 1 
i i N t . r i - C ' i « 
I I M M ' M >\J © 1 1 
i i — — " i n o • i 

i i » j r>. r, *, — • 1 • 

• • • t\̂  » . - r»j .— «: i 1 
i i — - - — I\J r-j o 1 1 
t • W T J P ' - y 1 1 

• i * — — '\i \J -j * t 1 

t 1 V I • - U K 1 • 

1 1 M 'O K • 1 

1 1 "3 ">J ' U — 1J • I t 
1 i c i M r u r i • - | 1 

1 • — n> n j •— 1 1 
1 l • • f u . - - I ( 

1 1 » ru — » i 1 

- t ioa l ohase space plot of 'i K-V bean with the sane nns 
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SPHERICAL ABERRATION FROM NON-UNIFORM SPACE-CHARGE 

J . 0 . Lawson 
RutherfnrrJ Labo ra to r y 

As dn i 1 ' u s t.rfi t. i ve pxample nf the e f f e c t uf 

n o n - j M i f -ir-:: -,p.;r r - c h a r g e , wo c a l c u l a t e the 

SD'ipr i c i I ii 't 'rr*-i t ion c o e f f i c i e n t of a l ens , 

A " i i ' h i,.is ; - \ f o c u s i n g power reducer, bv a 

spac - - ' i irrj-* 'I i'.t r i b u t ion t h a t is s l i g h t l y non-

i j i i i . . r : 1 . , 

in 

= i'» , / > a 

wnorf n \-, tr,M d e n s i t y ,?nd a is the beam r a d i u s . 

r o r «i c l f -nsi ty d i s t r i b u t i o n o f the form g iven 

in - - q j a t i n n ( 1 ) , the ou te r f ays w i l l be b rought 

to a focus be t ' . re the innt-r r a y s , ^ i n c e the 

de focus i ng e f f e c t nt trie space-charge w i l l be 

U'Ss than i t wou 1 cJ be i f AP were z e r o . we 

cons ide r a system such t h a t , when An = 0 , the 

spar ' - ' -cnargt j j u s t douhles LrV f o c a l l eng tn of 

thp l e n c . This r e p r e s e n t s a " tune d e p r e s s i o n " 

a c t o r n + ]/'•'. Tne space cnarq>- is assumed 

Inca 1 ized a t the l e n s . 

The f i g u r e below i l l u s t r a t e s the aroument . 

no aberration 

wi lh aberration 

cce 

We estimate this effect first for a periodic 
FUDO lattice. For thin lenses with spacing L 
and tune 60 without apace charge, f = L, and 
the maximum a function value is 3.46L. If space 
charge depresses the tune t. 24 then e = S.?L, 
and a = ~\fsc~ where c is the emittartce/n. From 
equation (2) we then have 

C L" M± 
?c n (J. 

If the lens focal length is f , tnen the 3 o 
"focal length" of the space-cnarge contribution 
is - ?f when An -- U, and fnr a parallel beam 
of radi-js a incident on the lens, all rays will 
meet tnat axis at a distance ?f from the lens 
at an angle J/^fn- F o r f'nite an, the outer 
rays will travel at an increased angle, 
(a/?f.J(l + an/2n). At the focus for rays 
near the axis, the spot size will be aan/2n. 
Setting this equal to [ s , where C is 
the spherical anerration coefficient of the 
combined lens and space-charge, we get 

( ? f 0 r an 
2n (2) 

Taking 1. = 5m, 
An/n = 0.1, we get C 

6 x 10 mrad and 
,4 2 x 10" m/rad J 

50 mm and 
a/3" 1 mr, tne effect here is negligable. 

-2 3 2 x 10 mm/mr . Since a 

Secondly, for the final focus case the 
circle nf least confusion is 
1/4 C 6 - 1/4 a(an/n). This suggests a 
serious effect, (several mm even for 
an/n = 0.1). This conclusion is pessimistic, 
however, since the space-charge is not 
concentrated at the lens; it becomes most 
effective only near the focus, where small 
angular deflections have relatively little 
effect. Nevertheless, it is clear that future 
consideration is needed. 
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Studies of a Beam Line for Transport to a Target 

A. Garren 
Lawrence Eerkeley Laboratory 

Introduction system of beams with space charge, inrludinq a 
way to obtain their dispersion. 

An example beam line for transport of a 10 
GeV U beam from a periodic lattice to a 4 mm 
taroet has been designed by K. Brown and ,!. 
Peterson tor the zerr space charge cas?. Two Beam Line Without SeUupole Corrections 
variants of this line exist: a straight 60 m 
four q'jadrupole module without chromatic fhe beam line tn be considered is exhi-
corrections, and a line with three of these hited in Fiq. 1 and Table 1. On the left is a 
modules including dipoles 3nd sextupoles for periodic FllTj cell lattice, to the right a 
Chromatic correction. transport channel that focusses the beam onto 

the target. Th-" cells ,iro 4 m long, witn 1 m 
As an approach to some of the problems of long quadrupoles am! I m long drifts. The 

final vacuum transport of intense beams, this gradients are sucn as to produce u 60 degrees 
note desc-ibes calculations to modify the beam betatron ph,:se idvance at zero current. 
line of Brown and Peterson to take account of 
space chirge, and to assess its performance with The system is intended for the 0i M.i cast: 
respect to momentum spread and intensity U K.t". = I.) GeV, target radius a - 4 mm. 
vari;Lion along the bunch. .he current i is 780 A (electrical), which 

depresses the phase advance to u = ,'4'. (Many 
Secondly a computational program is outlined such beams dr^ reguired to deliver the needed 

for design of tne sextupole chromatic correction total energy). 

Table 1 Lengths and quadriipole gradients of the last halt 
cell and final focus transport line for 10 GeV, 
d+i* beams at three current leveis. 

Grad ient ( T/fit) 

Element Length (m) I = 0, 390A 780 

q = 0 3.194 x lO"4 5 - 3 " x l 0" 4 

QD/? 0.5 -34.44 -34.44 -34.44 

34.44 34.44 34.44 

1.84 - 5 . 5 5 -14 .86 

0.0 5.33 9.53 

- 3 . 6 4 - 5 . 5 0 - 7 . 1 6 

0.0 7.39 4.95 

5.91 5.96 5.14 

- 7 . 8 8 -7 .58 - 8 . 5 3 

L 1.0 
QF/2 0.5 
LI 2.0 
Ql 1.0 
L2 13.0 
02 1.0 
L3 11.5 
03 1.0 
L4 10.0 
04 1.1 
L5 8.5 
Q5 2.0 
L6 2.0 
06 2.0 
L7 5.0 
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The following calculations were performed, cell transfer matrices are obtained from the 

using the SYNCH computer program: final values of r a y with initial valuPS (1,0) 
or ('),]), and then L tunes a\ e obtained from 

1. Periodic solutions to the equations tor tnp trie "latri* traces, 
beam envelope radii a , a 

* y 
?. T h e enve'iope equa* ions (1) arp t r a c e d 
throuqh the channel to the target, usinc u,c 

cell periodic solutions as starting 
conditions. An optimizino routine adjusts 

W p r p nptain-d tor i.m; cells, tv,-,; 'hr' i ^ d i e n t s to obtain the desired 
K - (dB/dx)/B. , E are the e-vittance areas divided londitions at the tar-iot: 
"v ^ a, - . , y , i ™, , ; , a ; . „ 

_, - d d i r innd 1 c o n s t r a i n t s wore added L'I l i m i t the 
4r q N 

_ p , ^., l l, _, 1 ( - q i •. ' n-iMinu'Ti '.iHam r a d i i . Two quadrupolos were added, 

A& -f'' - ^-. , so I ' ^ t l ' ie -nax inv.mi '',-idi.i'-, -il-»ng V\T> channel 

11 _ 
•• a y 

unreasec oni , frui, il u in fie jeco-cur rent 
lif-r- i.j /'., <..'- i r, L.-(- :ouitie«.. line • i th 7l;f M. 

wnere N is the nunber nf ions per unit length 
and ; is the current in amperes. 

?. The tune depression is .a In- laip.i as ; io ;u-incipal r e s j H s arr •. iowr in Tat-le 1 
follows. Single particle rvvs i-- • integrated 
LĴ . ing 

_!l'"_'""''itlc i.enavior of_ the Example System 

d' (x,y) . Q , '̂" ipp*-n x TTTIH t r~* estimate of the increase in 
ds : M y , v " v M y sp.i: size to v>o expected from the tinal downier 

larJe i; or< pert if. .t P Gel', J*1 :>eams in F.iOO cells 
and fir.al trinsport rnannel U three c^rr-nt levels 

Current {e leetr i c 11 1 ! (') ^ 0 7.°u. Amp. 

Space rhirae parameter :.i .) •. ] flv in—'^ ^..-QxlO -^ 

Cel I phase advance .̂ nfi ?n. 7 ;4 .-1 deg. 

Cell !->eaii: radius ma*. a m d x 1.^9 7.^1 3.Of, rm. 

Cel' :>eam radijs rnin. drnin '"'l- '••'•̂  '•"' L:'r1-

Channel phase hor. u x 'BO ''̂  u' deg. 

chai.ne] phase vert. uy 'BO IV 1 Se deg. 

Channel radijs r . a . \ . a x ('4.;J, ,\7. •' 35.5 cm. 

Channel radijs max. ay I n . 1 '••<">.:' 30.4 cm. 

Target beam radus a* .'.40 'i.JD 0.40 cm. 

Relative velocity , \..29\ 

Relative momentum .-.-y 0.304 

Magnetic rigidity Br 56 T-rc 

Emittance/~ E 60 -vr-Tad 
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ignoring space charge niay be obtained using the 
thin lens approximation. If the beam has a waist 
at the taraet and is nearly paralle' at the 
doublet entrance, it can then be shown* that the 
.-function at the taraet depends on momentum 
deviation - - 'p/p a'. 

AP 
mav ?c U ' • M L * /• ) 

For the ex amp le ueam I l 
a n d • % p / p j i • . ) . i)i 1 

B 0!< ) = 8,, : 1 - '• ' • f ?M] _-> */3r,;<' I 

wh e r e M is thn transfer m a t r i x from rl o, j :i let 
e n t r a n c e tn t a r Q e t , s = r ~ ' / c , ant; 

( I + i ( f t i 

io e s t i m a t e t n r ch romat i c - ' I t e r ! .-t 

example peani " i ne m..re <t. r i ir ,il e ' v, • ...:; 

y " ] . ; h - ' , ,*.'.-• t .-,;. . -.: thro. ,qn the sv'. '.- ' i i 

pt 1-.'inmen: r p i r t i ' l e s . ;n t h i s M ' j i 

in : <;. ! , is mar]- p ropo r t K><UI i.e . 

Here ;. i s the d i s t a n c e from the f i n a l lens tn am; • ,. t.., 1 * <; . T ue < a I n . Kit ion " 

the t a r g e t , ann .' is tr ie doub le t s e p a r a t i o n . I t i n r i . " l m tha t f • denominator <t I T 

the maximum I i s ta<en t o be t h a t w h i ' h doub les m a r g e te - - \ ve. ' j f - : ' o n t a i n tno - t i e r ! i ; 

B (4 i l i n c r p a s ' in r ) , and we taxe tne mean tn . n-am n .•• i . s u p e r p o s i t i o n r,t | i M . ,; i 
0 

of tne h o r i z o n t a l and v e r t i c a l va lues of momentum components, rii.we^-r tn.- sp u •• 
i 

'^ we get U 1 ™ is [ni»''- important, t.nan the emiM m 

at piaoes A'lrr-'' t ' le bean' ' . l / ( \ O - larr, 

t n - . ' - I .,.- . l - p e r l e m .. ,,t , anil , on 
*Speci• lea 1ly one sets M.. = 0 in hotn 
planes, "he -;" term is larger tnan tne ' term -nor.,-!.: jri, i, .--• I -.. i ..• i v small, H - O ^ 
it -; > (B /• ' *~ 10 for the example beam res, '•., snow- in !.;:.]•• ]'.'., ;i..iv o t 
line. mien,•-.,!..-. 

Table I I ! E t t e c t nf '•InmenturTi ....-,,.- ,.o .-, ; n . i " ! See 1 . ,r'iianr • 

M o m e n u d e v i a t i o n io/p -'..li :i ... .1 
Q = -'• 

Radii at c h ^ n n t n l r a n o e a x . 0.\ . !••(: . .; ' 
(a x'=a y'=0) a y .'.I? .•••)?>• . O P 

Ralii at target posit '*: a x .0-7^ .ou<1o .00/; 
a y .noil . i>"in .000; 

Waist position 
(from target) _. -o'.o-l o ^i.e/1, 

Sadi i at w a i s t a x . i j i i j f l . r )40 
a .una l .'lOac 

Q = .0000639: 

Radii at entrance a, .020/ . liOn ."30 r, 
a y /iiW -'101 .>.!<?' 

Radii at * a r g e t a x .0/ -,'• . n , j ^ . D M 9 
a .';'i:.l . w'-(, .1.1037 

Waist posit ion S x -•. ' u 

Radi i at waist a x . JO J ..io4 
a, . J0v .0i.i4 .u03 
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It was ass.iinem th.it each momentum con- calculations, matched envelopes in the periodic 

stituent was catcher, in the cells -- tnis lattice were taken as initial values in the 
accounts f(„- the variuLion of .-ad 11 >. , i, channel. The results, T J D I P IV, show nigher 
at the channel entrance. For the zero space tolerance to current than to momentum 
Charge case tne ooriznntal beam si;-1 n.y. variation. For examp'e tne current must bo 
increased tr.in, a to 7 mm at the tirm-l for * '. depressed alio it '"•' to produce a 51 growth of 
iT.iiient.iir. error, the verticil size hardly it spot-radius, 
all. The sp-H ar^a a a iiicr.-ases ;•,•,. i 
factor or /, while from tig. t:-< on.- predict, i 
facto. 1.4. For 730A tne area at the target is 
increased [;y d factor of six. 

el- --rv, I I I no o ,|[H- 1 1 T 1 lull urs ', a t i st .1'' * e r 
Thus toe theoretical momentum acceptance fir ,,. U l ., n prod e.rs trie dosi.-.-d snot size, the 

zero cu.-rer.t is ahout * I , for tue r<.,rinol .,,. iI;i , 1 ) n, P n s j n n . , ,ir,, ,-, M Mina: le, and it is riot 
example ;. : at zero current .irnj about f'.. it 

'.'.iluarion of Example Beam-L no 

780;. The increased sensitivity it 7-iiA ;nav not 
be direct', v due to space cnarqe, o ut >-ai.he.- to 
increased chromatic it v. which varies as y 
It may lie possible to reduce tnis effect by mo 
careful desion of the channel. 

Sens 111 v i ty to Current [.eve 

tic- -,-nsitivo to current variolous. However 
its momentum acceptance, is v-.-y sma 1 1 and it r:„iy 
Oenav" Oadly with no--.- r.rulisto: distributions. 

i i Wor< is now in progress to proejre a superior 
eh.nine]. Tne main ideas Ar<- to increase tne 
do"sit/ of qoou.'upo les so that their focussing 
ef-'ii. will dominate tne space-charge effect, to 
pr ot.ce :ieam envelop1"-" to.it are on tne average 
nor,. ..yimietr i ca I , and to avoid vo'-y small 
intermediate waists, surn as tnat 'Wir Q5. l'ie cnange of foe he.im ridii at to.- target 

as a function ot rurren' was < a li-i, lat.ed by 
trac-ing envelopes tor iugh trie rh.innel wno-.e bi,pension in Beam with Space charge 
auad'Oipole gradients we're ilxed. at jalues t. 
focus the 7",i.iii beam to 4 nr, radii .-.\ the •• beam line with se>t,poip corrections va 
targe-f. As \- th tno momentun, dependence also calculated ny Brown and o.ite.-'.on. it 

Tanlc- IV Dependence oi jo.U-Size at Target on 
'j -- h.3."7xM" U ,; ; i , '3uA; 

?6 0 
?7.! 

':// 40.1 il.l 
J.3 3.)./ 24.8 

19.0 
14.0 
10.3 
7.69 
5.33 
4.66 

.925 4.35 4.45 
4.26 

.57= 4.05 4.12 
4.00 
3.92 
3.87 
3.85 
3.86 

a x •• m m i 

6 a .1 
51 . 3 
40 _ l 
3.) . / 
?? î  

16. .u 
1? .6 

9. . ' • , : 

fi .4? 
4 .6? 
4 .35 
4. .16 
4. .06 
4. .02 
4 , .06 
4. .17 
4 . .33 
4 . .53 

http://th.it
http://to.it


401 
consists of three modules like the channel shown 
in Fig. 1 witn the center one reflected, 
Dipoles ana sextupoles <?re placed in the first 
two modules i c chromaticity correction. in 
this section an aporoxitnate metund to calculate 
dispersion in beams with space charge will on 
outlined, which snould oe useful m ca leu latin) 
sextupole corrections. 

