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PREFACE

It is customary for the proceedings of a workshop such as this one to
include a summary of the conclusions. In this case, a letter from the
chairman, Burton Richter, was sent to Dr. Greg Canavan a few weeks after
the conference ended. This le-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 heve as the summary reports. To reduce
redundancy, the preliminary reports of the subsection chairmen have been
replaced by their [{inal reports.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
studv ses.ion.

Bill Herrmannsfeldt
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Va Addren

Stantord Linkar Accrriralor CENTER SLAC, I O Box 4349
stanford. Caildorma 94305

27 November 1979

Dr. G. Canavan

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

Dear Grag:

I am enclosing a summary of th. work of the Heavy lun Accelerator
Study ’ession which was held uncer the auspices of your otfice
October 29, to November 9, in Berkeley. Tnis summary was prepared by
W.B. Herrmannsfeldt, who was chairman of the Organizing Committee of
the Conference, from the reports ot 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 findg
some matters which needed further theoretical as well as experimental
work .

After the formal end of this study session, I convened 3 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 erergy makes space charge
problems i, these drivers much more severe than the old 2?0 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 and the
accelerator designers should then carry out new reference designs for
the required systems. The next worksnop 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) longitudinai-transverse
coupling in induction linacs which operate in an unusual mode with many
transverse and few longitudinal oscillations during acceleration.



Dr. G. Canavan 27 November 1979
Page 2

It was emphasized that the theoretical calcylations are difficult
and some estimate should be made of the possibility of scaled experiments
using existing low and medium energy accelerators.

I think that this study session was very useful to the program and
it gave me increased confidence that the work of the past few years had
not overlooked any major problem areas.

‘Sincerely,

Burton Richter
Professor

BR:skd



HEAVY TON ACCELERATOR STUDY SESSION
W.B. Herrmannsfeldt
Stanford Linear Accelerator tenter

Objective

To study the physics of high-intensity
heavy-ion accelerators to assess their promise
as ignitor systems fur inertially confined

fusion.

Participation

Approximately one hundred accelerator
scientists participated in the study sessien
held at the Claremont Hotel, Oakland, California
for two weeks during the period Qctober 29 to
November 9, 1979.

Organization

The study session was jointly snonsored 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. Lawith, 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. Jamé;on, LASL and
P. Lapostolie, France.

{Beta refers to the velocity in units of the
velocity »f light, v/c.)

Linedr 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 T. Hofmann, West Germany.

Final Transport in Gas: (. Olsen, SLA.

Background

This was the fourth in the series ot annual
workshops held to stugy the subject of heavy ion
accelerator drivers for inertial fusion. Since
the status of the field has changed rapiealy
during this period, the purpose and slyie of

each of tnese sessions nas also changed,

The first Claremont meeting, neld ir the
same hotel in 1976  actually preceded formal
funding for accelerator laboratories for HIF.
This study was held to test t-.e validity of
carly claims by proponents that HIF was in tact
feasible, and to identify the most promising
techniquas ang most critical questions.

77
L.

The secand workshop, held at ENC in 19
san a multitude of proposed systems and
subsystems Leing sorted out to enanie the
community to better concentrate orn comparable
approaches. Some of the theoretical stugies,
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 compara.ive
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
principel elem nt far 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



propelling a single high intensity bunch of ians
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 magnecs
extending over a distance sufficient to allow
the beam to ballistically 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
availahle tn study it, has continued to be
studied by two Japanese laboratories which were
represented by three attendees at this year's

wWorksnop.

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 main-line approaches. These guestions were
to be formulated and examined particularly in
tne frant of recent experiences with other new
acceleratnr systems such as storage rings for
hign-energy pnysics and induction accelerators
fnr weapons-related activities. The majority of
attendees, and all of the cnairmen of tne
working groups, were from such outside groups,
and many nad not attended any of the previous
workshops. A orief discussion of target
parameters and the results of recent theoretical
work in pellet design wa presented by way of an
introduclion for new workers. A significant
change in beam requirements was identified by
R. Bangerter, LLL, wno presented the following

table of target beam parameters:

Case A B C
Beam energy 1M 3 M 10 MJ
Peak power 100 TW 150 TW 300 TW
Kinetic energy 5 GeV 10 Gev 10 Gev
Spot radius 1 mm 2.5 mm 3 mm
Pulse length (total) 20 ns 40 ns 70 ns

-

Pulse length (peak) 6 ns 16 ns 20 ns

[ons 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 far achieving useful gain, the
kinetic energy allowed for the ion beams has
decreased. This requ.res a corresponding
increase in beam intensity, although some growth
(abnut a factor of two) has occured in spot
radius and peak pulse length. Qualitatively, of
course, increased intensity adds to the
difficulty of achieving the necessary beam
parameters while increasing the spot size and
the peak pulse langth increases the permitted
six-dimensional beam emittance, thus easing the
requirements. Paradoxically, intreases 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 Tist of specific technical

questions was defined by the organizing

committee:

(1) For low-beta and rf linacs:
a) Preservation of emittance during
combining of beamlets.
b) Coherent instabilities in the main

accelerator.

For induction 1.nacs:

~

a) High currenc injector systems.
b) Coherent iistabilities, botn transverse
and longi.udinal.

¢} Wavaform tolerances and jitter.

(3) For storage rings:
a) Injection requiring debunching and
stacking.
b} Rebunching in the rirg.
¢) Coherent effects, both transverse and

Jongitudinal.



d) Vacuum requirements.

e) Charge exchange.

f) Extraction.

g) Cooling techniques, if useful.

(4) Final Transport, vacuum:
a) Longitudinal pulse compression.
b) Geometric aberrations.
¢} 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.
¢} 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
HIF, ANL and LBL, have each developed proposals
to design and construct accelerator systems,
called Test Beds, to demonstrate the principat
parameters and components needed to construct a
full-scale protetype driver. The test beds
would be far too smail 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. [he study session did not have
time to assess adquately 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 sessicn the meeting
site was shifted to the LBL auditorium to allow
unlimited attendance by interested scientists
who 71ad not been able to participate in the
worl shcp.  The reports began with a summary of

the target parameters described above. Then the

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

(1) Final transport in gas: The group
considered possible reactor scenarios to test
the compatibility of the reactor environment
(Giameter 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
in the range 10‘4 to 10'3 Tare. (This
temperature is about the same as the operating
temperature for light water reactors.) The
group found that transport at pressures up to
about 1073 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 Tor:r "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 «voic beam
loss due to stripping in the last focusing
magnet. The pinch mode, similar to that
required for light ion beam fusion, 3till
appears to be a possible transport mode. The
most promising conclusion, however, is that the
newly found window, coinciding with the
paramete.'s of the 1iv id lithium reactor
scerario, provides a final beam transport
scenario consistent with the favored reactor

system.

(2) Ffinal transport in vacuum: The
transport line from the accelerator andjor
storage ring to the reactor i. evacuzted. The
problem of stable transport in this system is
complicated by the fact that the bean is rapidly
compressina longitudinally, thus causing the
current to be continuously increasing. The
approach used by the working group was to design
the best possitle system without space charge
and then to modify the solution assuming uniform



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, 2tc. These simulations,
which were heyond 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
c«ffect of including space cnarge was to increase
the maximum beam radius from 25 to 36 c¢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 geod, 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,

8]

Current limitations imposed hy coherent

=5

longitudinal effects.

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

Losses due to charge exchange collisions,

beam loss. The workshop resulted in a more
intensified look at problems of coherent
Tongitudinal 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 of ions
suitable for the HIF application. One ratier
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 thare are important and
fascinating problems but "no insuperable
obstacles" were found.

(4) Linacs: The Tinac working group

considered both rf linacs and induction linacs.

RF Tinacs: 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 resuiting
instabilities need further study. The working
group reported their concensus that transverse
blowup is not to be expected and lonygitudinal
bl~wup is unlikely but need to be calculated.

The induction Tinac presents a very
different, and in some ways, a simpler case than
the rf linac. However, because there is sc
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, =atc.
Transverse dynamics, at Teast in the absence of
transverse-longitudinal coupling, appears to be

in good theoretical shape.



The recommendations of the Tinac working
eroup include development of numerical methods
of treating the problems described above and
careful diagnnstics to ensure useful
measurementes when beams are available from the
proposed test bed systems. The conclusions were
that "no fatal flaws were found and the

concersus is that there probably aren't any."

(5) Low-beta accelerators: There are now
several candidate systams for the low-beta
sccelerator for injection into the rf linac.
These include, a) conventional high voltage
injection into a low frequency Wideroe linac.
b} the rf guadrupole 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 Tow-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.

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. [t is presently split
between GSI, Frankfurt and Garching and is only
just beginning to be funded. N.M. King
described tne program in Great Critain. Some
funds that are 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 cr with independent
alliances with the U.5. DOE programs. Since the
classificacion problems do not directly affect
the accelerator systems, the heavy ion drivers
would be the ideal vehicle for such colla-

tarations.