SUPDL , icn : .u ntum i.uii ;i> . • i-. 
nas a K-V distribution with ellipse axes a , 
a . Let the; ' oe a rectanqular d istrlout ion 

y 

in momentum deviation 5 = &p/p, -A < ?• < A. ii 
the dispersion (to ue calculated) is -,, then the 
horizontal beam dimension will he 

os \ x' ,-. y 
W" treat the resulting lv3am as a unifo>-n-
density ellipse with axes A a . Single 
particles will then follow the equations 

Path length (meters) 

Fig. 1 Final Transport System for 10 GeV, U *~4 Beams. Beam envelopes 

and quadrupole gradients designed for zero currents (dashed curves, 

open bars) and for 780A (solid curves, cross hatched ba rs ) . 

Beam is focussed to 4mm radius waist at 60m, the target position. 

•U* (-
.is' \ 

a iA 
y * 

where c is t.ne local --.Kims of curvature and X, 
Y ,ir>^ ta-.en relative to the center of the oeam. 
npcnmposinq the horizontal motion relative to 

gives th-; following equations in place of i q . O ; 

~FT 
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Equations (10), (12) lead to the envelope equations 

"he beam evolution is traced by simultaneously 
integrating Eqs. (13), (14), (15) with A 
given by (3). Single p.'rticls behavior can De 
obi aineo by also integrating Eqs. (10) and 
(!•'!. For a periodic lattice one must find 
periodic solutions in a a , and n. 

x .V 

It is assumed in the above derivation that 
Ine momentum of individual particles does not 
change significantly and that particles do not 
move longitudinally to parts of the bunch with 
yery different momentum spread A during the 
period of interest. 

After carrying out the integrations, one 
should estimate the true charge distribution 
resulting from superposition of the beamlets and 

estimate the non-linear forces arising from this 
distribution. If these do not seem serious, it 
may be possible to apply sextupole chromatic 
corrections. To calculate these, appropriate 
non-linear kicks can be applied at the sextupole 
locations and a set of single rays traced 
throuih the system corresponding to a small 6 
value together with a non-zero initial value of 
either x, x , y, or y . The initial and 
final values of these rays give the second order 
transport coefficients T..., where i and j = 
1, 2, 3, 4. The correctior consists of reducing 
the largest of these coef icients to zero. 
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FINAL TRANSPORT IN GAS AND PLASMA* 

C. L. Olson 
Sandia Nrclonal Laboratories 

Albuquerque, New Mexico 87185 

I. Introduction 

There exist several possible schemes for final transourt of the heavy 

ion bean through the reactor chamber in the presence of a background gas 

or plasna. The optimization of the transport process depends significantly 

on the heavy ion bean paraneters. Since the first HIF workshon, the de-

sired HIF paraneters have changed considerably." It was the purpose of 

the working group on final transport in gas and plasna to examine and 

assess the various transport schenes in view of the new HIF paraneters and 

other recent developnents. 

At the first hlf workshop in 1976, parameters for several HIF targets 

were given. One target used a AG GeV U bean at 100 TW, and the other 

three used a 100 OeV U bean at 600 TW. Since that first workshop, the 

desired HIF paraneters have changed due to an inproved understanding of 

deposition physics and the natural evolution of target designs." The 

trend has been toward lower ion energies and higher ion currents. At 

this workshop, three new pellet paraneter sets were proposed: the de -

sired HIF bean paraneters were 5 GeV U at 100 TW, 1.0 GeV U at 150 TW, 

and 10 OeV U at 300 TW. This evolution of HIF pa-raneters is sunnarlzed 

in Fig. 1. 

*Work supported by U. S. Departnent of Knergy 

'Henbers of the working group on final transport in gas and plasna: K. A. 
Brueckner (LJI), H. L. Buchanan (LLNL), Z. G. T. Guiragossian (TRW), R. F. 
Hubbard (daycor), J. D. Lawson (Rutherford), 5. P. Lee CLLNL), D. S. Lemons 
(LASNL), C. L. Olson, Chairman (SML), W. B. Thompson (UCSU), D. A. Tidnian 
(Jaycor), and S. S. Yu (LLNL). 
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ion energy €. (GeV) 

Fig. 1. Evolution of HIF parameters (for uranium ion beams) 
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Because of these parameter changes, and based or. our investigation of 

the transport regimes, several new conclusions have resulted. The main 

conclusions, as substantiated in this paper, are as follows: 

1. The "1 Torr window" is essentially closed for 5 GeV U. For 10 CeV U, 

use of this window may be considered; for higher energies (> 15 GeV), 

prospects for the use of this window improve substantially. 
-A —3 

2. A new optimum transport regime lies in the 10 Torr - 10 Torr 

lithium pressure regime. In this regime, which is consistent with 

the HYLIFH lithium waterfall reactor concept, the HIF beam(s) prop

agate in an essentially unneutralized state, and plasma and gas 

effects -Te just beginning to be important. 

3. If the ion energy decreases any further (< •) CeV), or if the charge 

state increases much above unity (;£>> 1), or if the ion atonic mass 

number decreases significantly (A << 238), then it rapidly becomes 

necessary to provide neutralization by sone means (e.g., co-moving 

electrons, gas or plasma background, etc.). 

In the following, we will discuss the basic transport effects, and the 

basic transport pressure regimes that have led to these conclusions. 

2. Basic Transport Effects 

The basic transport effects associated with HIF beams as a function of 

pressure are summarized in Fig. 2. The pressures considered vary from 10 

Torr to 10 Torr, and the effects listed cover the fundamental areas of 

concern for HIF transport. The effects are conveniently grouped as space 

charge effects, atomic physics effects, zero-order plasma effects, and plasma 

instabilities. Each of these effects will now be briefly discussed. 

Space charge effects include space charge spreading, charge buildup at 

the pellet, and the effects of space charge electric fields at the walls. 
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i-e two-stream instability 

filamentation instability 
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Fig. 2. Transport effects as a function of gas pressure. 
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Space charge spreading effects nay be envisioned by considering the case of 

a paraxial, zero emittance bean that is focused in the axial (z) direction 

fron an injection radius R at z = 0 to a point at z = t. Due to radial, space 

charge spreading, the bean radius at z = L will not hr zero, but will have 

a finite value r . . The radial equation of notion for an ion at the bean 

edge is relativistically (in CCS units) 

YMr = 2e3»T/(.-cr) (1) 

where M is the ion nass, e is the nagnitude of the charge o c an electron, 3? 

is the ton charge state, T is the (unneutralized) ion current, v ? = ;'c is 
0 —1/9 

the ion axial velocity, c is the speed of light, Y = (1 - '•"') , and a 
dot (') denotes d/dt. Rewriting (1) as 

/ 

t 'nun 
d/dt(dr/dt)] (dr/dt)dt = f (K/r)dr (2) 

where K = 2eZl/ (BcYM), and noting that (dr/dt )/(dz/dt) = -N/l. ,n •/. = 0, .imi 
dr/dt = 0 at z = L, we find that Lae particle current I (I = I/g) is given 

by 

I - l l ^ 1 I 2 J (3) 
P W e L2 * n < R / W 

If fp-j,, i-s s e t equal to the pellet radius, then I represents that current at 

which space charge spreading effects will just begin to cause the bean to niss 

(spread larger than) the pellet. If ve consider beans conposed of ions with 

energy S. and particle current I given by (3), then the nunber of beans N re

quired to achieve a power P at the pellet is N = Pe/(I £.), or 
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4Pc Z2 L2 ^ < R / l W 
(4) (53(Y-1)(Y) A 2 R 2 (MpC^e)-

where A is the atonic number and M is the mass of the proton (M = AM ). In 

practical units, this is 

x= n . 3 6 x ] 0 - s - ^ > — _ z i j d ,.n ( R / r ) ( 5 ) 
6J(Y-1)(Y) A 2 R 2 

The non-relativistic results analagous to (l)-(5) are obtained in the linit 

y ->• 1, (Y-l) •* 3/2; these results have been frequently discussed in the 

literature, and at past workshops. Note that for the non-relativistic case, 

N scales as (S?/A)2 (L/R) 2 (1/4T. ) and that there is only a wf>.r.k logarithnic 

dependence on r . . 

Result (5) is plotted in Fip. 3 for uraniun (A = 238) for the case of 

V = 100 TW, R = 10 en, r . =0.2 en, and L = 10 m. Note that for 30 GeV U + 1 , > > m m ' ' 
N = 1 is sufficient. For 10 GeV U + 1 , N = 10. For c?\ < 5 GeV or 2 > 4, then 

N > 100. Note ]iowever, that by changing paraneters to R = 20 cm and L = 5 ra, 

N decreases by a factor of 16. In any event, the trend is clear that for low 

energies (€• < 5 GeV) and high charge states ( 2f > 4), a substantial nunber of 

beans is required. 

It should be noted that the radial equation o? motion (1) omits the 

effects of beam pinching (which reduces radial spreading) and the effects of 

finite enittance (which increases radial spreading).' Bean pinching due to the 

self-magnetic field of the bean reduces the ra'.ial force in (1) by a factor 

1/Y2. For 10 GeV U, Y - 1.045 and 1/Y2 = 0.916, so pinching effects would re

duce the beam spreading force by only ~8%. Finite emittance effects have been 

considered in conjunction with space charge spreading effects by Garren and 

Lawson. For this case, the bean envelope equation analagous to (1) is 



€. (GeV) 
i 

Fig. 3. Number of uranium beams (N) required for P* 100 TW, R = 10 cm, 
r = 0 . 2 cm, L - 10 m, A = 238. The initial emittance was taken to 
be zero. For non-zero emittance, N will be larger than that shown. 
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d 2r/dz 2 =[K/(gc)2]/r + E
2 / r 3 (6) 

where C is the (unnornalized) transverse phase space enittano.e. Equation 

(6) readily integrates to give 

2[K/(Pc)2] ?.n (R/r n l n) = (R 2/L 2) - • 2 / r n i n
2 (7) 

Hosult (7) is the sane as result (3), hut with the R 2/L 2 replaced by (R 2/L 2)C, 

where the correction factor C is 

C = 1 - a 2 / R 2 ) ( c 2 / r n i n
2 ) (8) 

It follows that in (5), M increases by the factor C . The limit C = 0 means 

that the bean radius at z = L equals r • due to finite enittance effects alone, 

and an" space charge spreading will cause the bean to spread nore and niss the 

pellet. The Unit C = 1 neans enittance effects are negligible, which requires 

'-' << (r . )(R/L). For R = in en, r . = 0.2 en, and 1. = 10 n. E « 2 en nrad nin ' nin ' 
is required to make enittance effects negligible; if e = 1 en nrad, then M in 

Fig. 3 should he increased by 33^. We conclude that finite enittance effects 

nay increase 1 significantly above that given in Fig. 3. 

Other space charge effects include charge buildup at the pellet, and 

possible field enission from the transport tube walls due to the large space 

charge fields. Charge buildup effects nay be roughly evaluated by assuming 

all of the bean charge is deposited on a sphere of radius r . . The resulting 

potential <f> is 

<j> = I„2t h/r . (9) 
i' n mm 

where t. is the bean pulse length. e<j> nay be compared with £. to estimate 

the inportance of charge buildup. The radial space cb->rge field E at a wall 

of radius R for an unneutralized beam (of radius R < R„) is 
W w 
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i? = 17 
"r ll^/i&c^) (10) 

Fiold enission from the wall nay becone a problen for F r > 200 i.V/cn. If 

there is a single bean inside the accelerator, then this can he a real problen. 

On the other hand, for final transport, if the nunher of beans "J is greater than 

or equal to that given by (5), then F. as given by (10) is typically too snail 

to cause field emission problens. 

Space charge effects for various !)7 (•" paraneters are given in Tabl^ 1 for 

the case of P = 100 TW and a total energy £ = 1 M.J. Case 1 (]00 CeV U + 1 ) is 

typical of the paraneters suggested for HIF at the first workshop. For this 

case, only 1 bea7- is needed and space charge effects are alnost negligible. 

Case 2 (10 CeV U ) is typical of the paraneters suggested at this wo'kshop. 

Note that space charge effects are now Important, several beans are needed, 

F. is large (if only 1 beam is usedl, and e<j> is significant. Case i (1 CeV !' ) 

represents paraneters for pellets sinllar to those optimized for light ion 

fusion (LIF). Here we see that space charge effects are dominant, field 

enission would definitely occur for 1 bean, etf i£. , and conventional accel

erator technology could not he enployed. i\ reasonable conclusion, as was the 

consensus at the end of this workshop, is that the ion energy should he about 

10 GeV II , and no lower. This energy permits conventional accelerator tech

nologies to be exploited, but at the limit where space charg; effects are 

significant. 

Returning to Fig. 2, we now comment briefly on other transport effects. 

Atonic physics effects relevant to HIF transport include ionization of the 

background gas by processes induced by the bean ions, stripping of the bean 

ions to higher charge states by the background gas, and scattering of the 

beam Ions by the background gas. Upper bound estimates for the ionization 

and stripping cross sections of relevant tons (Xe,U) in various gases 



Table L Space charge effects for various HIF accelerator parameters. 

CASE 1 CASE 2 CASE 5 

ION 
ENERGY 

RANGE IN Au (COLD)* 
RANGE IN Au (HOT)* 

PARTICLE CURRENT 
(FOR 100 TV.') 

CONVENTIONAL ACCELERATOR 

N (NUMBER OF BEAMS) 
(R =10 cM,r=0.2 CM,L=10 M) 

E AT ACCELERATOR DRIFT 
TUBE WALL (R = 10 CM ) * 

e0 CREATED BY SPACE 
CHARGE AT °ELLET 
( £ - 1 I U r- 0.2 CM) 

i:+i U + 1 U + 1 

100 GEV 10 &V 1 GEV 

0,723 0,290 0.0943 

5069 KG /CM 2 

4235 MG/CM 2 

212 MG/CM^ 

154 MG/CM 2 

36 MG/CM^ 

16 MG/CM 1 -

1 KA 10 KA 100 KA 

APPtARS POSSIBLE 

(SPACE CHARGE 

EFFECTS SV.ALL) 

MAY BE POSSIBLE 
(SPACE CHARGE 
EFFECTS IMPORTANT) 

NOT POSSIBLE 
(SPACE CHARGE 
EFFECTS DOMINATE) 

1 10 - 2 , 0 0 0 

8 K V/CM 206 K Hen 6,4 fV/cM 

0,045 GEV 0.45 6EV 4.5 GEV 

•flEHLHORN RESULTS: COLD: P = 19.3 G/cM 

HOT: P = 0.193 G/CM 3 , 200 E V 

FOR TOTAL CURRENT IN 1 BEAM 
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9 

C^-,, '-1 . '-"'» V-P N | '̂ 'ere o i « n bv Cillespie et .ll. Tt the third workshop; 

rnose rosu!'^ were used in tie est: Hate'; in Sec", ion 1., \ summary of atonic 

nh'-sies needs for Mir" transport vis given V.- \u at the second workshop, 

•::].:T» the importance o f knowing t''.e effe . i ve chirge state of the ion was 

noted. !t should he enphisi'ed that -;nr» exact c I 1 cu 1 a t i ons, and data, are 

s:i]'! noedol to make ri-cirad1 estimates o r the relevant ionization ami 

stricoins -ross sections. 

7er i-or lor miasma '">ffects include char ;e neut r il i ->a "• i on , current neutral -

:-i'-:-i", oid nore recent 1 v, the knock-on electron e''coot o' Muhhnrd -'t al. 

It is i^'iil.- issune' *'"it chir-.e lout r l ' i •' 1" i o." • •surs on the tine seilc o c 

t'e p'is-i.i '"reriuencv . ••'' the '•> ic'- -jrin- i -iMs-i . ̂  = '"'"' ,,'''' "! ̂  " '••'here 
n ;s rh" o'oe'rou density n 1 ••! is the -i=s - •' in i' '•••,•1 r m ] . '*'• i 1 e this is e 

.-.••'-..,. i i - • -,,- ; i. ; '-.i. S,.a a , I .-..•:.'. '' • v- : i'. ! • > i. • t u r. • o f c ha r.;e 

•lent r I 1 i t .• f v an isnli'ed MT!" i or. pulse dri'tiu.*. i •- i ;is '•<••, not heer, 

ost a h 1 i sh--d . Simi la r 1 v , rnruCotp current neutriMzation :s f'oi.'allv assumed 

' it higher pressures) and this has been used is an in'tial assumption for in

vest ign t i i; , e.g., the "M ! amentat ion ins t ahi 1 i t ••. 'lore recently, it has been 

'•.lend that the decay of the return current toward the end of the pulse leads 

"o a si -.ihle net current vith significant p, nch rorces that ran result in 

anhar-'onic "mitr.ance grovth. These effects have been studied by Yu et al., 
11 

m d '!ruec'-nc r, '-.'ho have cound them to .seriously affect the focussing of IIIF 

he.'cis. The ':nock-on electron problem arises rron N>;im f o 11 collisions with the 

gas that produce a flux of corwurd-d i rec ted electrons with velocities higher 

than those of the inns. If a su ffi-iontlv largo current of knock--n electrons 

is created ahead of the bean, this current ~'ill ionize the gas ahead of the 

beam, and eventually result in a field frozen current that can subsequently de-

focus the ions. These effects will be discu'sed fur'her in Section 3. 
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There is a constant concern that plasna instabilities nay ultinately 

prevent HIF transport. To rtate, tne nost inportant instabilities appear to 

be the "wriggle" instibilitv, the ion-electron two-stream instability (bean 

ions/pInsna electrons";, and the filamentation instability (for a current 

-outr 11ized bean). As noted bv Thompson, the "wriggle" instability is 

,ii .• iff-trostatic kink instability with a growth rate of the order of the 
7 1 | /T 

'j.n ion plasna frequency w„ [ti. = (i^n.X^e" 'M) ' ^ ] . For very low pressures, 

vhiTf- 3 2 - 1 , the growth rate is very low, and this instability should not be 

n problem. At higher pressures, 2 increases quickly, hut so does the plasna 

background density which tends to inhibit growth o F this instability. The 

two instabilities that persist, and are inportant in determining '.he "1 Torr 

window" are the ion electron two-st r.j.in instability and the filanentation in

stability; these will be discusseJ further in Section 3. 

In summary, Fig. 2 presents an overview jf basic HIF transport effects 

.is a 'unction of pressure. Tlote that at low pressures relatively few effects 

exist, while at high pressures a largo variety of phenonena cor.e into play. 

3. Transport Regines 

A summary of react T schenes and 'IIs" transport regimes is given in 

Fig. 4. in the enter of the figure, we 'nave plotted particle current vs. 

log. r,' iCTorr) ] and show the o-erating regimes relevant to S OeV U (as will 

be discussed below). 

Reactor schenes split into four categories uith sonewhat arbitrary 

pressure linits ,- ; follows. For very low pressures (p < 10 "* Torr), dry 

wall reactor schenes nust be enployed and the required standoff distance is 

relatively large. For moderately low pressures (10 Torr < p < 10 Torr), 

the HYLIF^ liquid lithiun waterfall reactor schene3 is applicable (since the 

vapor pressure of lithium is 10~ 4 Torr at ~400°C and 10~ 3 Torr at ~450°C). 
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Fig. 4. Operatinq a'qimes fur IIIF (results shown for 5 CeV 'J ). 
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For pressures fron 10 Torr to ~1 Torr, there exist several wetted wall re

actor scenarios. For p > 1 Torr, the gas density begins to be high enough to 

offer sone wall protection by the absorption of radiation and alpha particles 

from the pellet blast. 

Four HIF transport regimes are also identifiable, as indicated in Fig. 4. 

These regimes are: 

1. Ballistic transport in hard vacuum (p < 10 Torr) 

2. Ballistic transport in moderate vacuum (10 Torr < p < 10 Torr) 

3. Ballistic transport at "1 Torr" 

4. Self-pinched transport at 1-50 Torr 

Each of these regimes will now be briefly discussed. 

Ballistic transport in hard vacuum (p < 10~ 4 Torr) - By ballistic trans

port is meant that after the final focusing magnet, the beam ions are directed 

toward and simply drift to the target. Ballistic transport ii hard vacuum is 

characterized by n « n, where n is the plasma density and n. is the beam den

sity. The advantages of this regime are that the transport calculations are 

straightforward (space charge and magnetic field forces must be included), there 

is essentially no beam stripping, and there is essentially no plasma physics in

volved (as compared to the other transport regimes). The disadvantages of this 

regime are that it requires a dry wall reactor with a large cavity, pump down of 

the reactor between shots nay be difficult, space charge beam spreading effects 

limit the current per beam (as in Fig. 3), and charge buildup at the pellet nay 

have significant consequences. Alternative neutralization schemes (such as co-

moving electrons) might help to alleviate the lar,t two disadvantages. 

-4 -3 

Ballistic transport in moderate vacuum (10 Torr < p < 10 Torr) -

Ballistic transport in moderate vacuum is the new "first choice" for H1F trans

port because for this regime most plasma complications are avoided and yet 
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a favorable reactor scenario exists. This regime is characterized by n < n,. 

The advantages of this regime are that it is compatible with a compact reactor 

scenario (the HYLTFF lithiun waterfall reactor concept ), charge neutraliza

tion is just beginning, bean stripping effects ire just beginning, differential 

pumping in the magnetic lens port should be relatively easy, and nost plasma 

complications fknoc'-t-on electrons, nnhnrnontc omittance growth, filamentation, 

etc.) are avoided. The uncertainties for this regime are that classical trans

port for a ^ n, has not been studied in detail yet, the ion-electron two-stream 

instability is present but estimates of its saturation effects indicate that they 

should be snail, and there ;.-.j not be sufficient charge neutralization at the 

pellet. Further study is needed to clarify these questions. 

Several relevant pressures for this regine are indicated in Fig. 5 for 

the case of 5 C.cV V in lithiun. Without assuming any neutralization, the 

current regains limited by the space charge result (3). Stripping is just 
+ 1 -I-9 

starting, and only a fraction of the bean will go from !J to V, "~• As the 

bean passes, collisi.onal ionization will create a plasma with density 

n ~ u^ at a pressure near trie middle of this regime. Scattering is negli

gible. We conclude that plasma effects should be small, but that the regime 

n ~ n, merits more detailed investigation. 

'-iallistic transport at "1 Torr" - This regime is named in reference to a 

search for a propagation window near 1 Tirr. This regine is characterized 

by n >> n, , and p'asna effects play a dominant role in determining the trans

port properties. The advantages of this regime are that it offers some wall 

protection and that the pump down of the reactor chamber between shots is less 

severe than For the vacuum regimes. The disadvantages are numerous. Stripping 

is severe, anharmonic enittance growth can be serLous, and the transport pro

perties are sensitive to the distribution of beam charge states. To permit 



(kA) 
CO 

Fiq. 5. 

Iog 1 0 [pfTorrl] 

Ballistic transport in moderate vacuum [ 10~ * pfTorr) « 10 ] for 5 GeV U + 1 

in lithium. L = 5 m (corresponding to distance from reactor wall to pellet) was 
used in all calculations, except L = 10 m (corresponding to distance from center 
of final focusing magnet to pellet) was used to calculate the space charge limit 
(R = 10 cm, r = 0.2 cm, beam pulse length - 10 nsec) 
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propngation, the parameters mist he chosen to sinultaneously avoid the ion-

electron two-stroan instahi1Itv, the filanentntion instahilitv, the knock-on 

electron prohlen, and nultiplo scattering effects. M s o , di f feren t ial punp-

ing in the fina 1 magnetic lens nay he difficult. 

The "1 Torr window" is shown in Fig. 6a for the case of '> GeV V injected 

into neon, and in Kip,. 6b for the case of in GeV V injected into neon. These 

results were calculated by 'luhbard 1 1 for R = 10 en, r^j = 0.2 en, I = 5 n, 

plasma electron tenperatore !",,(r
1-in) = 1 0 ( 1 c^', "a-io " ' ( 1> '"ll"i a bean longitudinal 

velocity spread Av / ("e) = 0.005. The loci shown iiave the following meanings. 

The Li.'i>-strfm fustabiHiy is col 1 i s tona 11 y quenched to the right of tlie two-

streu; lorn:;. The f i Innen t a t i on instability will prow loss thn"> 5 e-folds for 

pi- meter values below the fi1 amentation locus. For currents below the knock-on 

e ' e c r v v..-us, the bean will not spread by nore than r . . Similarly, for 

• :-•• •• :r-< • .̂•'.,•,• •',,, scattering linit, the bean will not spread bv nore than r . . 
' ' mi n 

"' - : '•• • ••>•..< that ~M!iv nnpro-<inn t inns nust be nad™ in deriving such loci 

•̂•- a • •• . r •',•!•" ;•,'" ion charge state, tlie craction of knock—on electrons iu-
: • . '-•!• •'• n n ' l , eto.>. however, these loci do represent the best current 

i "-'I: •!•.••: •';;- r'"' '.-irioiis effects considered. 

'• ite rha" in -'I :. 6, For 5 GeV 1!, the window is effectively closed. For 

1> Oi'V ;•, the -o'nd'iw is enlarged; for higher enc-'ies (> ]'>GoV), the window 

i- enlarged eye u nore. Since the total current required to achieve a given 

bean power decreases as the energy increases, and since the maximum current 

per bean in the 1 Torr window increases as the energy increases, this neans 

that the nunber of beans required to achieve a given power decreases quickly as 

the energy increases. We conclude that for 5 GeV U, f . h n . window is effectively 

closed; for 10 GeV I.', use of this window nay be considered; for > 15 GeV U, 

prospects for the use of this window improve substantially. 
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Fig. 6a. The "1 Torr window" (shown hatched) for 5 GeV 
uranium beam propagation in neon gas. R • 10 cm, 
r - 0.2 cm, L = 5 m, T e { r«0.2 cm) • 100 eV, 
Z g a s - 10, A V Z / V 2 = 0.005. 
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0.01 0.1 1 10 
p (Torr) 

Fig. 6b. The "1 Torr window" (shown hatched) for 10 GeV 
uranium beam propagation in neon gas. R = 10 cm, 
r • 0.2 cm, L - 5 cm, T e ( r -0 .2cm)-100 eV, 
Z g a s = 10, A V / V - 0 . 0 0 5 . 
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Self-pinched transport at 1-50 Torr - For self-pinched transport, the 

HIF beam(s) would be focused to about the pellet radius at the input to the 

reactor chamber. The beam would ionize the gas and propagate in a self-

pinched node through the reactor chamber to the pellet. This regime is char

acterized by n » n^. The advantages of this regime are that substantial 

gas protection of the wall is possible; the mode is insensitive to scattering, 

filanentation, and the two-streara instability; and snail reactor beam ports 

would simplify the differential pumping. The disadvantages are that knock-on 

electrons may be a problem, a counter-streaming electron beam may be needed, 

and the concept has not been tested experimentally. Nonetheless, this concept 

is interesting, and recent work on it is reported by Yu et al. 

A. Recommended HIF Transport Research Areas 

Based on the above conclusions, highest priority is recommended for 

studies that would insure the success of ballistic transport in the moderate 

vacuum regime (10~ Torr - 10 Torr). This includes detailed studies of 

the stripping and ionization cross-sections for this regime, basic HIF trans

port studies (onset of charge and current neutralization) for the case n < n^. 

and studies of the saturation of the ion/electron two steam instability for 

the case n < n* (to insure that the effects are negligibly small on the HIF 

bean). Experiments to specifically investigate these effects are highly 

recommended. 

If the final acceleration parameters dictate that neutralization must be 

used, then other areas of study that should be investigated include neutrali

zation by use of co-moving electrons, self-pinched mode propagation, and 

further work on the "1 Torr window." 

5. Conclusions 

The main conclusions of this study are as follows: 
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1. The "1 Torr window" is essentially closed for 5 GeV U. For 10 GeV U, 

use of this window nay be considered; for higher energies (> 15 GeV), 

prospects for the use of this window improve substantially. 

2. The new first choice for HIF transport is to use ballistic trans

port in moderate vacuum (10 - 1 Torr - 10 Torr). This regime is 

consistent with the HYLIFE reactor scenario, and plasma and gas 

effects are just beginning to be important. Further research on 

this regime is highly recommended. 

3. The use of essentially unneutralized beams for HIF transport is a 

great simplification that should not be abandoned if at all possible. 

This means that to minimize the number of beans according to (5), it is 

desirable to keep y high, H low, and A high. For €± < 5 GeV, 2 » 1, 

or A << 238, it rapidly becomes necessary to provide neutralization by 

some means (e.g., co-moving electrons, or a gas background such as 

occurs in the "1 Torr window"). 

We conclude that a reasonable HIF baseline transport scenario would be to 

use 10 GeV U in the moderate vacuum regime (1" _ Torr - 10 Torr lithium). 

This scenario is relatively simple, it is consistent with a realistic reactor 

scheme, and it can be recommended with a relatively high confidence level. 
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THE LIGHT ION FUSION EXPERIMENT (LIFE) ACCELERATOR SYSTEH FOR ICF* 

Zaven G.T. Guiragossian 
TR'.-J Defense and Space Systems Group, Redondo Beach, CA 90278 

ABSTRACT 

m 

A L igh t Ion Fusion Experiment (LIFE) acce le ra to r system is under study 

as a d r i v e r f o r ICF. The system consis ts of separate f u n c t i o n a l elements. 

L igh t ions are ex t rac ted froip a pulsed co ld plasma source and acce lera ted in 

m u l t i - g r i d and m u l t i - a p e r t u r e acce le ra to r s t r u c t u r e s , w i t h p rov i s i on f o r 

s t rong compression of beam pulses. D or He ion beams, 20 kA, 1-10 MeV, w i l l be 

made to bal 1 i s t i c a l l y propagate in 10~ 4 t o r r gas by e x t e r n a l l y generated co-

moving e lec t rons which provide space-charge and cu r ren t n e u t r a l i z a t i o n . The 

propagat ion method is re levant to the Heavy Ion Fusion program and helps 

to reduce the large number of heavy ion beams en te r i ng a reac to r to a mana

geable few. The system is also a useful t e s t bed to perform several propa

ga t ion experiments in the near term. The r e , - t o r requirements in Heavy 

Ion Fusion and LIFE are i d e n t i c a l . 

Work performed under the auspices of U.S. DOE, con t rac t No. DE-AC08-79DP40109 
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INTRODUCTION 

A novel l i g h t i o n - a c c e l e r a t o r system was conceived a t TRW to serve 

as a d r i v e r i n ICF, and a study i s now in progress to v a l i d a t e some of the 

key concepts i n the system. The LIFE acce le ra to r system is d i f f e r e n t 

i n many respects from the ma in l ine l i g h t ion d r i v e r approach a t Sandia 
(2) Laborator ies which cons is ts o f magnet i ca l l y i nsu la ted diodes to produce 

HA leve l beam cur rents and propagate in preformed plasma channe ls , t y p i c a l l y 

i n a 50 t o r r ambient gas pressure . Because o f the d i f f e rences to be 

desc r ibed , the LIFE system can best be viewed as an alternate-back up to 

the l i g h t ion ma in l ine system and a lso as a usefu l t e s t bed, to perform se

vera l propagat ion experiments i n the near term which are r e l evan t to the 

Heavy Ion Fusion program. Such propagat ion experiments appear to be c r i t i 

c a l l y needed to prov ide the exper imental feedback on d e t a i l e d " p a r t i c l e -

i n - c e l l " s imu la t ions such as the one presented by D.S. Lemons f o r the 

LASL-TRW c o l l a b o r a t i v e e f f o r t . 

CONCEPT DESCRIPTION 
The LIFE acce le ra to r is based on the use of separate f u n c t i o n ha rd 

ware elements and the syste;n i s op t im ized to f u l f i l l the requirements of 

an ICF ion beam d r i v e r . Considerat ions of p o t e n t i a l ICF reac to r scenarios 

and the s t a t e - o f - t h e - a r t i n pulse power technolog ies have a l so been made 

in the concept ion o f the LIFE system. Separate hardware p rov i s i ons are 

made to prov ide the f o l l o w i n g f u n c t i o n a l e lements: 

1 . Generat ion o f Intense Cold Ions : A pulsed in tense co ld plasma 

ion source is under development in which plasma induc t i on occurs 

by pulsed RF power coup l ing i n a la rge area. Ion e x t r a c t i o n i s 

t imed to occur i n the near a f te rg low regime o f .the plasma, about 

2 ys a f t e r RF power i s te rm ina ted . In t h i s regime, ion dens i ty 

is high but ion temperature has cooled by i o n - n e u t r a l atomic c o l l i -
1? ^ s i ons . L i gh t i o n s , D or He a t dens i t i es of n i = 5 x 10 cm , 

and temperatures of T i = 0.1 eV can be obtained over a 2 m d iameter 

area by 1 MW, 1 ms, RF power a t 300 kHz. 
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2. Intense Beam A c c e l e r a t i o n : The LIFE acce le ra to r concept i s based 

on bean" s tack ing by a m u l t i - a p e r t u r e m u l t i - g r i d acce le ra to r s t ruc 

ture i n whi'jh each beamlet is channel focused by shaped e l e c t r o 

s t a t i c - i e l d s . A d i f f e r e n t example of t h i s p r i n c i p l e i s the recent 
(4) MEQALAC acce le ra to r system by A.W. Maschke. v ' Current d e n s i t i e s 

p 

of J5 l A/cm are ex t rac ted and acce le ra ted in a m u l t i - g r i d 

sec tor M t h constant app l ied v o l t a g e , V ] , over a pulse du ra t i on o f 

t -- 1 s. Beamlets are f u r t h e r acce le ra ted i n a f o l l o w i n g sec

t o r w i t t ime dependent app l ied v o l t a g e , V2 + V ( t ) , such t h a t 

V = Vn + Vp is the f i n a l energy of p a r t i c l e s in the beam f r o n t . 