SUMMARY OF LOW-f 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-R 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-f linac branches, (1) by requiring that the ratio of
space charge to restoring force be (.5 in transverse and longitudinal
phase space, implying a tune shift O/JO 2 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 radioactivitv is induced.

Scaling Laws

Scaling laws for currer:. 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.



Emittance dilution must be controlled. The assumptions above
essentially assure this, at the expense of a lirnac tree to split up the
current at the low-8 end. Two modes of oneration were proposed bv the
various participants: one where the emittance alwayvs 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 cperation. Rf deflectors would be required
for longitudinal interlacing: detailed design and simulation work is
needed, particularly at the final highest-f combination sections.

A detailed simulation combining all elements of a linac tree has
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 interactionc, 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 + Widerces), LBL (long drift-tubes), BNL (multiple-beam-electro-
static-focusing linac (MEQALAC)), and LASL (radio-frequency-quadrupole
(KFQ) structure) seem adequate to provide beam to subsequent stages where

the problems are harder, and provide options for eventual optimization.



Studies on the low-f 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 comservative designs where the
assumptions are applied. Lxisting 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
eniittance growth.

We used simulation tools at the Workshop to partially test & new
code against the PARMILA standard, and to simulate th- ANL Wideroe and
the BNL MEQALAC to check scaling.

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

Finally, comparison of simulations with experiments on the linacs

will push hardest the development of the experimental techniques.

Further Re

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

with the following rer -—ks.

Requirements and Assumptions

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 section. This would
involve operating with tune shifts 0.7, closer to (or even near) the space-

charge limit. IL must be stronglv emphasized, 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 brightness 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.



Satucrated 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

": zaling' inferences drawn from Lhese comparisons are

operating modes, and
rather oo common in the HIF literature to date.* We argue with this method
of inferring general properties and deciding "best approaches,' icther than
with the results of the particular cases. 1In 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 tualk 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 SiprrHILAL mzy be o
In the intermediate region, tune shift is significant and er.ttance

blow-up is not negligible. Scaling equations which account for emittance

behavior do not exist yet, but particular cases can be investigated quite

well with computer simulation codes. It is essential that emittance as

well as 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 rewrittea in forms specific to a particular
type of linac. For example, tirte rf-quadrupole linac has continuous focus-
ing and may be formulated in that manner, or may be represented hy an equiv-
alent hard-edged quad system. The number of R} s per focusing period has
a particularly :trong influence.

Certain criteria may then be placed on the linac performance, for
example on the phase advance per period at zero current, OO’ or on the phase
advance with current, ¢, or on both 00 and ©.

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

assumptions are likely to be misleading. A particularly good elucidation

of this point is given by Reiser1 for rransport systems. For application
to linacs, the longitudinal nropertics must be taken into account simulta-
neously, but the concepts are ti;e 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 instaantly jumping to crnclusions
and specific designs, we would at least clarify the issues and might even
find more attractive systems.

We did check variovus specific designs currently under consideration,
and found that the calculated current limits agreed well w.th 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/OO = 0.4, give a value for the saturated transverse cutput emittance

which agrees very well with computer simulacions. The limit formulas must
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be applied on the basis of cxpericnce gained from the simulations as to the
point in the machine where the "hottleneck” occurs. Tor example, in the
I.LASI. RFQ, the current limit bottleneck occurs at the end of the gentle
buncher, where the bunches arce well-formed and the rapid acceleration begins.
In machines where bunched heams are injected, the current is limited at the
injection end.

Having pained 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 hounds, including
saturated emittance and current loss.

The scaling relationships also arc quite accurate and useful ar lower
currents, except that thev do mot account for cmittance growth, Some Svs-—
tematic numerical experiments have been dﬂnej which provide some insight
into emittance ¢rvowih, but there are no uselful formulas vet. However,
meaningful svstem comparisons could he made by assuming reasconable urowth
ractors. In this regime we must also be aware of the ion source brightness
and how it varies as the current is changed, cither by changing the f{on

source parameters or bv various tvpes of scraping.

Funneling
Some of the important requircments or funncling schemes were reempha-
sized at the Workshop, in particular the desirabilitv of filling cvery
accelerating bucket in cach stage. The geometries of the RFO and VWideroe
3

structures are particularly suited to accomplishing this,” while other

mnlti-channel configur:tions may not be.

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

At the lowest energyv cnd of the system, there mav be some advantage
in ~unning in a current-saturated mode, with the consequent beam loss
and geometry defined emittance. This might, for example, w«void another

level in the tree while not compromising the emittance required downstream
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by un 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 mcre detailed designe and system
comparisons. simulation of induction linacs is less advanced: the probiem

is complicated by the extreme aspect ratio of the beam bunch.

Experiment vs. Simulation

1t was mentioned in the initial summary above that existing codes
for rf linacs have been experimentally verified for the main part of the
beam. [t must be said that a spectrum of opinion could be found on this
point. The above statement is considered reasonable if the modeling is
dorie with extreme care, and if physics clearlv 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 nf 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 arca which will be particularly hard to
measure experimentally, and to simulate properly, is the initial injectien
and beam bunching region, where neutrali-~ation and longitudinal-transverse

coupling effects will complicate the situc*ion.
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ANL LOW BETA DEVELOPMENT (PHASE 0)

J. M. HWatson
Argonne National Laboratory

Introduction

The HIF group at Argonne National Laboratory is currently deveioning the
initial Accelerator bemonstration Facility (ADF) for the rf Tinac reference
concepts. This has been dubbed Phase 0 since it is a preliminary step before
our two proposed AJF's which could deposit 10 kd (Phise I) and 560 kd (Phase I1)
on target. Phase 0 is a $25 miliion project over a three-year period.
Unfortunately, much of the funding expected for this nroject wcs withdrawn
from the FY 1980 budget, thereby delaying its completion by a year.

The basic runfiguration of Phase 0 is shown in Fig. 1. The iow-beta front
end consists of a high voltage preaccelerator followed by an array of 12.5 MHz
independentliy-phased linac resonators and Wideroe linacs to accelerate 25 mA
of Xe+l to 20 MeV. The beam is then stripped to charge state +8 and accelerated
in a 25 MHz Wideroe to 220 MeV. It will be injected into a ring (using the
Princeton-Penn accelerator magnets) housed in the ZGS tunnel. The extracted
beam will he compressed, split into four beams and focussed onto tarnet foils.

Phase 0 could demonstrate adequate beam qualitv and intensity throu-h
many stages common to a HIF driver:

Ion source

Low-beta acceleration

Charge stripping

Frequency jump with simulated funneiing
Multi-turn injection intp a storage ring
Storage ring vacuum and instabilities
Extraction

Compression

Beam splitting

Final focus

Energy deposition
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Fig. 1 ANL Phase O

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 probabiiity 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 beax characteristics
in six-dimensional phase space as it passes through each stage of the facility.

Preaccelerator

There are several advantages to operating the preaccelerator at the
highest voltage possible. The current 1imit 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 acceleratior with a Pierce geometry as far as
practical.

We have chosen an operating voltage of 1.5 MY 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 Timit »f 25 mA can
probably be achieved using conventional magnets. The preaccelerator and
source have been described in detail elsewhere '’*; therefore, I will primariiy
discuss our recent experience and present status.

The current layout of our injector is shown in Fig. 2. The equipment
stown is installed and operational with the exception »f the independently-
ohased linac cavities €2 and C3. Their construction will be completed in a
few months. The magnet BM1 is used for energy and charge analysis of the beam.
A Faraday cup has been placed immediate'y behind the independently-phased
cavity C1 in or initial operation. The PAPS 1 and PAPS 2 monitors provide
non-dastructive hurizontal and vertical profiles of the beam,and the toroids
T1 and T2 non-destructively measure the current. The accelerating ccolumn was
Figh voltage conditioned to 1.4 MV and 50 mA %e”! beams were reliably
extracted at 1.3 MV, A pulse length of 100 usec 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 hish voltage
end of the column was experiencirg damage due to the overvoltages during
conditioning sparkdowns. For the former prchlem, half of the rings were
modified to increase the spacing. For the Tatter, 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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rnany insulators; thereby reducing overvoltages by a factor of four. We have
since conditioned to 1.7 MV with much 1ess sparking and have experienced no

additional damage. The present tests are being carried out at 1 MeV until a
new outer shell has been fabricated. At that time, it will be conditioned a-

Figh as possible. i} :1::’_‘
PREACCELERATOR . \snecnrmn stack

1.5 MeV . \
fame »———l TFRMINAL
FUULUSSING
‘”T‘ SOURCE
QUADRUPOLE S .°°2“\f\\ § :fg,—'“‘°
LQDE \ a /cchu\m
12,5 MHe BUNCHER ’/// PAPS 1-PROFILE MONITOR