V ( t ) = V 0 [ ( t 0 / t 0 - t ) 2 - 1 ] , f o r t < t 0 where t 0 is the f l i g h t 

t ime of :he slowest p a r t i c l e s a t the beam f r o n t , in pos t -acce-

l e r a t i o r b a l l i s t i c d r i f t . T y p i c a l l y , a t o t a l cu r ren t o f I „ - 20 kA, 
ace 

constan ' to w i t h i n a few percent w i l l be acce le ra ted w i t h V 0 -« 1 MV 
and V ( t ; -- 10 MV, f o r 0 < t • t n . Beamlet e x t r a c t i o n and i n i t i a l 

ax r 
acce le ra " ion must be performed w i th constant app l ied vol tages to 

preserve a we l l def ined perveance cond i t i on and C h i l d ' s law at the 

leve l o- the plasma sheath. In t h i s sector w i t h V] - 0.3 MV, beamlet 

op t i cs a e designed to focus ex t rac ted beams of r^ 6 mm down to 

a few mm, so tha t parax ia l op t i cs w i l l apply in the subsequent t ime 

dependen" a c c e l e r a t i o n . An example of the m u l t i - a p e r t u r e e l e c t r o 

s t a t i c f cusing acce le ra to r s t r u c t u r e i s shown i n Figure 1 . The 

op t i cs of r a d i a l apertures as the one shown or hole geometries are 
lb) under i n v e s t i g a t i o n w i th use of the codes EGUN and EBQ. Figure 2 

presents the manner whereby the acce la to r s t r u c t u r e i s energ ized . 

3. Strong T~ "e Compression: Prov is ions are made to program s t rong time 

compress n o f beam pulses a t the leve l of 100:1 or 5 0 : 1 , to d e l i v e r 

1-2 MA be im cur ren ts at a t a rge t as 1 • <=, ?0 k^ h°gri pulses fro:" 

the acce le ra to r are compressed to 10 ns in a b a l l i s t i c t r a n s p o r t 

d is tance of 10-15 m. Strong pulse compression i s not f e a s i b l e in 

s i n g l e gap diode acce lera tors w i thou t i n t roduc ing a lso s t rong beam 

defocusing e f f e c t s ; f o r these, pulse compression i s conf ined to the 

leve l of 3:1 to 5:1 and MA currents need to be acce le ra ted i n order 

to d e l i v e r MA beams at t a r g e t s . Acco rd ing ly , one of the main ad

vantage in the LIFE system w i l l be the use o f r e l a t i v e l y low power 

technology to energize the m u l t i - g r i d acce le ra to r s t r u c t u r e s . A 

f l e x i b l e , programmable and h igh l y e f f i c i e n t pulse power method* 
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is conceived by I . Smith for this project whereby the desired V(t) 
waveform can be tuned with a few tenth of a percent regu la r i t y . 

4. Focusing: In addition to beamlet channel e lec t ros ta t ic focusing, 
the accelerator gr id planes ar ; spherical ly shaped with a radius 
of 10-15 m to provide the r a i i a l focusing of the ent i re beam. 
Provisions are made independently to apply systematic corrections 
of t ra jector ies by shaped electrodes, both as a function of beam 
pulse time and overall beam radius. 

5. Current Neutral izat ion: The provision of current neutra l izat ion of 
intense l i gh t ion beamlets w i l l be made at the ex i t end of the 
accelerator structure. I t is required to produce co-moving and 
co-located electron-ion beams in order to have space-charoe and 
current neutralized b a l l i s t i c propagation over distances of 10-15 m 
in an ambient gas pressure of 10~4 t o r r . A detai led calculat ion^ ' 
of the single and mult iple scattering of ions of f the nuclear cou
lomb f i e l d and ion energy straggl ing due to atomic ionizat ion of a 

-4 medium produced the 10 tor r requirement, so that l ^O MeV G 
or He ions w i l l not spread more than + 2 mm in 10 m ,•, transport in 
N2 gas. Therefore, beam neutral izat ion by the ionizat ion of ambient 
gas at 0.1 - 1 tor r pressures is not acceptable and external ly 
prepared co-moving electrons must be provided to the ion beam. 
The alternate propagation scheme is through pre-fcrmed high return 
current plasma channels which are not considered here. A method of 
generating co-moving electrons is sketched in Figure 3. These 
electrons must become co-located with the ions wi th in 20-50 cm of 
t r ave l , otherwise the e lect rostat ic f i e l d among electron and ion 
beamlets w i l l raise the temperature nf electrons causing a pres^'iv-o 
which l imi ts the amount of b a l l i s t i c focusing of ions. Co-location 
is made possible by cusp magnetic f ie lds which fan out co-moving 
electrons to quickly mingle with the ion beamlets and become trapped 
in the i r potential wel ls . A special test bed ,s being prepared at 
TRW to address experimentally the issues of current neutra l izat ion 
of intense and energetic ion beams. 

6. Beam Power Prof i le Shaping: The f l e x i b i l i t y in the LIFE accelerator 
concept in pr inc ip le makes i t possible to del iver a desired beam 
pulse p ro f i l e from each beamline while providing also a strong beam 
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pulse compression at the target focus. Ordinarily, in a multi-
beam target compression arrangement each beam would be programmed to 
fill a specified portion of the power profile, so that the totality 
of beams but no each beamline provide the power shape desired by 
target designers. Starting <vith one of the target design cases 

( Q \ 

presented by R.O. BangerterJ ' a smooth power raise from ^ 10% to 
100» in 14 ns and f l a t top for 6 ns (see Figure 4 ) , the time 
varying acceleration voltage waveform in the LIFE system can be 

(g\ 
programmed accordi g to the shape displayed in Figure 5 to de
liver also a current amplified beam cf 66:1 at the target focus, 
as shown in Figure 6. The accelerator will produce a nearly 
constant current source o r 20 kA and in the above case, each beam-
line will impart 60 ku energy at the target. A configuration of 
34 beamlines is envisaged for a 150 TW, 2 MJ, 300 TW/cm2 LIFE 
driver. 

STRONG BEAM ^ULSE COMPRESSION TEST 
Since strong beam pulse compression is one of the key features of 

the LIFE system, a small scale experiment was performed at TRW using most of 
the ingredients in the concept, to explore some of the issues of technical 
feasibility and hardware requirements. The experimental setup is given 

M O ) in Figure 7 and details are reported elsewhere/ The time varying 
acceleration voltage waveform was shaped by a 20 channel circuit, to 
accelerate and pulse compress He + ions up to 7 keV. A beam current of 0.6 mA 
was extracted at constant voltage and subsequently, a 1 us duration pulse 
compressing voltage was applied in the following accelerator grids. The 
pulse compression time focus was located 66 cm downstream from the end 
of the accelerator. After careful shaping of the time varying voltage 
waveform, the 1 us beam pulse was compressed to 8 ns at the time focus. 
Figures 8 and 9 show a collection of measurements in the temporal behavior 
of the detected beam current as a function of axial position from the 
accelerator. Voltage waveform tuning was accomplished by a variety of 
diagnostic techniques including the behavior of the beam itself. Once 
the desired waveform was tuned, highly reproducible results were obtained 
over long periods in time. No attempts were made to provide externally 
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current neutral izat ion electrons or to design a good spat ia l l y focusing 
accelerator st ructure. The achieved beam pulse time compression is 
125:1 in 66 cm of t r ave l . 

A test f a c i l i t y is being upgraded at TRW to scale up these measure
ments to the 500 keV level with 500 A, 1 ps, He+ beams produced in a pre-
prototype LIFE accelerator system. 



432 

REFERENCES 

1. Z.G.T. Gui ragoss ian, " L i g h t Ion Fusion Experiment (L IFE) , Key Concept 
v a l i d a t i o n S tudy , " TRW Document No. 33876.000, September, 1978; 
"Novel L igh t Ion I n e r t i a l Confinement Fusion A c c e l e r a t o r , " Patent 
Disc losure TRW No. 11-170, June, 1979; and B u l l , Amer. Phys. Soc. 
24, 1033 (1979). 

2. P.A. M i l l e r e t . a l . Comments on Plasma Physics and Con t ro l l ed Fus ion, 
5 (1979); O.J. Johnson e t . a l . Phys. Rev. L e t t . 42^, 610 (1979) ; G. Yonas, 
IEEE Trans. Nucl . Sci . R S ^ F , 4160 (1979) . 

3. D.S. Lemons, " Ion Beam Propagation S i m u l a t i o n s , " i n t h i s proceedings. 

4 . A. W. Maschke; R. Adams, e t . a l . "Desc r i p t i on o f the Ml MEQALAC and 
Operat ing R e s u l t s , " i n t h i s proceedings. 

5. W.B. Herrmannsfe ld t , EGUN, SLAC-166 (1973) ; A.C. Pau l , EBq, UCID-8005 
(1978). 

6. I . Smith ( p r i v a t e communication). 

7. J . L . Or the l and Z.G.T. Gu i raqoss ian , " S c a t t e r i n q and S t ragg l i ng o f the LIFE 
Beam," LIFE-TN-001. 

8. R.O. Banger ter , i n t h i s proceedings (and p r i v a t e communicat ion). 

9. J . L . O r t h e l , "LIFE Beam Pulse P r o f i l e , " LIFE-TN-003. 

10. B.H. Quon, W.F. D i V e r g i l i o , W. Gekelman, Z.G.T. Guiragossian and 
R.L. S tenze l , "Generat ion o f Strong Time Compressed L i gh t Ion Beams," 
(submi t ted to Jour . Appl . Phys . ) ; and B u l l . Amer. Phys. Soc. 24, 
1033 (1979). — 



L . I . F . E 
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L.I.F.E 
SINGLE BEAM POWER PROFILE AT TARGET 
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TO R.O. BANGERTER (LLL) TARGET CALCULATIONS. 

FIGURE 4 
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FIGURE 5 
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fIGURE 6 . L.I.F.E 
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ION BEAM PROPAGATION SIMULATIONS 

Don S. Lemons 
Los Alamos Scientific Laboratory 

INTRODUCTION 

A series of numerical particle-in-cel 1 simulations of ion beam 
propagation have been performed with the LASL two-dimensional electro
magnetic code, CCUBE. A few results for each of two different simula
tions are presented. They are intended to illustrate plasma effects 
relevant to 1) ion propagation in a relatively dense plasma background, 
and 2) ion vacuum propagation with co-moving electrons. 

PROPAGATION IN PLASMA BACKGROUND 

Ion propagation through a background gas sufficiently dense to 
result in plasma production ne essary to charge and current neutralize 
the beam but tenuous enough to avoid serious degradation of beam 
quality is a possible propagation mode for inertial confinement. In 
this mode ballistic ion beam propagation and focusing is a possibility 
provided the beam ion-background electron two-stream instability 
remains harmless. This issue along with the effects of incomplete 
current neutralization is investigated in the first simulation. 

The simulation was performed in r,z cylindrical spatial coordi
nates which were divided respectively into 50 and 150 grid points. 
Spatial dimensions of the simulation grid and the unperturbed ion beam 
envelope are shown in Fig. 1(a). 

The ion beam is injected at t = 0, from the LHS of the simulation 
grid. Beam ion speed is given by p = 0.548, beam ion to electron mass 
by m./m = 50, and beam-to-background plasma density by n./n = 10 . 
These and other dimensionless simulation parameters are listed in the 
Fiq. 1 caption where V , denotes thermal speed, and the subscripts "b", 
"i", and "e" denote beam ion, background ion, and background electron 
parameters. 

Work supported by U.S. Dept. of Energy under Contract W-7405-ENG-36 
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The beam rises to full strength and propagates across the simula
tion in about 200 plasma periods, w . During this time the beam first 
becomes charge and current neutralized (0-10 UJ ), begins to lose 

pe _ i 
current neutralization and, consequently, magnetically pinch (~ IGu u> ), 
and develop axial modulations in the beam density and velocity, a result 
of the nonlinear development of the ion-electron two-stream instability (100 ~ 150 u f 1 ) . pe 

Figures l(a)-l(b) are respectively r - z and v - z phase plots of 
the beam ions after the beam has propagated across the simulation grid, 
the two stream instability has saturated and magnetic pinching is 
active. Spatial dimensions are in units of C/UJ , time in units o f 

-1 pe' 2 .,_ 
w , and velocity in terms of B v where 6 = V /c and \ = (1 - B ) \ pe J M z 5 ' z z z 

For the initial beam and background plasma parameters, the ,on 
electron two-stream growth rate (iuT) and group velocity (V ) are given 
by U)T = 0.0695 UJ and V = 0.643 GC. These parameters correspond to 1 pe gr r 

a factor of 10 growth in wave amplitude at the point 10 J ,/u, or' 
50.6 c/ui , a distance which according to Fiqs. la-lb is associated pe a s 
with large one-dimensional beam density and velocity modulations. Wave 
saturation by trapping of the beam ions occurs at about this point. 
After saturation the background plasma is observed to heat at a rate 
consistent with a transfer of beam energy to plasma energy of 17%. 
This transfer is in line with the prediction of a single wave two-stream 

2 heating model, 

4^- - ) \2n

P v 
1/3 

which given the present simulation parameters is 20%. No instability 
produced deflection of beam particles in the radial direction is 
observed. 

Magnetic pinching of the beam occurs in part because the neutral
izing background electron stream depletes the electron population in 
the region of beam injection and electrons initially outside the beam 
cannot efficiently current neutralize the beam. This boundary effect 
was not anticipated but nonetheless results in a gross distortion of 
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the beam. The resulting beam envelope is in general consistent with 
3 the ion beam envelope equations derived by Wricnt. 

VACUUM PROPAGATION WITH CO-MOVING ELECTRONS 

Vacuum or near vacuum ion beam propagation s also an attractive 
mode since uncertainties involved in beam plasma production and insta
bilities are avoided. In this case, active current and charge neutral
ization are necessary for ballistic propagation. This may be achieved 
either by beam electron pickup or the injection of comoving electrons 

4 as proposed in TRW s light ion driver. The ion electron charge 
separation at injection which is a feature of the latter scheme 
pro.ides considerable electrostatic energy which initially goes into 
the electrons. How and whether this energy is transferred to the ions 
in amounts which can inhibit ballistic focusing is a subject of con
tinuing investigation. 

It is. howver, easy to estimate the electrostatic energy involved 
for a typical parameter. Assume an infinite sheet of ions and an 
inf-'nite sheet of electrons both with thickness f, and density n 
separated by a distance 1. The- electrostatic energy per electron (W) 

2 due- to the charge separation is then given by W = 2ne n6(A + 2/3 <"'.). 
For n = 10 /cm , 6 = 5 mm and Ji = 3 mm, W = 2.86 keV, a significant 
amr.jnt of transverse energy is equally partitioned with the ions. 

Electron motion within self-electrostatic fields is illustrated b̂ , 
the numerical simulation of the simultaneous injection into a vacuum of 
three pairs of cylindrical concentric hollow ion and electron beamlets. 
The simulation was performed in r,z coordinates on a grid of 80 by 100 
grid points. Figures 2(a) and 2(b) are respectively ion and electron 
r, 7 phase plots 24.5 u after iniection. Spatial dimensions are in K K pe J 

uriits of c/ui . Initial beam velocities are qiven by G = 0.0728, pe s } p 

m, /m = 3670, and beamlet charqe densities were initialized to provide b e 
for zero net charge within each bearr.iet pair. Other parameters are 
listed in the Fig. 2(a)-2(b) caption. 

The ion time scale, tu •', is too lonq in this simulation to observe pi 
ion motion. In contrast, the electrons are propelled into large excur
sions from the ions both axialiy and radially by electrostatic forces. 
The heads of the electron beamlets remain intact because beam charge 
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densities are initiaMy zero and rise exponentially to their full value 
in about 20 w . pe 
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CONVECTIVE AND NONCONVECTIVE ION BEAM FILAMENTATION INSTABILITIES 
Richard F. Hubbard 

Jaycor 

ABSTRACT 

The electromagnetic filamentation instability is expected to occur in 
heavy ion beam fusion target chambers. For a converging beam, the instability 
is expected to be convective with group velocity v approaching the beam 
valocity Vu until the beam is ~10-50 cm from the target. The number of 
e-foldings N, is estimated by integrating the local growth rate along the 
beam trajectory. For a cold beam, the result agrees with the initial value 
problem solution of Lee, e_t aj_. Detailed numerical solutions to the full 
dispersion region predict somewhat lower values for N, . Close to the target, 
v ->- 0, and the instability is effectively nonconvective, with N. proportional 
to the pulse length. If a realistic conductivity model is used (a~{Z b/R) 2), 
the number of e-foldings in the nonconvective region is generally smaller 
than N, in the convective region. Thus, any appreciable deterioration in 
beam quality is more likely to occur while the beam is in the convective 
region. 
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I. INTRODUCTION 

The electromagnetic filamentation instability may play an important role 

in determining allowable operating parameters for heavy ion fusion (HIF) 

systems. If allowed to grow to large amplitudes in the target chamber, self-

magnetic fields arising from this instability would cause the ion beam to 

break into several self-pinched filaments or beamlets, possibly resulting in 

an unacceptable deterioration in beam focussing quality. 

Theoretical analyses of this effect have attempted to predict the number 

of e-foldings N^ of the electromagnetic field amplitudes using linear stability 
1 2 

theory. Hubbard and Tidman and Hubbard, et al estimated N. based on a local 

dispersion relation (hereafter referred to as the "local approximation") which 

showed that for ballistic focussing systems, transverse beam heating reduced 

N to acceptable levels (N <,5) in most cases appropriate to HIF reactors. 
7 Y 
However, calculations by Lee, and his co-workers ' ' which treated perturba

tions as an initial value problem gave somewhat higher estimates of N,. and led 

them to the conclusion that filamentation instability defocussing may not be 

easy to avoid. 