T41- TOROID

L \ E f PAPS 2 Fiq. 7
LOW- BETA 55".“’“/ 1. <

fe

[ =
LINAC f cz—\\\\\~?;¥ ; ANL Injector

L cs—\\\ 3,) —QL1 TO 4LB Test Facility
SLIT £ ’_J PAPS 3

QFi—\ .:-1..——’/1'5

Al this time we are tuning the beam 11ne and column eiectrostatics to
minimize beam losses through the rf buncher and first accelerating cavity.
Buncining 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
emittances will be measured. Beam scraping on the vac.:um Lipe has been seen
to cause time-varying beam parameters (apparently due to partial reutralization
developing) and forward directed electrons which are :ore intense than the
lost ion beam. The expected normalized transverse emittances out of the
preaccelerator at 1.5 MeV are 0.03 c¢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 ave

in essentially a n/57n configuration. These are expected to transpoit 25 mA
of Xe+I to 2.3 MeV. The three Wideroe tanks which are n/37w, n/3w, and w/7

will accelerate the beam to 22 MeV. A detailed description of this system is
availahle elsewhere”. The three independently-phased cavities and irst
Widerce tank are sketched in Fig. 3. The first independently-phased cavity
{C1) 4= installed and opcrational. The next two will be zompleted in a few
months. Construction of the first Wideroe tank has just begun; however. its
compietion will require more funding than is available in our FY 1980 budget.

— ~CAP. LOADYD CAVITY
K DRUM LOADED CAVITY /’— et
| [\ =4 ]
R I B B
i | i) | ooy xa
30 GaAp
DCUBLE S5Tus
wiogRCE
r ﬂL I _e_jL
R S L e o o s B/ ok
R R T
-QUAD
e

M

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

The 'ise of independently-phased cavities provides a great deal of
flexibility in attaining the injection 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 m/5n configuration adequaie focussing is available to transport the
25 mA beam.



A Wideroe 1inac is the only low-velocity structure with operational
experience with heavy ions (albeit at low currents). After considering
Wideroe'c with electreostatic focussing and RF0O's, it is evident that the
structure with the highest contidence 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 alterrative.

In Phase O 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 currer? and minimum emittance
growth (within reasonable economic constraints) can hopefully be defined.
Preliminary results of simulations through the first WiderGe 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 Tower accelerating gradients
or hicher injection znergies by using more independently-phased cavities'

' through the first tank may require "overstuffing'

Also, to achieve 25 mA of xe*
with some beam loss. The above mentioned studies will also attempt to minimize

these losses.
Conclusions

The rf linac ADF is getting underway with a high brightness beam of
50 mA of Xe+1 at 1.3 MeV already available. The short independently-phased
linac cavities are nearing completion and construction of the first Wideroe
tank has begun. Because of the stringent current and emittance requirements,
realistic computer simulations are needed for initiai designs of the ADF as
well as for understanding the performance of each sectior. The experimental
measuremants will require a new generation of diagno.tics which will accurately
characterize the beam without altering it or being destroyed by it. The low
bata 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 TION FUSTON*

T. P. Wangler and R. H. Stokes

Accelerator Techuology Division
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

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

INTRODUCTTON

The low-velocity accelerator is an important clement in heavy ion drivers
for inertial confinement fusion. Tt is widely recognized that beam intensity
limitations and radial emittance growth Lend to occur prcdominantly at low vel-
ocities in linear accclerator svstems. The characteristics of the RFQ make it
an attractive alternative approach to other designs that have been proposed.

7 is to use a high voltage dc injector to accelerate a heavy-

One proposall’
ion beam, for example Xe+1, from the ion source to about 1.5 deV. 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 Widerde linacs and accelerated o an cnergy of about
20 MeV. This arrangement provides for acceleration Lf about 20 to 25 mA of Xe
vnder current-saturated conditions. 1t is argued3 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. 1In this paper we suggest an alternative approach,

*Work performed under the auspices of the 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 (<250 kV) can be used without lowering the spacce charge limit. In addition,
the RFQ has the potential for adiabatic bunching, which can result in capturce
of ficiencices in execess of 907 and minimal brightness reduction. Furthermore,
as pointed out by Swenson,4 the RFQ lends itscll to array-like configurations
that can be used to increasce the total beam intensitv.  The buvaches from the
different beam channels in the array can easily be combined so as to interlace
longitudinallyv, as is desirable when funneling 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 ficlds so there is no
requirement to include magnetic quadrupoles within the small cells. This oppor-
tunitv to usc a lincar accelerator at low beta values permits adiabatic bunching
of rhe dc beam, resulting in high . pturc and transmission efficiencics (290%).
Adiabatic bunching is not restricted to low energies in principle, but its ap-
plication at higher energies can become very costly in length. Cood transmis-
sion cfficicency implies small beam loss. Reducing the amount of lost beam, and
keoping the energy of lost particles low, may be important in order to minimize
potential problems associated with localized heating of components by an intensce

beam.

RFQ Design
The LASL RFQ design approach has been reported pruviously.5’6 In the most
general case. it consists of combining four sections called the radial matching
section, the shaper, the gentle buncher and the accelerator section. The adia-
batic bunching is done in the shaper and gentle buncher scetions. The synchron-
ous phase angle is ramped from -90° to its final valuc at the end of the gentle
buncher, =< the beam reaches its minimum phasce extent at this point. For this
and other reasons the space charge limit typically does not occur for tlhe de
bcam at the input, but instead occurs at the ¢nd of the gentle buncher.7 In the
case where 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

>l
O]



where q and A are the charge state and mass number of the ion, Eg is the maximum
surface electric field, Bc is the ion velocitv at the cand of the gentle buncher,
and A is the rf wavelength. One can also stow that the length of the gentle

buncher section, for a fixed encrgy gain ratio within the section, scales as

g3

L «
Eg (2)

a

The length formulas for the shaper and accelerator scetions are similar to Eq.
(2). These formulas show that the current limit increases in proportion to

but the length increases in proportion to ?3. Thus the advantage of 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
i= always accompanied by high beam losses and an output emittance characterized
by the geometric acceptance of the channel. The output emittance in this case
is kept small by using a small bore. The sccond cxample illustrates accelera-
tion under mor: lightly-loaded conditions where a smaller fraction of the input
current is lost.

Both examples contain the three sections mentioned carlicr, the shaper,
the gentle buncher and an accelerator section. The gentle-buncher initial and
final energies were chosen to be 0.25 MeV and 2.5 MoV respectively., These
choices represent a compromise between good performance for high beam currents
and overall length. Then the initial energy, where the shaper scection hegins,
was chosen to be 0.242 MeV in accordance with our standard design approach.6
A final encrgy of 5 MeV is arbitrary and could be increased without adding
greatly to the length. A maximum surface ficld was assumed to be Es = 15 MV/m,
which we regard as a counservative operating point.

The computer program that we use to study the RFQ beam dynamics is called
PARMTEQ6 (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 4-dimensional hypcr-ellipsoid. The normal-

ized input emittances im both x,x' and v,y' phase spacc, which contain 100% of
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the beam, were taken to ke 0.017 em-mr. This results in 907 of the input beam
within 0.0077 cm-mr, and an rms input emittance of 0.0017% cm-mr.

Table T is a summary of the parameters for the two cases. The [requency 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 me are listed.”’ Vois
the intervane voltage and ro is the average radius parameter, which is cqual to
the initial radial aperturc. The lengtn L for both casces includes a radial
matching scction at the input. An importan: difference between linacs 1 oand 2
is the aperture difference as is indicated by r, Notice also that although
linac 2 has a larger voltage than linac 1, it is longer because of its smaller
vane modulation p. rameter m.

Table IT shows the results for linac 1 at four input beam currents.  The
entrics include average input current, [i, average output current Io, and trans-
mission cofficivncy T. The normalized output transverse emittance at the 907

and the rms normalized output emittance is - . Linac 1 is

contour is
rins

90’
aperated 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 relativelv small value. The transmission at Ii = 30 mA
of 74.77 is still higher than most conventional single gap buncher configura-
tions.

Tahle TIT shows some results obtained for linac 2 for four input beam cur-
rents.  The aperture of linac 2 is larger than linac 1 and conscequently its
accentance is greater.  In contrast to linac 1 there is almost no restriction
caused by the aperture at li = 30 mA. This results in a high transmission
(95.9%) and a larger output emittance (EQO = (0.0317 cm-mr) than for linac 1. As
the input current increases we obscerve the expected decrease in transmission.
For input currents of 40 and 50 mA, the output current approaches [ts saturated
limit at a value greater than 30 mA.