Previous calculations with the local approximation centered on the regime 

where the axial group velocity v (measured in the laboratory frame) is much 

less than the beam velocity V, . In this nonconvective regime, N, is proportional 

to the pulse length, and the perturbations do not propagate in the laboratory 

frame. In this note, we examine the convective instability (v ~ V J in more 

detail. Our conclusions can be stated as follows: 
1. The local approximation predicts that v s=V, when the conductivity 

g o J 

is low. N can then be estimated by integrating the growth rate y(z) along the 

beam trajectory. For a ballistically focussed beam, the resulting N agrees 
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with the initial value method for a cold beam and is smaller by a constant 
factor 0.31 for a sufficiently warm beam. Detailed numerical solutions to the 
dispersion relation tend to lie midway between the warm and cold beam results. 

2. The instability is almost always nonconvective when the beam is near 
the pellet for HIF systems with ballistic focussing. The group velocity 
increases monotonically with distance z' from the pellet. 

3. The lower N and the claim of nonconvective instability predicted by 
1 2 the local approximation ' was due in a large part to assuming a constant a 

throughout the target chamber. If a more realistic conductivity model is assumed, 
(z~R where R is the beam radius), maximum nonconvective growth occurs at 
-10-50 cm from the pellet, and the values of N., are comparable with (but usually 
somewhat smaller than) those occurring in the convective regime. 

4. Both the local approximation and the initial value method thus predict 
N. >,5 for highly stripped high current beams (e.g., charge state Z.> 70, beam 
particle current 1.^2 kA). However, we believe that macroscopic self-
magnetic fields arising from the ion beam or from "knock-on" electrons are 
likely to lead to unacceptable ion orbit deflections in this regime. In 
particular, we recommend using HL or He at ̂ 1 torr to reduce I. to -20. 
In this regime, N can be <,2 and filamentation can be avoided. 
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II. REVIEW OF FILAMENTATION MODELS 

1 2 The local approximation ' is based on the dispersion relation for 

electromagnetic waves generated by a shifted Maxwellian (f^exp (-(v -V, )2/2A\ 

- v2/2Av£)) ion beam with beam plasma frequency .̂ , average velocity V, = £.c 

and thermal velocity Av^ propagating in a resistive medium with scai • 

conductivity a. 

I vh i 
H(k;oj) = 0 = k 2c 2 - DJ2 + -J 1 - — (1 + V ^ b 5 ' ~ 4 T n' , a j a ' ( 1 ) 

' Avj_ ' 

Here -,. = (u - k/( V. )/v/2' k^-^ a n d Z U } J "'s t n e plasma dispersion function. 

Except for the conductivity term, Eq. (1) agrees with Davidson, et al in the 

k / ; = 0 limit. An additional term proportional to k,,is negligible in the 

regime we are examining. The unstable mode is purely growing (̂  = 0) for 

k:( = 0. Approximate solutions in the hot beam regime (j l^« 1) and cold beam 

regime (|-;b|» l)for k(/ = 0 are 

c 2(k^ - k|) 
Y = Im(u/) = , (2a) 

UJ « 1 - ii + 4TTC 
-b1 

and 

' = 3 u b . (2b) 

u b ; » i 

Here, 

k 0 = w b V b / A v i - c ( 3) 

is the maximum unstable wave number, and 
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n = ^ ( Z ( C h ) + 5 h Z ' U J ) (4a) 
/ 2 k^Av, 

n = i / l 'kgcV^Avj. (4b) 

i = 2i OJ^ (k^c/kgAvJ 2 . (4c) 

l c b ! » i 

Eq. (2b) is valid only when 3u).»4ra .Iv./c)'. 

The axial group velocity for k„ = 0 is 

5 A - _ _3H./5H _ "' Vb 
g 5 K,| ? kM 3 ̂ r - + 4^ia (5) 

Clearly, v srV, for - in>> 4-a, leading to convective instability, while for 
- irr'<^z, v -* 0, and the instability is effectively nonconvective. In the 
nonconvective regime, f(, . = y(z') T where y is the average growth rate at 
position z' (with respect to the pellet) and T is the pulse length. Close to 
the pellet, Av, and c are both large, and v - 0 over a wide range of sysl 
parameters.' 

3 4 5 The initial value method ' ' predicts that for ballistic focussing, 
field amplitude A«(L/(L-z)) a where L is the chamber radius, and 

,LJLU_ !e|' a = 2Z, 

Here Rn is the beam radius at entry (z = 0) . The number of e- fo ld ing is thus 

H . a b ( L , | i ( J i N M * M b ) (,., 
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. CUt) ,n It 

Here w. is the beam plasma frequency at z = 0, and Y r
 = ("I - 3 2 ) 2. 
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III. LOCAL APPROXIMATION IN THE CONVECTIVE REGIME 

We can recover the Lee, et al result (Eq. (7)) to within a numerical 
factor if v •> Vr and Z. is constant. For [r\\» 4ira, Eq. (2a) for a hot beam 
can be integrated to give 

N?,hot*VT .TdzMz') = 4 ^ * f / Z W ( ^ ) • <*> 
D 0 " vb K0 0 

where z* is the approximate position at which the instability becomes noncon-
vective. In the absence of scattt. ing, the thermal spread Av.(z') increases 
from its value Av, „ = Av,(z = 0) according to io J.v ' 3 

Avj_(z) = Av (RQ/R(z)) = Av ) o L/(L-z) (9) 

Noting that maximum growth occurs at k , = k / / 3 , Eq. (8) can be integrated 
to give 

Nc .2 JT_ k o ^ o L in (L/(L-z) 
7, hot 3 ' 3TT Vfa 

= 0.31 ^ 2 _ in ( k _ J (10) 

Eq. (10) therefore reduces to the Lee, et al result (Eq. (7)) in the non-
relativistic limit except for the numerical factor 0.31. 

In the cold beam limit, the same procedure gives exact agreement with 
the im'tiai value method. Noting that for Z. constant, y(z) = 3w. (R /R) 
= 8u b (L/L-z),the growth rate is integrated as before to give 



455 

IV. CONVECTIVE VS. NONCONVECTIVE INSTABILITY FOR a~ R"2 

We have previously claimed that even though Eq. (6) allows v to vary 
from 0 to V. , typical HIF parameters give - in<<4ira, and v << V. . This lea 
us to conclude that nonconvective instability was the more important, and that 
N n c given by Eq. (10) was a reasonable estimate for the number of e-fo1 ngs. 
However, the calculations in Refs. 1 and 2 assumed that conductivity a u s con
stant everywhere in the target chamber. When values of a appropriate _ar the 
pellet are used, v « V, almost everywhere in the chamber. However, ror typical 

7 8 ballistic focussing systems, we expect from classical transport mode s ' that 
a is several orders of magnitude lower near the chamber wall than a. the 
pellet. We expect the instability to be convective in this regimf with v 0«V. . 

In the region where R(z) exceeds a few centimeters, c is ap roximately 
linear with density n . Direct ionization by the beam probably predominates, 
so a~n ~R (z). If a = a (R / R ) 2 = a (L/(L-z))2 is assumed everywhere, the 
position z* where the instability changes from convective to .onconvecti ve is 
given by r,(z*)~Airo(z*), or 

k 2c 2 

/ I a°k0(Avi0L/(L-z*> = 4 T r o o ( b * ) 0 2 ) 

Here a =-0.5 = k^/k . The boundary z* is thus 

4/217 ct3a QAv 0 \ 1/3 

b o 
:i3) 

The situation is illustrated in Figure 1 which shows typical regions of 
convective and nonconvective instability. Since n~R and a~R , the transition 
region where v ~k Vfa is quite small. Eq. (13; predicts (1 - z*/L)'^0.05 - 0.1 

_2 in most cases. For a~R maximum growth act1ally occurs in the convective 
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regime where n = 8TTO- and v = -j V,. However, we expect that detailed beam 
transport code results to show that a(z) will probably increase faster than 
_2 R in the z-^z* region due to avalanching and then increase more slowly with 

R as the plasma becomes fully ionized near the pellet. Thus, maximum growth 
may well occur in the nonconvective regime. 

The following scenario can therefore be constructed. In the convective 
regime, perturbations are carried along with the beam until they arrive at 
z~z*. The number of e-foldings N c accumulates according to Eq. (10) or (11). 
As the beam continues to propagate, perturbations are rapidly left behind as 
v becomes small. The number of e-foldings is then obtained by calculating 
y(z') from Eq. (2) and taking N n c~Y(z')x . Fi lamentation defocussing will 
be determined by the larger of the two N 's. 

As an example, consider a 2 kA, 20 GeV, 10 nsec Uranium beam with Z. - 20, 
"Av /V, = 10" 4, R - 10 cm, = 1 0 1 2 s" 1, and L - 500 cm. Then z*-470 cm, j.o b ' o '• 

and N c , = 1.4. Note that N c
 n . = 3 N c . .. The calculation of N n C is Y.not Y,cold Y-.hot Y 

somewhat arbitrary since maximum growth does not occur in the nonconvective 
regime. If we choose z = z* + 0.2 (L-z*), then v ~0.25 V f c, and N n c~0.85. 
N c . 4. > N n c in this example, but the difference is less than a factor of 2. Y,hot Y 
If Zfa = 70 (which is typical of Ne at 1 torr instead of Hg or He at 1 torr) 
then z* = 480 cm, N c ,_ = 5.8, and N n c = 4.5. We have calculated N c and Y.hot Y Y 
N, c for a variety of HIF parameters; in most cases, N t 1 0 t

>N . . but the 
disagreement is usually less than a factor of 2. In general, N n c > N c 

Y Y,hot 
can be obtained by increasing the ratio of the pulse length T to the beam tran
sit time T. = L/V, or by changing the details of the conductivity model. The 
most dangerous nonconvective instability occurs at some tens of centimeters 
from the pellet where o" (and hence N n c ) may be an order of magnitude higher 1 2 than the value near the pellet used by Hubbard, et al. ' 
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3eam convergence does not play a role in the nonconvective regime, so 

one might expect approximate agreement with Lee's calculat ions for a non-
3 

converging f in i te -pu lse beam. Fjr a warm beam of length T , the number of 

e-foldings predicted by Lee is 

N , + <~ ( C 2 -1) " ^ , (14) 
Y.not ^ L T 

where T = k 2 c 2 /4 i ra , and £,f - k2Av^ /- 2 --^- (Note that he defines AVj_ to be 

/2 larger than our value.) Subst i tut ing the def in i t ions of T and E,. gives 

N— ^ I^Sf-^hp • (,5) 

This upper limit agrees exactly with Eq. (2a) in the nonconvective limit 
(4-TO >> - in). 
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V. NUMERICAL SOLUTIONS TO FILAMENTATION DISPERSION RELATION 

Since the local approximation preJicts that M^ h o t / N c
 c o l j = 0-31, 

independent of model parameters, we expect that numerical solutions to the 
full dispersion relation (Eq. (1)} will lie between the limits given by 
Ecs. {10} and (11;. We have carried out such a calculation, numerically in
tegrating solutions to Eq. (1) from z = 0 to z = z* as given in Eq. (13). 

Figure 2 summarizes the results of such a calculation for a 1 kA Uranium 
seam with Z b = 13.1 (He at 1 torr), £ = 0.4, iv x/V b = 2 x 10~ 4, L = 5 m, 
2 = 10 cm, and z = 1 0 s . The figure plots the "exact" growth rate 
0 0 ~" c z v v ( z ) , accumulated e-foldings N, (z) =! dx Y Q V(x}/V h, and plasma dispersion 
function argument ,'£u(z)| verses distance z from the chamber wall. The value 

-1 c c k, = 2.5 cm « 2 . 5 k was chosen to maximize H „ (L-z*) = "I. „ . Since -1- o Y,ex f,ex 
'£;, ~ 1 , it is not surprising that M c = 2.0 lies near the average of N. h + u' {) £x finot 
= 1.0 and ,'lc , , = 3.3. Eq. (13) is usually adeauate for estimating z* since y,cold 
'•;. z = z*'j is almost always less than 0.5; z* =480 cm for the above example. 
The raoid drop in y and [£ h; as z~L is seen in all ballistic mode propagation 
examples we have investigated. 

Fiaure 3 nlots '!c , . , M c , ,, and N c „ verses k. for the example in ••shot y,cold Y,ex -i-
Figure 2. The variations in the analytical estimates of N c -|d is entirely 
due to small changes in z* as kj_ is changed. The peak in N y ex(k_j_) is quite 
broad, and in all cases, Mc, P Y ^ 0 . 5 N.c , 

; ,eX ( , CO t Q 

Figure 4 plots the three estimates of N^, the beam change state Z,, and 
the convective - nonconvective boundary z* verses pressure in torr assuming 
Helium in the target chamber. Zu was estimated using a variation of the Yu, 
et al model, and the calculation will be described in more detail elsewhere. 
We assume a = 3 x 1 0 9 Z?, which again comes from assuming that direct 
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ionization by the beam is the dominant process, and other parameters are as in 
Figure 2. N c .„ is maximum for k,~0.25 k in all cases, and begins to look / ,ex •*- o 
dangerous (N.c ~5) for Z. z 50- This high charge state is reached at much 
lower pressures (below 1 torr) for heavier gases such as Neon. Again, N 
is almost a factor of two lower than N c , . in all cases. 

Y.cold 
Two factors which have been omitted from our analysis may further reduce 

M. ,. First, the constant Z. assumed was the upper limit calculated at z = L. 
Using a variable Z. (a) < L (L) in the numerical integration would obviously 
reduce Uc somewhat. Also, filamentation growth ceases for modes with 
k x 4,"/R(z) as the beam approaches the pellet since the unstable wavelength 
exceeds the beam diameter. At pressures below a few torr, this effect 
probably causes convective growth to cease before the beam reaches the convec-
tive/nonconvective boundary at z = z*. For example, in the 1 torr case, 
the condition R = ~/k^ is reached at a distance z = 450 cm from the wall 
for k, = 3 cm which is smaller than z* = 479cm. M c „ (z = 450 cm) is only •i- y,ex ' J 

1.3 instead of our earlier estimate of 2.0. The two effects cited here may 
reduce N. by as much as a factor of two at low pressures; the reduction is 
much smaller for Z, _> 50 or higher beam currents. The dotted line in Figure 4 
shows the effect of cutting off N c when the unstable wavelength exceeds 

{,ex 
R(z). The dashed l ine gives an estimate of the nonconvective number of 

nc r 
e-foldings N , which is always less than N for a 10 nsec pulse. 

a Y J Y,ex K 
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V. CONCLUSIONS 

The local dispersion relation for the electromagnetic filamentation 
instability predicted to occur in heavy ion fusion target chambers will be 
convective until the beam is a few tens of centimeters from the target. 
Uoper and lower limits on the number of e-foldings of the field amplitudes 
(N. ) in the convective regime are given by Eqs. (10) and (11) for ballisti-
cally focussed beams. Numerical integration along the beam trajectory of the 
full dispersion relation solutions (Eq. (1)) give estimates of N̂  which 

Y s ex 
are near the average of the upper and lower limits. Close to the pellet, the 
instability is effectively nonconvective, and the results of Hubbard and 
Tidman generally apply. However, N. is usually lower than N c, and hence 
the most serious deterioration of beam quality will usually occur in the 
convective regime. 

The calculation by Lee for ballistic mode filamentation is assumed 
K u ! » 1, and the local approximation agrees exactly with Lee's result in 
this cold beam limit. However, numerical solutions to Eq. (1) indicate that 
î . |~<1 in most cases, leading to estimates of N which are somewhat lower. • ' b ' 3 Y,ex 
The inclusion of a variable beam charge state will further reduce N , as 
will cuttinq off M, at the point where the beam radius becomes less than the 
unstable wavelength. Thus, the local approximation leads to the same scaling 

3 4 5 as the method of Lee, et al ' ' , but our detailed numerical estimates of 
the number of e-foldings are typically a factor of two lower. Also, the 
local approximation agrees with Lee's method in the high conductivity 
^ncnconvectivej limit in which N., is proportional to the pulse length. 
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Fig. 4 indicates that the most promising way of con t ro l l i ng f i lamenta-

t ion growth is to minimize the beam charge state Z.. For a var iety of 

reasons, recent reactor scenarios have involved somewhat lower beam energies 

(~10 GeV), higher currents, and heavier gases ( e . g . , Neon). This w i l l make 

i t d i f f i c u l t , i f not impossible, to keep Z, low unless the chamber pressure 

is lowered s ign i f i can t l y . The higher beam densities associated 

with these scenarios fur ther increase f i lamentat ion growth rates for the 

b a l l i s t i c propagation mode i n ~ l tor r gas - f i l l ed reactors. However, both 

pinched-mode propagation in gas - f i l l ed reactors and b a l l i s t i c mode propaga-

t ion in low density {< 10 to r r ) Lithium water fa l l reactors are much less 

susceptible to f i lamentat ion i n s t a b i l i t y and may have other important 

advantages as we l l . 
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LIST OF SYMBOLS 

;CJ) Plasma dielectric function 

k Perpendicular and Parallel wavenumbers 

„ ^ + iy Frequency 

Beam velocity 

Transverse beam thermal velocity 

h ) Plasma dispersion function with argument ^ 

= (oi - k„ V b ) / / T k ^ 

Electrical conductivity 

Beam plasma frequency 
dz(,: b)/dc b 

See Equation (4) 

Paral lel group veloci ty 

Pulse length (temporal) 

Beam charge state 

Chamber radius 

Distance from the chamber wall 

Number of e-folaings of e-m f i e l d 

Nonconvective number of e-folds 

Convective number of °-fo1ds, U, | « | 
' fc>' ' 

Convective number of e-folds, !S|3!>>! 