We sce from the linac 1 results that, as might be cexpected, it is possible
to obtain a high current beam with a small outpu’ emittance at the cost of re-
duced transmission. However, lirac 2 probably best illustrates the advantages
of the RFQ. For input currents less than 30 mA it capturecs and transmits nearly
all of the injected beam and thereby minimizes any problems associated with beam
losses. The output transversc emittance Y40 at 5 MeV obtained from the simula-
tion code for Ii < 30 mA is consistent with the estimate assumed in design stud-

ies using the beam from the alternative buncher-independentlv phased cavity
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3 ) . . .
svstem.”  ¥or linac 2 at L = 30 mA we calculate a two-dimensional oulput
brightness of B = 6.1 A/cmz—mrz, where we have defined the brightness as
. v 2 Lo . . .
B = ZT/f*FQO“. [n addition, we have calculated the longitudinal output emit-

tance at the 907 contonr and we obtain a value of 0.8%" MceV-deg.
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TABLE I
RFQ PARAMETERS

Linac 1 2

q ! !

Ton 132Xe ‘}?Xo

f(MHz) 12.5 12,5

Wi(MeV) 0.242 0,242

Wf(MeV) 5.0 5.0

1, (deg) -90 -20

¢éldeg) -32 -32

m, 1.00 1.00

m, 2.00 1.48

viMy) N.134 n.200

ro(cm) 1.22 .81

L(m) 23.3 27.1

TABLE TII
LINAC 1 RESULTS

Ii(mA) [O(mA) (%) ‘qo(cm—mr)/r ‘rms(cm—mr)/n
20 18.8 33.9 nN.015 n.N032
30 22.4 4.7 0.013 N.N03R
40 22.4 56.1 0.021 0.0045

50 21.1 42.7 0.021 n.0045
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TABLE III
LINAC 2 RESULTS

Ii(mA) Io(mA) T(%) sqo(cm—mr)ﬁt -rms(cm-mr)/v
20 19.9 99.7 n.027 N.0054
30 29.1 96.9 0.n31 0.0068
40 33.8 84.4 0.037 0.0077
50 33.9 67.8 0.04) 0.0085
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BEAM BRIGHTNESS IN LOW BETA LINACS: A SENSTTIVITY STUEDY

R. .. Burke
Argonne National Laboratory

and

R. A. Sacks
Scicnce Applications, Inc.

Introduction

Heavy ion drivers for incrtial confinement tusion reactors depend on
the ability to produce a high intensityv, high guality beam with a minimum
of in-machine loss. Deterioration of the beam qualitv, which subsequentiy
Teads also to beam luss, tends to occur in the ecarly (low energy) stages of
the acceleration process, since all nonlinear eftects decrease with velocitv.
Accordingly, considerable effort has been invested' ™ i studving the
various mechanizms ol emittance growtn in low energy accelerators.

The current work does not dirvectly address the specitic causes for beam
deterioration on a fundamental level. Rather, we present the results of a
numerical study aimed at gaining an engineering chavacterization of the
dependence of the accelerated beam qualitv and intensitv on various parameters
in the linac design, the initial beam configuration, and the initial current.
A dramatic improvement is observed when injection er v Is raised, and some

tentative suggestions are offered for techniques of ac.aieving this increase.
Wideroe Linacs

Table (1) lists the structures we have investigated and describes their
pertinent features. All are single tank Widerove accelerators, operating in
the m-37m mode ~ad configured to accelerate Xt ions. They werce designed
using the WIDLROE linac code developed at lawrence Berkeley Laboratorv®
in collaboration with GSI.®> 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 asvmmetrv
introduced by the 7T-37T structure. This effect decreases the transit time
factor in the gap upstream from a short drif{t tube and enhances it in the

downstream gap. In an effort both to assess the importance of this effect
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and to improve comparability with other reports6 we have deleted the asymmetrv

from structures 3 and 4.

Focussing was achieved with a FOFODODO scheme. Quadrupole 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 c¢m diameter was included throughout.

Particle Dynamics Code

Beam behavior and emittance growth were treated using the PARMILA code’
with slight locau modifi&ations. PARMILA is a 6-D simulation code which
traces macroparticle orhits. Quadrupoles are treated as thick lenses, gaps
as impulsc acceleration, and defocussing thin lenses including longitudinal/
transverse coupling and lowest order transversc nonlinecarities. The effects
of momentum spread are treated naturallv. Space . harge coffects are calculated
from a direct sum of Coulomb interactions with a linear cutoeff to aveid close
approach singularities. These sums are computed at the midpoint of each drift
tube, the midpoint of each gap, and the beginning and c¢nd points of each
quadrupole. They are applied as an impulse to the particle momenta. A
cvlindrical apcerture is included, and particles whose radii exceed the aperture
are discarded.

The emittance to be reported below are computed from the normalized rms

formulae
e —— J U |
TG E I -RGT SR - x-® - 17
(1)
o R, I
r, TAP I -WEYT =D - v -9 7 - )T

In Eq. (1), a bar refers to an average over the particles that are successfullv
accelerated. [ is the velocity of the “'th particle divided by the speed of
light, while x, and yi are its transverse coordinates. The transverse momenta
are measured by xi' = 3xi/32 = (px>i/(pz)i and yi'. The factor of 4 is
appropriate for a Kapchinskij-Vladimirskij (K.V.) particle distribution® in
which the particie ccordinates uniformly cover the surface of a four dimension-
al hyperellipsoid in transvecse 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 resuits

with those using the K.V. distribution.
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The importiance of properly matching the input beam and the Tinac is well
established. Unfortunatelv, while this concept is well defined for transport
ITines, the situation in accelerators, especiauly at low energy, is considerably
less clear.  The presence of acceleration. which penerates momentum spread and
phasce dependent detvocussing forces in the gaps, and resulis in inevitable
emittance growth, invalidates the sirple ideas of covelope periodicity or
vonstant particle phase advances, oxcept as qualitative guides. The topie of
optimal ipput beam parameters and quadrupele scetbings in the context ot an
accelerator requires substantial effort on a fundamental fovel.”

Rather than become enmeshed at this time in an extensive investigation,
we have adopted an iterative, heuristic procedurc, which we call tuning.  The
basic concept is that at approximately the center ot the short deitt tobe
separating 4 horizontally focussing region from a detocassing one, the heam
protile (in the x~v plane) should be <lrenlar.  Furthermore, the rate of
divergence in one direction should match the rate of convervence fn the other.
Foir o poricwic coansport Tine, the matchod bean cith = satisfics these
criteria czactly.

Our tuning procedure, then, consists of adjnsting the gquadrapole strengths

in cvqual polarity pairs so that

at the center ot the short drift tube following that piir. The initial heam
parameters are chosen, within the constraint of vielding the piven initial
emittance, to minimize both the early emittance growth and the disparitv in
strength between the two lenses in the first lew pairs.

This proccdure, of course, is not exact in the presence of acceleration.
The results ontained by follewing it. however: (1Y clearly form & lower bound
for the obtainable optimum, (2) are sufficientlv good in terms of final hbeam
brightness to indicate that they are close to that optimum, and 3) are

sufficfently consistent to allow exploration of trends and sensitivitv analvsis.
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Pesults

The purpose of our investigation was to elucidate the variation in the
obtainable beam quality and intensity as a functicn of icjection energv, rf
frequency, bunch length, energyv spread, and initial transverse emittance. The
results are displaved in Table TIT.

The overall trends are quite c¢lerr. The most striking is the marked
improvement afforded by injecting at ° MeV rather thaa 2.3. There are, of
course, significant difficulties connected with achieving this injection.
Increasing the beam brightness by more than a lfactor of 2, however, can justifv
some trouble. The approach that seems most promising is to extend the output
energy of the combination of high voltage pre-acceerator and independentlyv—
phased rf cavities beyond the 2.3 MeV that is the present goal of che Argonne
HIF Accelerator Demonstration Program.  .he Dvnamitron is a convenient power
supply for voltages of 5 MV, and oscillators with adequate power to drive the

beams under consideration pose no difficultv. The accelerating column for
total voltages above 1.5 MV pr.” ably should be divided into separate sections
to bloek the path of back-streaming sccondary particles. Bv inserting focussing
Tenses between the secticns, it should be possible to vontrol the growth of
emittance tha. otherwisc occurs bevond the voltage where the Pierce condition
must be abandoned. Making up the diftference between the pre-accelerator output
cnergy and the desired Wideroe input energy with independentlv-plased cavities
also seems to make electrostatic quadrupoles more practical. Thie is hecause
the smaller units are easier to design around the requirements of reliable
voltage holding that is the larger Wideroe structure. Further modeling of
both the electrical and the transport properties of such systems is under way.
The previously reported improvement associated with increasing the rf
frequency10 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 lirnucs are tuned with a maximum
magnetic field gradient of 5.5 kG/em (13.75 kG pole tip field), corresponding
to more or less s:andard iron core magnet technology. For the 25 MHz results,
maximum gradients between 9 and 13 kG/cm are required - necessitating super-
conducting quadruroles. The second point pertains to the credibilitv of run
Number 19, where -he high frequency coupled with the low particle energy lead
to short drift tu e lengths of 1.5 ¢m 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 interiir.
() Representing the transverse electric field in the gap by tne
first two terms in the power series of a single Bessel function,

(3) Modeling the acceleration by an impulse at the gap center.
The importance of this breakdown to the overall emittance growth has not been
investigated.