Convective number of e-folds, numerical solution to 
full plasma disp. relation 
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R Beam radius 

R , x^ Values ct injection 

z* Location of transition between convective and noncon-
vective regions (v = '2 V h} 

: b Beam par t i c le current 
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FIGURE CAPTIONS 

1. Approximate locations of the convective and nonconvective regions 
of filamentation instability for a ballistically focussed heavy ion 
bearr. Fnr most of the beam trajectory, the group velocity v a ~ V u , 
the beam velocity, so perturbations are convected with the beam. 
However, close to the target, v decreases rapidly due to an increase 
in conductivity and transverse beam temperature. Perturbations pile 
up locally, and the instability is effectively nonconvective. The 
transition between the two regions is defined by the position z* 
at which v = h V k. g b 

2. Filamentation growth rate y, number of e-foidings N c (z), and 
plasma dispersion function argument \z,A = y/ J2 k^Jwi,, plotted 
verses distance z from the chamber wall. We assume a 20 GeV 
Uranium beam with charge Z. = 18, 1. = 1 kA, initial radius R = 10 cm, 
Av Q / V b = 2 x 10" 4, L = 5 meters, kx = 0.25 kQ = 2.5 cm" 1, and 
:• = 10 (R / R ) 2 sec" . The growth rate is calculated numerically 
using the full dispersion relation (Eq. (1)), and N c (z) 

Y ,6X -1 ri - V. J Y U ' ) dz' is integrated only up to the transition point z* o 
defined by Eq. (13). Since |£ h!<2.6 everywhere, N is sub-
stantially below the k, | » 1 cold beam limit. 

3. Variation of the three estimates of N,c based on Equations (1), (8), 
and (11), verses k./k , where k = WK Vt/ A vi- C ^s "independent of z 
if Z b is constant. All other parameters are as in Figure 2. The 
small variation in N c , , is entirely due to changes in z* with k,. Y,cold -> a x 
The exact numerical solution N c has a broad peak centered on 

Y.ex 
kj_= 0.25 k which lies near the average of the cold and hot beam 
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analytical estimates. The cold beam estimate agrees with the Lee, 
et al results for a converging beam. 

4. Beam charge state Z, , location z* of the convective-nonconvective 
transition region, and the three estimates of N as functions of 
the chamber pressure in torr, assuming Helium. The increase in the 
number of e-foldings with pressure is due entirely to the increased 
beam charge state, which increases both to. and a. The dotted line 

ex shows the effect of cutting off the integration of N at the point 
where the unstable wavelength exceeds the beam radius. The dashed 

nc line is an estimate of N, taken slightly into the nonconvective 
nc regime. The variation of N with pressure is reduced considerably 

by assuming a~ Z?. Note that N £ 5 is considered dangerous. 



Beam Envelope 

Nonconvective Region 

Pellet 

z = 0 z = z* z = L 

Figure 1 



- 1.5 x icr 

1.0 x 1(T 

Y (sec 

- 0.5 x 10 

2 3 
Distance from Chamber Wall (meters) 

Figure 2 



470 

a; 
CD 



*3-

pressure 
Figure 4 

( t o r r ) 



472 fe^> 

FILAMENTATICN OF A CONVERGING 

HEAVY ION BEAM* 

E. P. Lee and H. L. Buchanan 

Lawrence Livermore Laboratory 

and 

Marshall N. Rosenbluth 

Institute for Advanced Study, 
Princeton, New Jersey 08540 

*Work performed by LLL for U.S. DOE under contract No. W-7405-Eng-48 



473 

Abstract 
A major concern in the use of heavy ion beams as igniters in pellet 

fusion systems is the vulnerability of the beam to the transverse Hamenta-
tion instability. The undesirable consequence of this mode is the transverse 
heating of the beam to the extent that convergence on the pellet be mes 

impossible. This work considers the case of a beam injected into c gas filled 
reactor vessel, where finite pulse length and propagation distance play an 
important role in limiting growth. Two geometries are analyzed: a non-
converging case where the radius at injection is nearly equal to the de red 
radius at the pellet, and a converging case in which the injection radiu., 
is large and the beam is pre-focused to converge at the target. It is found 
that a cold beam will be severely disrupted if the product of the magnetic 
plasma frequency and the propagation distance is much larger than unity. 
This product may be lowered by dividing the energy of the original beam 
into many (=50) individual beams arranged to converge simultaneously at the 
pellet, however this represents a significant engineering complication. Even 
if this product is large, growth may be limited to about six e-foldings 
if enough transverse velocity spread is added that the latter half of the 
pulse propagates in pinched equilibrium. The disadvantage of this mode is, 
however, that much of the pulse is lost to thermal expansion. 
Introduction 

Among the critical issues confronting the use of heavy ion beams as 
pellet igniters is whether such a beam can propagate through the reactor 
vessel to finally achieve a spot size of the order of 1 mm or, the pellet. 
Assuming the beam can be directed to strike the target, this final spot 
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size will not be obtainable if the beam has been subjected to any of various 

instabilities which transversely heat it at the expense of its longitudinal 

energy. The most serious of these appears to be the filamentation insta

bility, in which modes of transverse wave number k can grow with character-

istic times T m = 4TTO-/C k , where a denotes the conductivity of the background 

plasma. The use of a low pressure (n = 10 i , :) vessel environment and/or many 

(—50), simultaneous, low current beams would allow each beam to be magnet

ically stiff and hence stable over the entire distance of flight. This 

approach, however, places constraints on the reactor system and suggests the 

examination of unstable growth in the high pressure (n_ = lCr ) regime. This 

report is a summary of the results of a more comprehensive treatment given 

elsewhere > of filamentation growth in converging and non-converging beams 

of heavy ions in a background plasma of finite conductivity. 

The basic mechanism of the filamentation instability is that a beam 

which is given small transverse mode structure will separate into small 

beamlets as the result of the attraction of parallel currents. If the beam 

is moving in a background plasma such that charge neutra1ization can occur, 

each bearnlet will continue to self-pinch until its magnetic pressure B̂ /Sir 

becomes equal to the transverse thermal pressure \n (1/2 m v t ( ^ ) . If we 

define n to be the ratio of thermal pressure to pinch pressure for a filament 

in the instant just after the perturbation, we conclude that n = l should 

be required for successful propagation. For n < 1 the filament will pinch 

at a rate.'fi) proportional to the square root of the ratio of the magnetic 

force per unit length to the mass per unit length. A maximum growth rate 

uccui: for a filament whose radius is less than or equal to the magnetic 

skin depth of the pulse and takes the value o _ o m 2 ,. 2\l/2 
max " b = (4 •nq'-n/^mc ) " • 



475 

where fi^ is just the magnetic plasma frequency divided by Yc. If the beam 

is to propagate a distance L, then the total number of e-foldings of growth 

is a = n^l. In light of these observations, we can take a and n as two 

dimensionless characterizations of the beam and its filamentary tendencies. 

Non-Converging Case 

In the previous treatment of the non-converging beanr the equilibrium 

distribution function f = n0F(vj H ( T ) H ( T - T ) and the equilibrium vector 

potential A Q are perturbed by the form 

(fj, Aj) <r exp [i(_k_._r - n z - C O T ] = exp [i(k_._r) +g], (1) 

where z is the longitudinal variable measured from the reactor wall into the 

chamber and T = t - z/pc is a convenient transformed time such that pCT is a 

longitudinal distance into a pulse of duration T as measured from the head. 

We have assumed VA = 0 and have le t H(T) represent the step funct ion. The 

result ing dispersion re lat ion is 

•iu>Tin = l + r ( k , n ) (2) 

2 f 2 F(v) 
where r ( k , n ) = Q, / d V 5 , (3) 

b J ~ (n - k,.v/pc)̂  

giving a growth exponent of 

g(n,T,z) = ifiz - ( T / T m) (1 + r ) (4) 

Several velocity distributions have been studied, the most convenient 

being the single pole approximation to the Maxwelliart: 
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• • • - I V ' T < 5 > 
where 6(k) = kv^, /(V2 u ^ c ) . The dispersion relation becomes 

If T is held fixed and the growth factor g, given by Eq. 4, is maximized 

with respect to z we obtain 

wlVM-H-ir ( 7 > 
It is interesting to note here that the mode number dependencies of -„, and 

b leave g n, independent of k at fixed T. Further, if we assume a parabolic 

profile for the beam current density J^ and a conductivity independent of r 

and arrange the thermal velocity so that the beam pinches half-way back from 

the head (specifically we require that n = 1 at T = ''J?-), then 

g < - ? L = i (8) 

If n= 1 we obtain marginally severe growth but have sacrificed the first 

half of the pulse to rapid expansion. 

Converging Beam 

We consider next a geometry in which the pulse converges from a large 

radius at z = 0 to the chosen target radius at z = L. We perturb away 

froi;1 straight line converging particle orbits. The unperturbed system 
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is characterized by vA = 0 and distribution function f which is of finite 

extent and uniform in.the tranverse plane, f Q is normalized to density 

n w at Z = o. The problem of characterizing fQ is simplified by noting that 

I = v_ (1 - z/L) + ^ r (9) 

is an integral of the unperturbed motion which displays the assumed convergence 

at z = L; thus we consider f = n

w F (V). The density at a rb i t ra ry z is then 

n f z ) = / "d 2 v_ f = [dZl n F(V) = - ^ - r / d \ F (V_) = - J * . ( i 0 ) 
° J ° J W ( l - f ) W (1 - f ) 2 

The mean squared thermal veloci ty is then 

v t

2 . ( z ) = i v - < v > | 2 -^-TJ Uh V2F(V) = " t i ] , , (11) 

2 where v t h (0) is the initial mean squared thermal velocity assumed independent 

of r. 

To parallel previous work we have 

fi4r*z* s fi - - f e «vvf0 . d2) 

9 • A 3 A 1 4 l l J M 
v Ai " ~ irr = — r ~ = " 4 " q p ' d ~ f i • ( 1 3 ) 

j / d Vi 

We proceed in the conventional way by formally solving Eq. (12) for f,: 
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fl * f10 
M [Z dzl YM J o t« (VA, v f ) ~v o' (14) 

w ere f - n is the initial disturbance carried along the unperturbed orbits. 

Recall that both V and y_ were constants of the motion; hence if we introduce 

u(z) = (1 - y)~ we can write Eq. (9) as 

V = v/u(z) + |— r = constant : i 5 ) 

Then any point along an unperturbed orbit can be described by 

rfz') u(z') = r (z) u(z) + ^ V [u(z') - u(z)] (16) 

We then select o perturbation with r dependence of the form 

i'k-VL 
(A,, J. ) -J exp(ik'ru) = exp [ik-r u + (u1 - u)] (17) 

to obtain the perturbed distribution function with proportionality 

constants A. and J. 1 b. 
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The per turbed cu r ren t i s then 

\ " J b = -1C 16 v ( f - f 
10 J ~ L u 

2 . 2 ' 
q P n

w

L u 

d2V ik- E / " 4" ' * ' exp 
• S V , 1 ( u 1 ) 2 ! 

i u k ' r + 
L 

ik.VL 

C.i 
(19) 

We may reverse the order of i n t e g r a t i o n and i n t e g r a t e by pa r ts on V to get 

T F Y ( J b , - J b i n

J 

ck u 1 10 •-/; 
du' A ' ( u - u ' ) F, (20) 

? ? ? ? ? ? 
where c / - (4nq n /YMc ) L = " L , 

A = A j / u 2 , 

Lk 
\ = ( u -u " ) — 

(3C 

' • / ' 
d V F(V) e x p ( - U ' V ) . 

I f we now apply the assumed form of Eq. (17) and the d e f i n i t i o n s above to 

Eq. (13) we obta in f o r the per turbed f i e l d 

m 9 T „. 2 2 b, 
O T ck u 1 

(21) 
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Finally if we define an anplitude X proportional to the perturbed density, 
and a source S as 

4 - - <lr _ \= —s—T- J, and S = — o — , J. ,22b, i 2 2 b, n ck u 1 ck u 10 

then Eqs. (20) and (21) can be written, as 

\ = S du ' A ' (u-u ' ) [2Z] 

U A 1- T — A = \ 
n Or 

(23) 

Cole) Converging Bean 
We first solve [qs. (22) and (23) for the cold li^it, where 

r(V) = .'.(V) vjives F(\) - I. Then differentiation of Eq. (22) twice gives 

— = • \ = i> A (24) 

'.f we further let ' n ^ 0 either because o — 0 or k — s- then [q. (23) becomes 

2 • 
u >\ - X (25) 

The solution is X = u where 

i ^ t ( i + . . 2 ) l / 2 = i i ( { M » L ) Z ) l / 2 

i- "i W 
2 - M (26) 
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The co ld converging bean thus d isp lays a lgebra ic growth w i t h d is tance r a t h e r 

than the exponent ia l growth found f o r tne s t r a i g h t bean. The magnitudes o f 

g rowth , however, are qu i t e s i n i l a r over the d is tances of i n t e r e s t . 

When i ^ is f i n i t e growth i s reduced. This can be seen by amp l i ca t i on of 

the Laplace t r a n s f o m in the v a r i a b l e : 

\ = M d r e ' 
Jo 

and sinilarly for A. "The system (22) a>. . (23) conbine to give 

. ,2 2 

\ 2 x 2 
c< u u + P ',., 

r he s o l „ t : o n s , good f o r la rge .. , are 

< • - - / ; 

du' 
,1/2 

1/2 

1 + (1 .1/2 

,-.e taie the initial conditions to be 

!-=:) 

T< 0 

•> o 
and — \ (u=l) 

We can approximate the inversion integral in the linit of -̂ - and 
« 1 with a saddle analysis to obtain exp [g] where 
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g =% [l - in (4) ] + »if ^ - l 1 ' 2 ' (29) 

The gross consequences of a non-constant background conductivity may be 
obtained by using a model in v/hich conductivity rises as the inverse square 
of beam radius 

• ; ; 1(u = l ) u< (30) 

This is viewed as an attempt to model generation of conductivity proportional 
to beam intensity. Eq. (27) becomes 

-.2 
>u u (1 + p r j 

with V.T.B solutions 

\̂  = exp " 1 n u 
(1 + pO 1/2 

saddle analysis of inversion integral yields X ., exp (g) where 

2/3 
g ~ 3 1 n u 

( 3 i ; 

(32) 

(33) 

which is exactly the cold non-converging result wi th S2L Z — .; 1 n u. 
V.'arm Converging Beam 

Solution of Eqs. (22) and (23) for arbitrary choices of F(V) is in general 
quite tedious, but we may obtain the overall features by the use of a single 
pole form of F(V). This procedure yields 
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F L = exp [ - K(u-u')] (34) 

where K is a constant proportional to the thermal velocity. It may be shown 
that an arbitrary F(V) can be approximated in single pole form with 

K - 44 fa V-l 
K 2 k\2J ^ k~ • J~ 

(35) 

It is this fact that lends wide applicability to this somewhat unphysical form, 
for now Eq. (22) can be written as 

X = S + o - du' A (u- -K(u-u') (36) 

When the factor exp [K(u-l)] is absorbed into \, S, and A, the equation returns 
to its cold form (already solved.) We can write the solutions 

x = x c o l d e 
•K(u-l) (37) 

For a Maxwell ian profile K = o ,s . 
In the limit, of low conductivity { ' • — o ) , we use the results of 

Eq. (26) with a large to get: 

o -ab(u-l) 
X = u e (38) 

Note that, in contrast to the straight beam case in this limit, the growth 
here reaches a maximum at u = — . This feature appears -consistently 

0 
in the warm beam analysis and is due to transverse phase mixing of beam 
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particles. As a result we should expect total growth of a warm beam to 

^e somewhat less than the growth of the corresponding cold beam case. For 

instance, if we consider the case of T m finite we can proceed as before 

with the exception that, following the saddle point evaluation, we maximize 

the warm growth rate 

Mwarm 3cold • ' (39) 

with respect to u, k, and T . We find that growth is a maximum for k=o, u=<», 

T = T but with the product uk finite. Defining the quantity Q ~ '"> '1/24, we 

find 

g = - 2Q 3max n x 
q_ ( Q 2 + 1 ) i / 2 + ]nlloW/2 

120 2 for Q » 1 

2Q[ln(-) -1] for Q « 1 
Q 

Q 

(40) 

Observe that growth is less than the cold beam value of 6/r. for all 

values of <> and n. 
9 

Finally, for T m <r u
c
 w e proceed as before, but find that g can be written 

only as an implicit function of 0. Maximum growth still occurs at T = T 

however, and ir found to be everywhere less than that for the converging, con

stant conductivity case treated above. In particular, for Q « 1 we can 

"pproximate 

g = 1 2Q In (q'1: max n 
In In (Q" 1) 

ln(Q - 1) In (Q _ 1) 
(4i; 
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It is obvious that the last two expressions are similar, at least in 
leading approximation, hence we adopt the general form 

g = - f (cv-i/24) ymax i] v ' (42) 

where the specific form of f depends on the precise situation. With tho above 
results of Eqs. (40) and (41) we can characterize f in two limits 

o- r| —. oo , 1 
» n ^ ° > ^ ( ^ + C i (43) 

The constant C depends on the specific model but can be taken as approximately 
2.2. Clearly, a non-converging beam must have n ~ 1 in order to propagate 
in equilibrium, giving only a few e-fo!ds of growth during transit. For a 
converging beam, however, n increases proportional to a /q2 where q is the 
effective ion charge. For the beam to pinch at the pellet, r| must be 
unity there. At the wall then, r\ must be much smaller and bounded by 

2 2 'l < '1 • L. = (a/Q ) • /(n/q ) n i w - pinch v '' 'mm v H 'pellet (44) 

where the minimum is taken over the converging profile. There is considerable 
growth, then, early in transit and it can be approximated when the conductivity 
ratio is high from Eq. (43): 

gmax = 2 In (°Vq 'pellet 
(«/q ) • 
* H 'mm 

+ 2.2 (45) 
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Values of a-less than unity could not yield large effects under extreme 
assumptions on conductivity development. Conversely it seems unlikely 
that a > 5 could be tolerated even if o/q'1 varied by only a factor of 10, 
One suspects that <* = 3 represents an effective bound for the converging 
beam. From our definition of » = fij-jL we should expect, then, a maximum 
transported energy of 

W £ ( 4 9 M J )(A)V (i_)(^) 2 , ( 4 6 ) 

where A and 1 are the atomic mass number and stripped charge for the beam 
particles, R Q is the rms radius of the beam at z=o and L is the chamber 
radius. The beam is assumed to have a parabolic profile with edge a Q = JJ R 
and central density n = El^/qpc^a2. If we take T = 10 ns, A/Z = 4, 
R 0/L = 10" 2, and ji = 0.3 we find 

W < 0.021 MJ . 

A total of 50 beams would be required to put 1 T1J on the target placing 
formidable complications in the way of reactor system design. 
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KNOCK-ON ELECTRONS IN THE TARGET CHAMBER 

R. F. Hubbard, S. A. Goldstein, and D. A. Tidman 
Jaycor 

Macroscopic magnetic fields arising from currents carried by the beam 
ions or by secondary electrons play a major role in determining the ion beam 
spot size. In a gai-filled target chamber, it has been generally assumed 
that the bare ion beam current I. is almost balanced by a return current I 
which is carried by low energy secondary electrons. The resulting net 
current I t is thus positive, leading to a magnetic field EL > 0 which 
either weakly deflects the ions inward (ballistic or converging mode propaga
tion) or pinches them more strongly into a thin, pencil-shaped beam (pinch 

1 2 mode propagation), ' 

However, we have pointed out recently that fast secondary electron may 
3 alter this picture considerably. Particularly dangerous are those knock-on 

electrons with axial velocity v > 6, c, the beam velocity, since they may 
outrun the beam and set up a defocussing channel ahead of the beam. These 
electrons, which are produced by nearly head-on collisions between beam ions 
and both free and bou 4 background electrons, are sufficiently numerous to 
alter the magnetic fieK substantially, and in many cases will probably 
reverse its direction. 

Although some knock-on electrons are produced in all beam-plasma systems, 
they normally play a yery small role. However, several unusual features 
make it possible for the knock-on electrons to exert a large influence on 
heavy ion beam transport. First, the cross section for producing these 
electrons scales as the square of I., the beam atomic number, so the knock-on 
current produced by a Uranium beam is almost four orders of magnitude larger 
than that produced by a proton beam moving at the same speed. Second, the 
relatively high knock-on electron energy (> 45 keV for B h = 0.4) allows these 
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electrons to propagate as a nearly collisionless "beam", even in the presence 
of moderately high self-fields. In addition, if a substantial fraction of 
the knock-on current does get out ahead of the ion beam and can be charge 
neutralized by collisional ionization, the resulting field EL will usually 
be sufficient to pinch the electrons to a radius comparable with the ion 
beam radius. This means that the front portion of the ion beam will encounter 
a pre-existing B„ < 0 magnetic field which deflects the ions outward. 
Finally, because of the rapid rise in conductivity produced by the arrival 
of the ion beam, this field may persist throughout the beam pulse. The 
total scenario is illustrated in Figure 1, which shows knock-on electron 
orbits and the pinching magnetic field. 

It is not yet clear whether knock-on electrons will lead to a deteriora
tion in beam spot size for a given set of system parameters. The problem 
involves complicated spatial and temporal dependences plus self-fields whose 
sign may not be known. However, in this paper, we will use some simple 
analytical models developed in our previous work, and win defer until later 
a more detailed description of this complex phenomenon. 

ESTIMATES OF KNOCK-ON CURRENT 

A crude estimate of the knock-on current I. (> 6 b) carried by electrons 
with axial velocities greater than the beam velocity B bc can be made from 
the total coulomb cross section for scattering by > 5- in the beam frame. 
This cross section is given by 

6 b 
where r and Z b are the classical electron radius and beam atomic number, 
respectively. Note that electrons scattered through an angle greater than 
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ir/2 in the beam frame are knocked forward with s r i a l v ^ s c i t i s s which exceed 
"TT/2 the beam veloc i ty . The to ta l number of knock-on electrons N. produced a f ter 

the beam propagates a distance z is N b

 nazo

v/?* where N. = N.L b is the 

to ta l number of beam ions, L. is the beam pulse length and n is the density 

of background electrons. I f 6 k ~1.36 . and L are the character is t ic ve loc i ty 

and length of the knock-on "beam", then ' i ^ / 2 = N k L k ~ N k ( L b + ( B k / B b - l ) z ) . 

The to ta l current carr ied by these electrons is L = - 6 k ec N k and can be 

written 

where T, is the beam par t i c le current. The second term in the denominator 

is a correct ion for the f i n i t e beam pulse length and becomes important when 

z > L b . 

At pressures of 1 t o r r or greater, the current predicted by Eq. (2) can 

be qui te large in some cases. Neglecting the f i n i t e pulse length cor rec t ion , 

and set t ing 6 k/Su = 1 . 3 , the ra t io of the knock-on current to the beam par

t i c l e current for a Uranium beam can be rewri t ten as 

I kHh , 9- 7 x 1 0" J P Z z c ( 3 ) 

T b 6 b 

Here p is the pressure in torr and Z is the number of electrons per back

ground gas atom (or molecule). For a 20 GeV Uranium beam jropataing 1 m ir 

1 torr of He, K^ j'Sim^h- However, for a 10 GeV beam propagating in 1 torr 

of Ne (which is typical of most recent reactor scenarios), Ik(> j) is 

increased by a factor of 20. Since L is typically 1 kA, it is clear that 
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the knock-on current will often approach or exceed the Alf.en current 
*A = 1 7 gk Yk ^kA^ a f t e r propagating less than 1 m. If a substantial fraction 
of this current can get out ahead of the beam and become charge neutralized, 
it will tend to be strongly pinched by its own magnetic field even if the 
radius of this knock-on beam is initially large. 

KNOCK-ON BEAM RADIUS AND ION ORBIT DEFLECTIONS 

I'S a result of the collisional ionization process, knock-on electrons 
acquire a transverse velocity v., which is comparable in magnitude with the 
axial velocity v . . Thus, the knock-ons would quickly fly out to a large 
radius R, in the absence of self fields. However, as soon as the knock-on 
beam is charge neutralized, tne self magnetic field will tend to pinch the 
beam to a smaller radius. If I. (> j) is less than the Alfvsn current, the 
knock-on beam radius can be estimated by assuming that beam to be in a quasi-

3 4 
static Bennett equilibrium. If the knock-on beam eimttance is constant, 
R.-\v . is constant, where Av , is the transverse thermal velocity of the 
knock-on beam. In a Bennett equilibrium, (Av*./6?c2) = - ,* I, (z)/IA- Here 
I.(z) is calculated from Eq. (2), and a is the fraction of that current which 
gets out ahead of the ion beam. For a converging beam in a chamber of 
radius L, one can eliminate Av . to get 

Av a k (0 ) R b(0) P W R k ( z ) = cT i {z-vx^y\ . (4) 

This expression is va l id only for |a I J < I f t . I f the knock-on beam 

current exceeds I „ , V B d r i f t s tend tc focus the beam to a rad-'us smaller 

than the ion beam radius. Otherwise, the knock-on radius is usually a few 

times the ion beam radius. 
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Only that f ract ion of the knock-on beam current which l ies inside the 

ion beam radius can contr ibute to the defocussing magnetic f i e l d . For a 

rad ia l l y uniform knock-on beam, th is e f fec t ive current is 

l f f ( z ) =a I u ( Z ) ! ^ r r ) • (5) 

I t is important to note that for b a l l i s t i c focussing, i t is possible to 

have I < 0 through the ent i re ion beam pulse so long as the resu l t ing 
3 

ion orb i t deflect ions are su f f i c i en t l y small. In our previous work , we 

numerically integrated the standard paraxial envelope equation for the ion 
p f f beam using I t = I f < 0 to estimate the ion beam spot s ize. That study 

demonstrated that for propagation in He at 20 GeV, there could be a severe 

deter iorat ion in spot size for a 1 kA ion beam at pre c jures above a few to r r . 

I f the defocussing magnetic f i e l d present at the f ront of the ion beam 

pulse is frozen in by the high conduct iv i ty , i t is possible to make a simple 

analyt ical estimate of the attainable spot s ize. I f the ion beam is assumed 
e f f 5 to be co ld , the minimum spot size for a constant I. is 

, ( R o / L > 2 \ 
R m i n - R o e x P - T R " <6> 

Rc is the i n i t i a l beam radius, and K is the generalized perveance 5, which for 

a charge neutral ized heavy ion beam in the f i e l d produced by if is 
K 

6.41 x 10" 8 Z b I* f f 

n / v2 i\k 
Y b A (yl - i: 

eff Here If is measured m amps, and A = 238 for Uranium. Note that 
Y 2 - 1 = 3 2 for the mildly relativistic ion beam. Equations (6) and (7) 
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can be combined to give an estimate for the maximum allowable e f fec t i ve 

knock-on current in order to reach a given spot size R „• 
3 r mm. 

jeff I _ 7' 8 x 1 Q 6 Ro A 6 b ( 8 ) 

-2 Note that this current is determined primarily by the focussing angle R /L —10 
I e f f I and is only weakly dependent on Rm,-n- For typical parameters, I. is 

eff less than 1 kA. For purposes of making simple estimates, I. can be taken 
to be the value at the midpoint of the trajectory (z = y.). 

As an example, consider a 10 GeV, 1 kA Uranium beam propagating a 
distance L = 5 m in 1 torr of Ne, and assume R = 10 cm and I, = 100 cm. 

o b 
Eq. (2) predicts that Ik(> | , z = 2.5 m) is - 22 kA. Assume that 10% of 
this amount produces a charge-neutralized knock-on beam ahead of the ion 
beam (i.e., a = 0.1). For 6 k/6 b = 1.3, I A = 6.7 kA, and thus Eq. (4) 
predicts R. = 7.2 cm at z = hi (assuming Av.. (0) = 0.55 B^c). Since Rfa = 5 
cm at this point, I^ f f = (- 2.2) (5/7.2)2 = - 1.1 kA. However, the allowable 

pf f 
*k max P r e d i c t e d °y Ec*- W f o r R

m - j n
 = °- 2 c m a n d Z

D
 = 7 0 1 s o n l v " 7 6 ° A-

Thus, the desired spot size could not be attained if the defocussing field 
is frozen in. It is clear that since both a. and R, cannot be estimated 
accurately, changes in their assumed values could easily reverse this conclu
sion. If a Ifc is reduced from 2.2 kA to 0.22 kA (which could be produced by eff lowering the pressure or reducing the assumed value of a), then I, would 
be reduced to only 11 A, and the effect of the knock-ons would be negligible. 

NET CURRENT REVERSAL BY THE ION BEAM 

According to the model we nave been developing, the front end of the 
ion beam pulse experiences an effective net current I? (< 0) determined by 
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the total knock-on current and beam radius. It is of -ritical importance to 
determine how quickly (if at all) this net current can be reversed by the 
positive ion current. We define £ as the distance from the ion beam head 
back into the pulse, and £ as the distance from the beam head at which the 
net current is reversed (i.e., I t (? c r) = 0)- F ° r £ c r

 <K L b, only the 
front portion of the beam experiences the defocussing field, and the knock-on 
electrons will probably have only a minimal effect. For £ r — L . , most or 
all of the ion beam pulse experiences an outward deflection. For ballistic 
propagation, !;iis can be tolerated so long as the effective knock-on current 
lies below the critical value given in Eq. (8). However, pinched mode 
propagation obviously requires a small value of t, since the pinch requires 
B e > 0. 

The net current can be estimated from a circuit equation of the form 

k(L W 2B bTrR 2o 
lnet + hh+lV' (9) 

with all quantities functions of £. The exact form of the inductance term 
L depends on the details of the circuit model. We take R as constant and 
T ~ l . An upper limit to 5 c r can be found by retaining only the I, 7. term 
on the right hand side of Eq. (9) and assuming the following forms for I. 
and o: 

o b 

o(?) = a Q + A Ib' Z2 • (10) 

This corresponds to direct ionization by a linear ramped pulse. With the 
initial condition I® (£ = 0) = l£ (0), Eq. (9) can be integrated and 
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solved for I t = 0 to give 

^cr = AT£ <«P 
- 4^SbLR2 A i f f (0) 

:n) 

In order to make numerical estimates, we assume that the ionization 
1 ft 2 7 6 

cross section a + = 10 Z? B cm (based on Gillespie, et al ), and that 7 -4 -^ the conductivity is given by a = 1.8 x 10 ' V 2. T n e resulting nominal 
value for A is 

3.2 x 10 5 ll , 
A„ = i (Amp-cm-sec)" : i2) 

Note that A = h 4=r-
dIbdC 

eff Figure 2c plots £ versus I, (0) for a typical converging beam with 
S b = 0.2 (5 GeV), Zfa = 70, R b = 5 cm, I = 1, T g = 4 eV, and aQ = 10 1 0 s"1. 
Curves are plotted for A = 0.3, 1, and 3A , allowing for an order of magnitude 
variation in conductivity. Figure 2b contains similar plots for 3 = 0.4 
(~20 GeV). It is clear that £ is extremely sensitive to small variations 

eff in conductivity (or A) and I. . Unfortunately, neither quantity can be 
estimated with great precision. Figure 2 also indicates that in most cases, 
the current will be reversed close to the ion beam head (-; £ 10 cm), or 
else the defocussing field will persist throughout the pulse (£„„ > L. —100 

cr ~~ D 

cm). Since the minimum ef fec t ive knock-on current necessary to prevent 

f i e l d reversal by the ion beam is t yp ica l l y 102 A for these parameters, we 

expect the defocussing f i e l d to persist throughout the beam pulse at 

su f f i c i en t l y high pressures i f even a modest amount of se l f -p inching occurs. 
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For pinched mode propagation, the background gas may be completely 
stripped and conductivity may exceed 1 0 1 5 s" 1. For illustrative purposes, 
we consider a pinched beam with R. = 0.2 cm, s = 0.3, l^ = 20 A/cm, 
Z f a = 70, and a = 1 0 1 0 s" 1. Assuming that J ( $ = 20 cm) is 1 0 1 5 s" 1, the 
resulting A is 1.25 x 1 0 1 1 (A-cm-sec)"1. Fori = 1, Eq. (11) predicts that 

eff the defocussing field will destroy the pinch if I. > 1.5 kA. However, 
since R. is so small, the inductance term L should probably be increased by 

eff at least a factor of 2, thereby proportionally reducing the allowable I. .. 
One can be cautiously optimistic that at pressures below 1 torr in Ne the 
defocussing field can be reversed near the l;ead of the beam, but this field 
reversal becomes much more uncertain at higher pressures. 