Dependence on the other parameters investigated is much less Jdramatie.
The theoretically predicted maximum bunch length for =apnetic stahilityll of
+ 18° appears to be somewhat conservative and better final beam biightness
can be obtained by filling a * 25° bucket te the same average charge dersitv.
The decrease in final intensityv associated with filling a still longer bucket
to the same charge deasity (Run ) is probably associated with a failure ian
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 lewer
bound to the output emittance from a given linac. The more sizable improvement
of Run 16 over Run 15 indicates that at the higher frequency and energyv that
limit has not vet been reached. Finallyv, the penalty associated with increasing

the initial energy spread is of about the size that might be expected.
Conclusion

The numerical simulation code PARMILA has been used L describe and
quantify the parametric variation of low encrgv Widerve accelerators. All
studies were performed on achievable engineering linac designs. The beam
tuning procedure, applied consistently throughout, is a faithiul 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 higk voltage, multi-
section dc acceleration followed by independentlv-phased rf cavities. Another
which has received considerable attention recently, is the RI-'(!12 concept.
Further modeling work on btoth of these sugzestions is necessary to explore

and compare their characteristics.
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Table I. Descripticn of Linacs Studied?

Energy Energy Quad
Range Frequency Gradient Number TTF Length

Linac YNo. (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

2The energy gradient, the average rate of increase in particle emergy 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 1. Description of Initial and Final Beam Attributes®

Maximum
Ap AE l':T Distri- Io Grggignt If Ex € Brightness
Run No. Linac No. (d2g) (MeV/nuc) (cm~mrad) bution (mA) (kG/cm) (mA) (cm-mrad) (cm-mrad) (A/cm?-mrad?)
1 1 18 5.0%10™" .032 W.B. 25 5.5 17.7 .126 177 el
2 1 18 5.0%10™" .032 K.V. 25 5.5 18.9 .107 .113 317
3 1 25 3.6%107" .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 3.6%10™" .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 17.8 .094 112 .346
7 1 18 5.0%107" .016 K.V. 25 5.5 20.0 .092 .107 .413
8 1 18 1.5%107° .032 K.V, 25 5.5 13.4 .109 .099 .254
9 2 18 s.o%10”" .32 K.V. 25 4,1 24.0 .087 .084 .666
10 2 18 5.0%10™" 024 K.V. 25 4,0 ©24.,4 .081 .081 .752
11 2 25 3.6%10" .032 K.V. 25 4,2 24,3 .086 .082 .700
12 2 32 2,81x10 " .032 K.V. 25 4.2 23.5 .093 .085 604
13 3 18 2.46%107" .031 W.B. 25 5.5 23.7 .131 139 .266
14 3 18 2.46%107" .031 i".B. 40 5.5 31.2 .148 .140 .390
15 4 18 2.46%107" .031 W.B. 25 9.4 25.0 .053 .056 1.682
16 4 18 2.46%107" .016 W.B. 25 12.0 25.0 .033 .041 3.718
17 5 18 2.46%107" .032 W.B, 25 10.3 25.0 .058 .063 1.388
18 5 18 2.46%107" .032 W.B. 65 13.0 64.7 .080 .102 1.604
19 6 18 3.48%107" .031 W.B. 25 13.0 25.0 .065 .067 1.1¢63

aA¢ is the bunch half length in degrees (always centered on a synchronous phase of 320).
is the initial normalized transverse emittance in cm-mrad.

aucleon. €

bag particle distribution, while K.V. signifies a Kapchinskij-Vladimirskij distribution.

in mA. € and € are the normalized final transverse emittances calculated from Eq. (1).

tributionf €
been replaceg

refers to the actual size of the phase space region occ
The brightness 1s ZI/Hzexey, given on Alcm?

by 6.

mrad

AE 1s the energy spread in MeV/
Under distribution, W.B. refers to an initial water-

The initial and final currents are
For those runs with water-bag dis-

gpled by the beam, while the factor of 4 in Eq. (1) has

€€
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DESCRIPTION OF THE M1 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

[. Introduction

MEQALAC stands for Multiple Electrostatic Quadrupole Array Linear
Accelerator. The first model, M1, was designed, built, and tested in a three
month period from July to October, 1979, Within a week of operaticn a Xenon
output current of 85% of the calculated space-charge 1imit was obtained.

"In the following sections we will describe the M1 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 Tow beta linac as needed for the
Heavy Ion Fusion program, without the complications of a heavy-metal jon

source.

I1. Evolution of the MEQALAC Idea
Our original plan for a heavy ion linac was a single bore Widerge 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 jons. Thus our initial design
featured electrostatic quadrupoles,

Theoretical analysis of the space-charge limits ("Space-Charge Limits for
Linear Acce]erators"l) revealed no dependence of the current Tlimit due to
bore size. Moreover it was realized that electrostatic quadrupoles are
amenahle 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 Cockcrort-Walton entirely. Thete and other benefits of the
MEQALAC concept are discussed in "MEQALAC; A MNew 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 drift tubes with electrostatic
quadrupoles.
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a. M1 MEQALAC Assembly

M1 Components

Figure 2 shows the MlI. 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.
Ion Accelerated
No. of Beams
Machine Type
Injection Energy
Output Energy
Input 4A4/2
Output,GZ/Z
Rf Frequency
Peak Rf Voltage
Accelerating Voltage
Stable Phase Angle
Mominal Quad Voltages
Repetition Rate
Pulse Length
Pre-Buncher
Nominal Vacuum
Gas Feed

Calculated Avg. Current
During Pulse - S.C.L.

Measured Current

M1 MEQALAC PARAMETERS

xetl

9

Wideroe

15.5-17.3 keV

71.5-73.3 keV

1.89 cm

3.95 ¢m

4 MHz

5 kv

3.5 k¥/gap

~sintl 3.5/5.0  45°
+ 2 kv

10 pps (arc supply 1td)
500 usec (arc supply Ttd)
BA2, 4 MHz, 1-1.5 k¥
10-5 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 dc, 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 M1 MEQALAC.
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is used for quadrupole high voltage feedthrus. The forepump sits behind the
Tower Teft panel with the circular ventilation screen.

The rf voltage is fed through the bottom of the "tee" section. The 4 iz
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 throuah 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 purmp 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 5/15 inch
diameter aluminum, and arranged for nine beams with 5/16 bore diameter. It
was estimated that a 1% (~.003 inch) tolerance was needed on the position of
any pole tip. To accomplish this, the arrays were made an 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 & drift tubes operating at rf potont’. ', 7 drift tubes at ground
potential, and 5 LERT (Low Energy Beam Transport) gquadrupole 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 whickh
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 runs 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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MNine beam quadrupscie array.

Figure 3.
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Figure 4. Quad arrays, drift tube cover plates, and precisio: fixtures.
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ground drift tubes.
The LERT gquads have separate busses and are run from a separate power

supply. 1) the

LEBT quads must compensate for any emittance mismatch between the ion source

42

There are two busses above the Wideroe for the + quad voltages for

The complete assembly is shown in Figure 5.

In operation, they run at a lower potential for two reasons:

and the accelerating section and 2) a small rf defocussing effect in the

accelerating section s expected.

accelerator quadrupoles.

The accelerating section has 16 accelerating gaps.
(Table I1) is calculated for 3.5 keV energy gain at each gap.
lengths are proportional to the velocity of the particle.
same phase advance/cell is maintained by having the same voltage on all of the
Thus the Ml has a power supply which provides t+ gquad

The drift tube table
The quadrupole
t follows that the

voltage for the accelerating section . rith extra output connectors to feed the

rf qucds), and another which supplies + voltage for the LERT quadrupoles.

TABLE II. DRIFT TUBE TABLE
DRIFT ENERGY TRANSIT PARTICLE DRIFT ELECTRODE
TUBE TIME VELOCITY LENGTH
FACTOR LENGTR

NO EV M/S CH IN CM IN
G 0 15500. 151262. - - - -
RF 1 19000. 0.913 166126,  1.702 0.670 0.990 0.330
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 207968. 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 O0.. ~
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 281073.  3.263 1.28% 1.735 0.683
RF 13 61000. 0.972 293831.  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 = 41.017 + 16 x 0.375 = 47.017 cr
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C. Ion Source, Match to LEBT, and Pre-Buncher

The inn sourcs is a version of the LBL-CTR ion sources (Figures 6 and 7).
This type of source, with multiple distributed filaments in a chamber,
nroduces a very ¢ et and uniform plasma. he 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.

+1

Fiqure 3 show; a spectrum indicating ~70% Xe * purity.

Typical opera ing parameters are:

TABLE I[I. [ION SOURCE PARAMETERS

Fil volt qe 7.5 Vac

Fil curr nt 150 amps ac
Arc current 25A

Arc volteqge 50V

Iorn curr nt density 25 mA/cm?

In operation, the filanents and gas run cw, and the arc voltage is
nulsed. The currert density is adiusted from 1-50 mA7eme hy 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 ¥ cm-mrad
(urmormalized), an- the calculated space-charge Timit is 3.3 mA of xencn. One
must fill the acce .ance of the channel uniformly in both emittance planes to
approach the space ‘harge limit.

Previaus emit* snce measuremente with thic criven yinldad 25 pA of
xetl into 16 7rem- 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-Tlinear 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.



45

Figure 6. lon source and Pyr=x insulator.
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Figure 9. Transport channel for preliminary tests. This version has a 5/8"
bore. Later versions were made with 5/16" bore for Ml modeling.



The area of the extraction hole is 0.35 cmz, with an aspect ratio of 3:1.

This agives us a conve:ging beam in the dimension parallel to the slit, and a
diverging beam 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 %Xet 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 eatractor 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 LERT 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
BA/2 Tength 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
Timit 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 M1,
by observing that the ion source could be run from 10-25 mA/cn? 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
oroadhand interstage coupling. The input rf amplitude range is 0 to 1 volt
peak, for an output power level from Q 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
arid and screen parasitic suppressors but no neutralization. Figure 10 shows

the rf amplifier with covers removed. In the foreqround at the Tleft is the
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"bucket" because of the increased influence of the space charge. The 2 cm
1imit on the radial excursion does not mean that these results are rzcovered
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
wiil 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 incre:sed
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
alloved 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 acceleracing
structure lTosses amount to 300 watts. The remainder cf the output power is
beam loading. Figure 11 shows the resonator assemhly with the side panel
removed. The plate tap is clearly visible, passing through .e bottom parel
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 tuxning capacitor
is a 1:1000 capacitive divider for monitoring the gap voltage.

The rf is switced 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 huilt wideband amplifier. The 4 MMz oscillator also provides the
Tow 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.

V. Ml Operating Results

After running the Ml for several days, all systems were working together
to produce the results shown in Fiqures 13-16, under the conditions of Table

Iv.
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Figure 11. Rf resonator.
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Ciaure 130 Full current {nine beams) at Ml output, 0.5 mA/div. vertical and
50 usec/div. horizontal. Bunch structure is integrated.

Figure 14. Single beamlet current showing 4 MHz bunches. I mA/div. vertical
and 50 nsec/div. horizontal.



Figure 15. Rf envelope from voltage pickup on resonator. The rf amplitude is
boosted ~50 usec before beam-on tine, and the subsequent dip is
due to beam loading.

]

&

Nine Beam Witness Plate, 1"
after end of MEQALAC.

Figure 16. Aluminum plate showing beam rmarls.
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TABLE IV. OPERATING CONDITIONS

Source MEQALAC
Fil Current: 133A LERT 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
kML with an integrating capacitor. The peak current is 2.8 mA. There is
ahout a 10% rf signal passing the integrator.

Figure 14 shows the bunch structure in a single beamlet. This signal was
terminated with 5001. The instantaneous peak current is 2.8 mA. We obtain an
experimertal rf filling factor from these two results of 11 + 1%. 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 gquoted 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
13.2%.3  This estimate assumes an equality between the longitudinal and
transverse space-charge 1imits, and so the 11% result is a measure of the
validity of that assumption for the Mi. 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. UWe abtained 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 range of MEQALAC design is VQ = 0.115
Vinput,s where Vippyt 1s the input accelerating voltage of the

‘on.
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At Vipput = 17.3 kV, Vg is + 2.0 kV. Our best results were
obtained with Vg = + 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 scurce 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

{a)

Comments are presented here on the work contained in a CERN report.
These comments are mainly oriented toward o comparison with the work of

I Haber.(b)

The CERN work was performed about 10 years ago, at the same time as
botn oumerical computations and experimental measurements of emittance 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

Fb Focusing: VI_M [ﬁ } Ji——T hw(i;_
IRERE -_;JT‘

is defined by the betatron phase shift per focusing period at zerc beam

intensity {represented by and expressed in radians in the report;

+{radians) = " {degrees).

The intensity of space charge is expressed by the dimensionless

parameter:

C 1
= 4.0

"

mv
where q is the charge, m is the mass, v is the velocity of the particle,
Y is the betatron wavelength and I is the current (in coulombs per unit

time).

a) Etude numerique d'effets de charge d'espace en focalisation periodigue,
by P. M. Lapostolle, CERN report ISR/78-13,

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



There is a direct ccnnection between g and o/oo:
for s = 1.5 7‘/00 - 0.5,
for § = 2.0 ”»/Qo = 0.4
(The latter value is the threshold of the first Gluckstern mode for a round

beam, K-V distribution.)

2. Particle Filling at the Input

In most of the runs, 2,500 macroparticles were used with a random uniform
distribution inside a fixed boundary.

Such a Tixed boundary only exists for continuous focusing and is then
defined through a Bessel function. The bourdary was approximated in actual
cases by a properly sized (final adjustment empirical):

hyperellipsoid for 3§ <2,

uniform distribution in x,y ard x'y' for § > 2,

In the case, 3 >2, the potential well in which particies move is no

longer paraboloidal, but tends to present a flat bottom where no restoring

Y 8> 2

<< 2 .
/
s

—

8=0

—

force exists, except on the edges where the force extends over a thickness

equal to the Debye Tength.
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For - = 2, the Jebye length is about egual to the beam radius.

For large °, individual particles do not perform sinusoidal oscillations
ana their frequency spectrum may become wide. (This was one reason not to
take. during this work, ~/10 as a parameter but, rather, :, along with the
fact that it was intended to keep the possibility of considerina unequal
sizes in x and y).

Sore other distributions have been tested: a) KV, to check the stability
Tirnit (when stable, the 4-D surface immediately become slightly wrinkled due
to statistical fluctuations, but with a constant thickness). b) Gaussian

an¢ uniform-gaussian have also been tested to represent the output of a source.

2. Tiethods of Computation

Space charge is corputed in free space, but assuming a 4-fold symmetry

{z-told oply in certain cases).

J AN (. [, .l[
- | direct 10 x 10 box-to- 7
; nodes computation S+ interpolation
i i or [
774 ! FFT (16 x 16 or 32 x 11)
| i
; J

The rectangular mesh is variable (sized to 1.1 outer particles) in order
to keern maximun accuracy. (The potential on the boundary is computed from a
series expansion of the outer potertial: with a rectanqular mesh of aspect
ratic larcer than 1.1, a 2-step computation is performed, the first is on a
square riesh to compute the potential on a close boundary which would enter
the circle of convergence of the expansion. For example, consider the 2-fold

syrnetry case illustrated here:
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s Ist step

4, Results

Detailed results appear in the report quéted (al. Only a summary and
some renarks are given here:

e For o 900, even for 0.4 - '/wo - 0.6, larae emittance increases
appear (as tor KV). (The emittance level reached inaicates an overshoot
effect in this case).

e For = - 50" and large enough tune depression (/- = 0.4) slower
increases are seen: the smaller the tune depression, the slower the increase,
the smaller the "o the slower the increase (at least in the cases computed
and with 4-fold symmetry assumed in the computations, on the CERMN linac,
there was sorie experimental evidence of this effect).

e fFor continuous focusing, even with tune depressions as large as 95 , no
deviation from the original distribution was observed (apart from the
immediate statistical effect). However, no way was found to specify the
absence of osciilations.

e It is mainly the outer part of the beam which is affected by higher
order space charae effects; the central core olmost keeps its 2-D phase space
density. (The 4-D is obviously conserved.)

¢ It is not obvious how to determine from the simulation experiments
whether or not a more stable distribution exists.