DISCUSSION AND CONCLUSIONS 

It is virtually certain that heavy ion beams will produce massive 
quantities of knock-on electrons for target chamber pressures above 1 torr. 
We have shown that the magnitude of the resulting current is more than 
sufficient to pinch the knock-on beam in most cases, assuming that a sub
stantial fraction of this beam actually gets out ahead of the ion beam 
pulse. Although at least some of the ion beam experiences this defocussing, 
the overall effect on beam propagation is minimal if field reversal inducer 
by the ion beam occurs near the beam head. Our simple model for studying 
this field reversal process has not been conclusive owing to uncertainties 
in conductivity and in the radius of the knock-on beam. For ballistic 
mode propagation, ion beam induced field reversal is not necessary so long 
as the net knock-on current lyirg inside R b does not exceed the limit given 
crudely in Eq. (8). However, field reversal must occur quickly for pinched-
mode propagation to be viable. 
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There are several factors which we have not yet discussed which could 
modify the model we have presented considerably. First, electric fields 
present inside the ion beam may prevent knock-on electrons from getting out 
ahead of the beam. As long as the stripped ion beam current is not exceeded 
by the current carried by fast electrons, the induct •-•>/:> fipi-i F_ wil"> Ke 
negative. Hence, knock-ons inside the ion beam will actually be accelerated 

forward to higher energies. This will tend to neutralize quickly the 
space charge at the head of the ion beam (especially for a ramped pulse), 
so any electrostatic fields near the head of the ion pulse will probably 
be greatly reduced. 

o Yu has pointed out that the self pinching of knock-ons cannot occur 
until the knock-ons in the channel ahead of the beam become space charge 
neutralized. The distance for achieving neutralization must be longer 
than the mean free path for ionization given by 

X, = — i - . M3) 
i CTing 

-18 Here a i is the ionizat ion cross section and is t yp i ca l l y (1-5) x 10" :m 2 , 

depending on the gas specie and knock-on ei.^rgy (20-100 keV). For \. £ 20 cm 

(as is typical of Ne at 1 t o r r ) , the beam w i l l t ravel a considerable 

e f f 

distance in to the chamber before sel f -p inching begins, and I. w i l l be sub

s tan t i a l l y reduced. However, by ra is ing the pressure or using a more 

readi ly ionized gas, Â  can be reduced to a few cm or less, and se l f -p inch ing 

is more l i k e l y to occur. In add i t ion , for self-pinched ion beams propagating 

in > 10 t o r r of Ne, knock-on current densit ies w i l l be s u f f i c i e n t l y large 

to induce breakdown or avalanching even i f the beam is not i n i t i a l l y pinched. 
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An additional feature which we have not discussed is the possible 
enhancement of conductivity by energetic secondary electrons at energies 
above the 1 eV bulk plasma produced by a large radius ballistically focussed 
beam. Such an enhancement would probably prevent the ion beam from reversing 
the knock-on field under any circumstances. However, if the resulting frozen 
net current lies well below the limit set by Eq. (8), field induced ion orbit 
deflections and anharmonic emittance growth might actually be reduced 
below what has been calculated in the past. Since the estimated temperature 
inside a pinched beam is expected to be 100 eV, one would not expect sub
stantial conductivity enhancement by energetic secondary electrons. 
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FIGURE CAPTIONS 

Fig. 1 - Knock-on electron orbits as seen in the laboratory frame. 
Electrons which outrun the beam produce plasma channel ahead of 
the beam with a magnetic field B n < 0 which pinches the electrons 
and causes them to execute sinusoidal betatron orbits. This 
field will persist at least part of the way into the ion beam 
pulse (shaded area), thereby deflecting ions outward. In many 
cases, the ion beam will reverse the magnetic field at some 
point, leading to a region where electrons are magnetically 
expelled. The case illustrated is somewhat unusual in that 
field reversal, if it occurs at all, will usually occur within a 
few centimeters of the beam head. 

Fig. 2 - Critical distance from the beam head £ verses effective knock-on 
current I? (0), lying inside the ion beam at 5 = 0. Parameters 
assumed in Fig. 2a are for a converging beam with 8. = 0.2 (5 GeV), 
Z b = 70, R b = 5 cm, I = 1, T e = 4 eV, !£ = 20 A/cm and aQ = 10 1 0 

s" . The nominal value A is based on the estimate in Eq. (12) 
and is a measure of how fast the conductivity builds up as a 

eff result of the rising beam. If l£ (0) is sufficiently small, £ 
is a few centimeters or less, and knock-on defocussing will not 
effect most of the ion beam pulse. Equation (11) is used to 
estimate £ . Figure 2b is a similar calculation for S b = 0.4. 
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FOCAL SPOT SIZE PREDICTIONS FOR BEAM TRANSPORT THROUGH 

A GAS-FILLED REACTOR 

S. S. Yu, E. P- Lee, and H. L. Buchanan 

Lawrence Livennrre Laboratory 

ABSTRACT 

Results from calculations of focal spot size for beam transport 
through a gas-filled reactor are summarized. In the converging beam mode, 
we find an enlargement of the focal spot due to multiple scattering and 
zeroth order self-field effects- This enlargement can be minimized by 
maintaining small reactors together with a careful choice of the gaseous 
medium. The self-focused mode, on the other hand, is relatively insensitive 
to the reactor environment, but is critically dependent upon initial beam 
quality. This requirement, on beam quality can be significantly eased by the 
injection of an electron beam of modest current from the opposite wall. 

Work performed by LLL for U. S- DOE under Contract No. W-7405-Eng-48 
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I. SUMMARY OF RESULTS 

Results from calculations of focal spot si'.e for heavy ion beams 
transported through a gas-filled reactor are summarized below. Three 
transport modes have been studied. The first is the ballistic mode where 
beams are injected through large portholes (.M5 cm radius) to converge at 
the target. The second is the self-focused mode where beams are injected 
through small portholes (sub-cm), arid propagate in their self-generated 
pinch field. The third mode is a variant of the second: an electron beam 
of modest current is injected from the opposite wall to aid the ion beam 
pinching. 

The basic tools for our analyses are a set of 1-D codes which 
calculate the r.m.s. radius of a beam during its passage through the 
reactor. Analytic formulae for the r.m.s. radius of the beam in the target 
region were derived on the basis of several approximations which were shown 
by the 1-D codes to be reasonable in the range of parameters of interest for 
HIF. We have also checked 1-D code results against simulations and 2-D 
codes. These codes include only classical effects (no instabilities), and 
the predicted focal spot size represent the minimum disruption the beam is 
expected to experience. 

Ballistic Mode 

We find an enlargement of the focal spot size due to multiple 
scattering and classical self-field effects. The magnitude of these effects 
seem large enough to be of concern for target requirements. However, there 
is still sufficient uncertainty in the theory, particularly in connection 
with the calculation of beam-generated electrical conductivity, that firm 
predictions are not yet possible. Detailed calculations of the electrical 
conductivity with Boltzmann codes are in progress. Calculations up to this 
point indicate the sensitivity of final focal spot size to various beam and 
reactor parameters, ind suggest several ways for minimizing the spot size 
enlargement: 

1. Small reactors. The neck radius of the beam is a very 
sensitive function of the reactor size. To keep the neck radius small, the 
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total path of propagation in gas should be kept to a minimum (z < 5 
meters). In addition, the neck radius is reduced by maintaining large 
portholes. The geometric factor R /z should be maximized, where R ° w o w 
is the beam radius at reactor wall. 

2. Proper choice of gas medium. To minimize multiple scattering 
effects, one is restricted to a low-Z material below a few torr. Self-field 
effects could be significantly reduced by choosing a good conducting gas, 
e.g., Ne and N are better conductors than V.?. or Li. One might also 
consider mixtures involving more complex gases, e.g., H 20. Self-field 
effects are relatively insensitive to gas pressure. 

3. Some pulse shaping in the radial direction would be helpful. 
Emittance growth is minimized by having a nearly square current profile. 
The magnitude of the current in a given beamlet has relatively little effect 
on the emittance increase in the classical calculations- Since the change 
in beam emittance in the reactor is independent of its initial value, little 
is gained by improving beam quality at entrance. Overall, the effects of 
initial beam parameters on focal spot size enlargement due to classical 
phenomena are secondary. One should note, however, that the beam energy 
cannot be lowered much below 10 Gev, since multiple scattering, which is pro-

-4 portional to r. , would become intolerable. 

Pinched Modes 

Whereas the reactor geometry and reactor environment are constrained 
in the ballistic mode of propagation, the self-focused mode is insensitive 
to the reactor size, and can accommodate a large range of gas types and 
pressure (M to 50 torr). In addition, the small portholes associated with 
the self-focused mode ease pumping requirements. The constraint for this 
mode is on beam quality. The self-focused beam characteristically expands 
at the beam head, and is pinched at the tail. The amount of beam head lost, 
and the final pinch radius at the tail are both sensitive to the initial 
beam emittance. Our code indicates that with initial emittance of 1 mrad-cm, 
the beam is pinched to a radius of M mm with only a small portion of the 
beam head lost. But the ion beam pinching rapidly degrades as the initial 
emittance is increased. Beam radius at injection is also an important 



507 

parameter. The optimal beam size at entrance is a lew millimeters. 
Generally, the more current there is in a given beamlet, the tighter is the 
final pinch. However, beam current is not as critical a parameter as the 
beam quality in determining the final beam radius-

The requirement on beam quality could be significantly eased by the 
injection of an electron beam from the opposite wall simultaneously with or 
prior to the injection of the heavy ion beam. Our code indicates that vast 
improvements in the ion beam pinching is achieved with a modest electron 

2 beam current. With a 3 kA/cm e-beam, a 3 mrad-cm ion beam is pinched to 
slightly larger than 1 mm at the beam tail with little loss of the beam 
head. The stable propagation of such a e-boam has been demonstrated 

i 
experimentally.* 

II • THEORY 

The babic ansatz for our beam transport studies is the envelope 
2 . • equation which describes the evolution of the r.m.s. radius R of a beam 

segment (characterized by x = fcc'l, the distance from the beam head) as a 
function of z, the distance from the reactor wall: 

^2„ r.2 k-r 
L* « £ !_ u) 
°z R 

The envelope equation is quite general, and is 'ed by taking appropriate 
moments of the particle equations of motion. The complications lie in 
evaluating the evolving emittance E, and the pinch force, characterized by 

2 2 the average betatron oscillation k Dr = I /I., where I and '•< ne t A ne t 
I, are the net current and Alfven current, respectively. Since the 
physics of the ballistic mode and the pinched modes are quite different, 
they will be discussed separately. 

Ballistic Kode 

Only the effectr of multiple scattering and classical pinch fields are 
included in the present study. The classical field effects arise from 
incomplete current neutralization, which results in self-magnetic fields 

3 that deflect beam particles. Degradation of the focal spot size happens 
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in two ways. First, when particles at different radial positions of a given 
beam segment experience different focusing forces (due to anharaionic pinch 
fields), there is a net increase in the omittance of that disc, which leads 
in turn to an enlarged neck radius. Secondly, the average pinch force 
experienced by various beam segments are different. The resulting, variable-
focal lengths imply that as the beam impinges upon n target placed at any 
point in the reactor, most of the beam discs will be sligiitiy out of focus. 

For the converging beam, it is possible to derive an approximate 
solution for the neck radius of a beam segment from E-j . (1 ). It is given by 

7. r -,1/2 

^- * f ( i r ) 'K I 
where the final e;;-,i 11 ance is the initial i--ii r tance enhanced by multiple 
scattering and self-field effects 

E r = E"; •» (.'.E"\> + (.'.£") _. , , U ) 
f 0 scatt tield 

The geometric factor (z ,/R ) in 1-2 ti . (2) determines the am.unit >!' 
o w ' 

omittance growth that can he tolerated io achieve a given neck r.iiiiur. The 
parameter -' represents a correction due to gross pinching effects, given by 

W L O 

Omittance increase due to multiple scattering is well known, and is 
given by 

(AE 2) , = - „ n R - z /3 (5) 
scatt scatt g w o 

where n is the gas density, and the factor of l/j results from the 
6 

converging beam geometry, n is an effective c;-,-.- . 5;! : U-.. .... 
multiple scattering, given by 

o 
, 4 Z . 2 Z 2 

^ e l f- in; ( b ) s c a t t .,2 4 Q 4 2 
M c p Y 

where Z. and Z are the atomic number of the heavy ion and the gas, 
respectively, and M is the mass oi the ion. InT provides the cutoff in 
momentum transfer. 
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To calculate the emittance growth due to self-fields requires detailed 
knowledge of the evolving velocity distribution of the beam particles. 
Explicit evaluation of this effect is not known in general. However, for 
the converging beam, it is possible to employ ,T nerturbative approach upon 
the assumption that deviations from ballistic trajectories are slight. A 
simple formula then emerges: 

(.\E2),. . . = s (k 2r 2) z 2 (7) 
field ,: o 

where s is a radial shape factor, given by 

(8) 
, ̂  2 2 k.r R 

\ 2 2'' 7 

s = 0 if the net current profile is square, and is 1/45 for a parabolic 
profile and 0.15 for a Gaussian profile. 

~ 2 To complete the derivation of the neck radius, k"r" aust be 
evaluated. The pinch force results from the aggregate effect of the beam 
current and the plasma current- Initially, one -,;ught expect k~r~ to be 
a very sensitive function of the beam current and the degree of stripping of 
the heavy ion. However, in the highly current neutralized regime relevant 
for heavy ion fusion, the plasma current varies in such a way as to cancel 
both the beam current and the effective ion charge state dependence to 

2 2 • leading order. The resultant k.̂ r is sensitive only to atomic 
properties of the gas. It is given approximately by 

ie' 

where '. m is the momentum transfer rate, and •;. . is the relativistic limit 
le 

of the non-relativistic ionization cross section for the gas by electron 
impact. The dependence on beam particle current I, /e, the effective 

oo 
charge state of the ion Z, and Che beam segment position x are contained in 
the single parameter < . < = 1 at beam head, and avay fron. the beam head, 
(x >> x = t c ~. , where * is the ; ise time), we have r r r 

/ 2 > ? 
2 e Z 0 - lW \ , 1 N 

ie bo \ / x 1 \ . 
j x » x (10) ,2 2 / I, x 2 ) 

£ c 
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The size of the neck radius of a beam segment is given by Eqs. (2) to 
(10). The position of the nee* z can also be obtained from Eq. (1): 

(11) 

where z is the geometric focal point for a ballistic beam. Variations of 
o -^-j 

the focal length with x comes through the factor k ,r . 
Finally, the r.m.s. radius of the beam in the region around the neck 

is givei' by 
I1 

i ? f 7 
R' = R + — (z - z) (12) 

n R2 n 

n 

Pinched Modes 
The physics of the pinched mode is more complicated, and we do not 

have simple analytic solutions ii this case. Detailed 1-D and 2-D codes are 
required to calculate the beam envelope and results of these calculations 
have been reported previously. However, we will attempt to give a 
heuristic description of the underlying physics. 

As a self-pinched beam moves towards the target away from the 
porthole, the main body of the pulse eventually settles into an 

2 2 equilibrium. The equilibrium radius is obtained by setting 3 R/") z = 0 
in Eq. (1): 

ti . 
(13) 

The final emittance E, is again the initial eniittance enhanced by 
multiple scattering and self-field effects. However, eraittance growth due 
to multiple scattering for a self-focused beam is small because 

2 2 
(LE ) is proportional to R • Hence, the self-focused mode is not scatt ' r 

confined to lov-Z material and/or low pressure as is the converging beam 
node. 
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Emittance growth due to self-fields can be minimized by injecting the 
beam at nearly the matched radius. Eraittanco growth due to mismatch has 
been studied with simulation codes, and a phenomenological model which 
reproduces the observed effects was constructed. It is given by 

3E 
3z 

,2 2 2 Ivr R 

A U ) B 
, 2 2 r, k_r R 

t> • 

ill 
3z 2 ( U ) 

where A and B are numerical constants. For a slightly mismatched beam, the 
4 net emittance gain is predicted to be 

(AE 2) . , = 2 k^r2 (R - R 
field ;: \ eq J, 

2 (15) 

The calculation of k r has been performed with detailed 
numerical codes. To obtain a physical feel for the requirements for 
pinching, one could invert Eq (13) to derive the required n.'t current to 
attain a ^iven target size 

Jl± e Z 
x , 2 2 -k r = : <Hc~ 

"e Z 
3 'f 

R 
eq 

(16) 

As a numerical example, we consider a lj Gev uranium beam with 1 kA particle 
current. Assuming Z = 80, the beam current is 80 kA, while the net current 
required to pinch a 1 mrad-cm beam to 1 mm IEq. (16) is only 3 kA. Hence, 
more than 95% current neuf 'ligation can be tolerated. 

The amount of current neutralization is controlled b 
decay time T 

the magnetic 

pet 
1, beam 

(17) 

where T L;, proportional to the electrical conductivity m 
2 

„. _ 4 '•"•"•' R (18) 

The electrical conductivity o is proportional to Te /Z where 
ef f ** 

Z is the effective charge state of the gas, while Te is the electron 
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temperature. The electron temperature is determined by direct heating by 
ions and Joule heating, combined with thermal cooling in the radial 
direction The general trend is for the conductivity, and therefore the 
magi'.etic decay time to increase with beam current. However, the increase is 
less than linear. Eq. (17) therefore predicts an increase in I with 

net i, which is also less than linear. Hence, from Kq. (13), we have a beam 
decrease in R with increased beam current at a rate which is slower than 
a square root. Thus, independent of the details of the fields and plasma 
channel, the strong dependence of the pinch radius on beam quality and its 
weak dependence on beam current can be qualitatively understood. 

The theory of electron beam aided pinched propagation, together with 
numerical results from a parameter search, have been reported. 
Calculations involving an e-beam current are quite similar to the pure 
self-focused mode calculations except that there is an additional 
contribution to k r due to the external current. We would stress that 

2 the external current of the order of 3 kA/cm is in itself far too weak to 
pinch the beam. The external current merely serves to hold together the ion 
beam head loosely. This leads in turn to rapid generation of self-fields. 
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