A few additional tests were performed with the simulation program:

1. Filanentation due to mismatch in a continuous focusing system, even
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for cases with very large space charge,

2 2
P .t =ct
X min % max

2 2
+
J min J max

i

ct

The above leads, after damping has taken place, to an emittance increase.
{Similar behavior was observed with a non-linear third-order field and no
space charge,)

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

Starting with qox = on and unequal €ox® Coy’ it was found that €y and
~, become equal with their sum remaining constant {constant energy). Starting

y

with "ox 7 %oy (by a factor of Z 2) nothing was seen, neither with equal
initial energies in x and y, nor with equal emittances. (These runs were
made when the program was not optimized, interpolations were crude and the

accuracy was such that small variations were considered irrelevant.
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LINAC SUMMARY
5. Penner and M. Wilson
National Bureau of Standards
Goals
To defire the problem arcas 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 rake the beams available from the ion source and low-f
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 might be done is illus-

trated below

T

16 Wideroe
linacs B Widerce's
2 Alvarez ,
low-g 12.5 MHz. 25 MHz. 100 Mz - to SR's
st 150

Systens 40 ma ma 1 Alvarez

20 ma 200 MHz,

300 ma
2,5 Mey 30 Mev 150 MeV 600 Mev 10 Gev

- ~ 8 km -
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Remarks
1) Since the beams are merged by frequency multiplying, the normalized
transversce emittance and the longitudinal emittance per bucket could both, in
princinle, be conserved. 1In 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% (u = 0.75 Uo) in both transverse and longitudinal space.
3) The basic design can be varied to meet parameter changes of the

low-f 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-[" ¢nd and at each merging. Numerical tools for doing this almost
exist [PARMILA can correctly predict performance of existing proton 1linacs
"for 95% of the beam" and can be applicd to heavy ions as wolll]. Other work
reported in these proceedings, by Jorna and Randa treats the problem of
heavy ion cmittance growth and beam envelope behavior with space charge at
the low energy c¢nd of the linac, but without merging.

2) Study the impedance coupling of the beam with the structure. The
concensus is that transvers: beam blowup is not expected at these currents,

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

Induction Linac

Here one takes a single high-current beam from the injector and low-03
sections (12A @ 2 MV) accelerates it to final encrgy (>~ 10 GeV) in a single
accelerator (6 - 10 km long). The beam current is kept fairly close to the

transverse space charge limit (1 > 24°, By = 60°) throughout the accelerator.
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This implies a gradual compression (shortening) of the beam pulse which is

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

of the pulse has slightly higher velocity than the front end. Conceptually,

the difference from an rf linac is that a veryv large accelerating bucket is
5

formed instead of many (2 x 107) small ones. But in the induction case, the

shape of the bucket is adjus:ed to optimize longitudinal motion, which isn't

done in the rf case.

Remarks
1) In a sensz, this svstem is "simpler” than the rf case because there
is no nced to merge beams from parallel linacs, and chere are no storage rings.
2) High current electron induction linacs provide some technology base,
but the applications to lons is new so there are new problems.  Thus, there
are more questions that remain to be answered than in the rf casc.
3) The number of synchrotron oscillations in the full length of the
machine is of order one. The number of transversc 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, ¢t al., in these
proceedings. Also in these procecdings, 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 tclerances (preliminary work is reported in these proceedings
in papers by S. Chattoopadhay et a'. 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 the ends of the bunch behave (crode)?  (See the paper by
D. Neuffer, these proceedings for more on this question.)

2) Transverse dynamics - the understanding of this in the absence of
coupling to the longitudinal motion is in relativelv good shape.

3) Longitudinal-transverse coupling - some of the Tongitudinal dyvnamies
questions can't be adequatelv addressed without considering the couplings.
Unlike rf Tinacs, the lTarge aspect ratio of the beam bunch in an induction
Linac makes the full d=dimensional particle simulation very diftficult.  Some
proposcd approaches include:  rwo dimensional (x-2) simulation, "2-',
dimension (R-7), Tull 3-» simutation of the beam ends with a simpiified

model for the relativelv uniform central 80-907 of the beam.

Recommendat ions

1Y Develop numerical simulation techniques which can desceribe the full
3~ behavior of the beams in both rf and induction linae cases.  This wonld
noi be a single program for all problems.

2)  Studv the interaction of the structure with the beam, f.c., beam
instabilitics driven by the beam-structure coupling impedances.  The trans-
verse offeets appear to be negligible, but the lTongitudinal ones need to be
calculated.

3)  Experimental verfications of the resuits of theors and numerical
simulation arce neceded.  The proposcd test boeds should provide the data for
at least some of the effects of interest.  Since the namerical 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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Conclusions
No fatal flaws in either vf or irduction linacs have been iound.  The
concensus from preliminary simulation and analyveic studices is that there

probably aren't any, but more work in the arcvas discussed is necded.
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COMPUTER DESIGN OF A HIGH CURRENT,
HICGH ENERCY PROTON LINAC

M. H. Foss
ARGONNE NATTONAL LABORATORY

The accelerator producces enough | cam 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 Hz. The results are presented here
because some of the problems arce similar to BTF problems.

In the Linac discussed here, the current at each point is constant
turoughout the pulse. Figure 1 demonstrates this scheme: A constant current
is cxtracted 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 goes from D = 0 to D = 4.

in the accelerator, all of the acceleration is done by induction
cavities. The machine is divided into three sections: a buncher, a debuncher,
and a main accelerator. A 7.5\, 2 ms. pulse from a 750 kV preaccelerator is
compressed by a factor of 10 in the buncher awd debuncher.  These 200 ns pulses
arc then accelerated to 565 MeV.

BUNCHER

In the buncher, the speed of the leading cdge of the bear is kept
high enough so that the beam current never excceds 0.2 of the space charge
limit. When the beam enters a cavity, it is at 0.2 of the space chuarge 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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iochewn dn Pig. 500 The

voltage vs, time in the buncher and main accelerator s largely determined

by the accelerator requirements,  However, the debuncher is short and ite
function can be achieved with a varlcety of voltape vs, time curves. Keeping
thias voltage pattern simple is probably an impertant objective.

Finally, Fig. 6 shows energy vs. distance., Note that the energics in
the buncher and debuncher are multiplicd by 10. Also, in the first few

cavitics, where the velocity profile is estabiished, the maximum mVs/m is 435.
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CONCLUSTON

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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ELECTRON BEAM EXPERIMENTS A1 MARYLAND UNTVERSTTY*

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

J. D. Lawson’
Rutherford Laboratorv

L. Introduction

Plans for an experimental study of the stability of intense cetectron

beams in Llong periodic focusing svstems were described at the San Francisco
. Lo, arg L . . .
Accelerator Conference in February 1979, At that time, extensive analytical
o TR 2 .

theory on heams with a K-V distribution had been developed,” and good agpree-
ment with computation had heen found. Yhe ohjective of Lhe experiments is
Lo vxtend our understanding of whabt happens with more realistic distribution
functjons and to make comparisons with numerical simulations.  Fven in the
absence of instability, it is of interest to study the emitlance prowth
associated with aberrations arising {rom the non-uniform transverse density
distribution in the peam, and to compare measarcements with the result of
computer simulatioas.

In planning o program of this tyvpe, twoe factors =hould be emphasized.

First, Lhe experiment is not intended to be an exact "seale model of anv

proposed fon beaw svstem.e 1L §s to map in g flexible wieo the wencral properties

of hiigh space-cioarge beams the svstoem parameters e varied. Sccond,
reliable, accurate diagnostics oo beams are notoriousty diff{icult to make.
The first stage of the program will concentrate on simple (though not neces-
sarily well-understond) configurations so that the familiarity with the

operational aspects of the apparatus can be obtained and veliable diagnostics

developed.

*Work supported bv Department of Energy and Compuler Scicnce Center, U. of Maryland

“Based eon presentaticn by J. D. Lawson at Berkeley workshop,
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Components of the apparatus and the proposed experimental program will

now be described.

2. Beam Source.
The first experiments will be performed using a planar cylindrical Pierce
gun with cathode diameter 1 cm. The perveance k can be varied by adjusting
; R ; : 3/2 .
the cathode to anode spacing.within the range » to | p-amps/(volt) 3 this
2.3, ) -3
corresponds to K = ZNrO/h Y~ in the range 7-13 % 10 ~. Later, the convergent
gun described in ref. 1 wiil be used.

These guns will be operated in the voltage range 5-~10 kV, corresponding
to currents of a few hundred milliamps. Pulses with length ol a few s will
be used, firstly, to avoid space~charge neutralization effects, 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 Gua.
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 cxit of a well-designed practical
gun or ion source, the beam densitv is uniform in space, but the transverse

‘locity distribution is gaussian, with temperalurce corresponding to the
cathode or plasma temperature kT. Such a beam cannot he matched, even in a
uniform focusing system. The velocity spread produces a nen~uniform density
as the beam travels, and this gives rise to a non-lincar 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 aberratioms. The

parameter range of interest includes much higher values of emittance; it is
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therefore planned to increase this bv the use ot erids, as cexplained later.

4. TFirst Experiments.

[n the initial experiments, the gun is being mouanted in o cviindrical

vacuum vessel as shown in Fig. 1. Scveral ports arce available tor

insertion of diagnostic equipment, vicewine windovs, ool v 2 b it cEpend
the spacescharge spreading Trow the sun w i S von ancd e e o
with thoeory, The beam profile will be estabiishoed b o worting e !
paddle into the beam until o smatl {race o tabont 1 [ S ST N b
paddie is mounted on a shatt, which can he rotated ot coved §a e R R R
=0 that the heam radins can be Tound s oa funeti. o

The paddle also has a =mall hole at it v o0 B moving: ! e
the beam and mensuring the carrent intevceptod oo 0 1 rhan cap, !
versce current density in the heam e Lo determined. eoomeving 4o o
cdge across the beam cmerging throngh the wwalbl Sode oo ot imate o0 0

rular spread, and hence the beam emittanee, oo e vk

When the transverse tempoerature Te seligilley the form o "
charse =preading' curve Tor g aniform beam i< we b knowe . 10 0w
ansociated with finile temserature ie apprecio booooa G b her a0
that the beam vadiocs and den ity diseribat fon coave wisi 20 1 ton
numericallw,  Calenlat fons oo Bab e are e o and

NooTeases are required an the measuarement oot S apreadine arve
The apparatus s simple, and many Tostramental et cuct g o conndae
cuission, the offects of the wall peormety o o part i D v abioation trom
residual gas, can be assessed.
5. Imittance tontrol.

As Indicated above, it is Jdesivalle to tac o Tooceam emilt vl

some experiments.  Tids can be done with the add o o ol o ndey i
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a grid of horizontal parallel wires followed by a hyvpothetical transparent
conducting plane, as shown in Fig. 2. The grids consist essentially of an
arrav of "aperture lenses," which deflect the electrons upwards or downwards
depending on their vertical position. The emittance diagram ccrresponding

to an initiallv parallel beam is shown in the figure. Tf now the transparent
conducting plance is replaced by A 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
wiil act as the transparent screen. The properties of such a grid will be
measured by placing it in the 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 place, .1 waist
whose size can be varied. A preliminary design, using the K-V approximation,
but including the emittance changing grids, has been established. For a real

beam, hewvever, 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 the K=V theorv is in predicting the Iocation and rmy radius of
the waist, and also to assess the relative effects of the departure from a
v diseritution and of conventional lens aberrations on Lhe form of the waist.,
-+t i. stage of the c¢xperiment has been completed, and eXperience
i oz.me, 7l nostics, and the various quirke of the apparatus established,

c-w .: ... . riear for the study of long beams in long solenoids, inter-

S~ o sce 0, wr onuzdrupole arrays., In Ref. 1, the emphasis was on



81

interrupted solenoids. [t will he interesting, however, to measure the beam

sehavior in a continuous soalenoid, which was discussed above in section 3.

This work will be essentially a continuation of carlier work, for example, by
4

Lawson  and Brewer.

Bv this time also, the convergent Pierce gun should be available.
Indications are that this mav have a density distribution that is higher at
the outer radii than at the center, whereas the Tocused svstem will probable
ooow hiigher density in the center.  Comparisons between these two different

distributions should prove intercesting.

7. status.
The firvst pun, togetber with paddle and Faradavy cup, has now been

- ; ] =~/ , . .
azsembled for the first tests. A good vacuum (10 torr) has been obtained,

and o pun is being activated.

3. Concluding Remarks.

It is not possible to foresee in detail how this program witl develop.
The basic approach has been to maintain {lexibitity and to break Jdown the
problem into a series of casilv manageable steps.  The initial problems te
be examined are of a general nature, and the work is in the same tradition - s
A gpreat deal of cexperimentation in the late 195%07s on microwave tube beams,

IS

Woe hepe that the techniques can later be developed to help anseer more specif i

guestions pertaining to heavye fon fusion schemes.

9. Acknowledgoment .
We look forsard to the future participation of T. Haber of NRL in this
program. The first calculations on the structure of a spreading heam are

underway.
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EMITTANCE GROWTH IN RF LINACS®

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

Los Alamos, NM 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
cquations to estimate limits is outlined. The
results of numerical experiments to explore
general properties of emittance growth are given.

In th~» study of beam motions through accelerator structures, the useful
analytical expressions obtained from the transverse and longitudinal envelope
equations give Iinformation 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 (o 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 currert obtained 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 einittance 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 equacion at a tune shift of O/CO = 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.



a crude theory which would allow prediction of the size and rate of emittance
growth under different narameter conditioms.

Lacking any theoretical base for calculating emittance growth, except at
the saturated limit, our understanding at this point comes from numerical expcer-
iments, and to a much smaller extent, from actual machines. Emittance growth is
observed in all operating linacs, but production demands generally preclude
machine developmecnt. 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 cver 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 cua
treat any type of particle in several kinds of acc¢ -lerator structure, including
the Alvarez, Widerce, and RFQ. Input and output licam 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 with 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 paramcter 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 Conference1 and
will be outlined below. The list of references from that papzr is appended.z_21
The envelope equations can be expressed veryv compactly in terms of the

phase advance per focusing period of the structure:

) (m3e

a” = — and b° =

a
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where a is the average beam radius over the focusing period, b is the beam bunch
half-length, (2nBA) is the transverse focusing period length, € and €, are un-
normalized transverse and longitudinal emittances, and Ot, ¢ are the transverse
and longitudinal phase advances per transverse focusing per.od. We therefore
decided to study emittance g.owth 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 €, ~ fQ/S,
and differing in that one set kept the accelerating gradient and synchronous
phase constant at the value required to give the desired JOR at the first cell
of each case, while the other set required the accelerating gradient to rise
along the machine so that 0Q was constant. The results were very similar in
all qualitative aspects, the only real difference being more longitudinal emit -
tance growth for the constant OC case. We genervated 7 linacs with zero-current

2

phase advances of OO’ = 42°, and Oot = 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 1b), current was added
until the longitudinal stability limit was approached. The resulting traces in
Fig. 1 show the emittance growth as the tune was depressed For the Cot = 50°
case, we then raised the celectric field to keep some longitudinal focusing,

and raised the current further (open circles, Fiy. 1). The longitudinal emit-
tance growth is shown in Figs. lc and 1d 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 elfect on the transverse (but not longitudinal) emit-
tance in the linacs with oot > 90°, which appears to be analogous to the envel-
ope instabilities studied in detail by Smith, Laslett and others for K-V beams
in tramsport systems.[‘"7 This is discussed further in the Conference paper--

zero-current tunes above 90° should clearly be avoided.

“Total effective emittance is found bv fitting ellipses with the rias emittance
parameters through each particle and taking the laruzest.
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Below ‘Ot = 90°, the transve.sc 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 decpressed to about G/CO = 0.4 and below. This is also

evidenced in the numerical runs by increasing difficultv in finding the best
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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, (Ot -+ 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
U/OO = 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

4 t L 1

37 < g, we made a preliminary search for resonances of the 2¢~ = no~ type.
t L.

Keeping o = 50°, EO/H was adjusted for constant 0 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_ ramp could practically be sustained.

0
In considering other preliminary slices of the parameter space, we looked
at some ot/OOt = 0.75 cases in which the transverse emittance was reduced by
another factor of 6 (ct ~ 52/30). 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/Rr, b/BA, ¢S and injection energy constant, changing the accelerating gradient

to keep OOR at 42° and changing 0_ to keep a/8) constant. This scaling repro-

duced Fig. 1 very closely.

We reran the Oot = 100° cases (which exhibited the instability in Fig. la)

for input distributions uniform in 6-D, and Gaussian in 6-D (truncated at 30),
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 vapidly in the first two
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to three cells. From Cells 3-20 the growth in total emittance 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 throug. ‘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 11 reasc (scc
below). The unstable mode evidericed 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 dis: "ibution
does influence emittance growth, with greater effect as the beam brightn :s is
increased, and with greater growth as the central demnsity 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 v 2 at injection, for the range of linac
parameters we have been discussing. (Note that these cases have constant acrel-
erating voltage gradient, EO, rather than counstant GOQ as in Figs. 1 and 5.) At
a given Oot, the sensitivity to matching becomes more pronounced as the tune is
depressed. As oot 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
identified5 for o £ 90°: its analog for these distributions may be a factor

0
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 ut(higher Ot) over the 20 cells, sometimes
resulting in less growth. The ot/oot = 70°/110° case is particularly dramatic
in this respect. The changes in transverse emittance growth from mismatching
are generally rather uniform with respect ta thes 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,
Crandall11 showed that the increase in total emittance is proportional to
(a2 + d2) 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 2
emittance is proportional to (1 + d"/a”), where a2~ denr “es the mean square
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half-width of the beam. 1t is scen that the rms emittance grows relatively
faster than the total emittance. The growth over n gaps will depend on what
happens to the relative sizes of a and d. Figure 5 shows the emittance arowths
for (x-off-set/average input-heam radius) = 1.7 for five of the cascs of Fig. 1.

Again the sensitivity increascs for larger tune depressions and for higher o
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Fig. 5.

Sensitivity of transverse emittance 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.

Lo —
H —_
22 " Injected off-axis Fig. 6.
§§ Typical redistribution of transverse emittance
®o ) ) growth for missteered beams.
= Injected on-axis

rms

1 L )\ .
100 80 60
% of beam

i

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
Qur three-dimensional lirear accelerator code has been applied to

calculate transverse and Tongitudinal phase scace dilution for beams of Xe+

ions cérrying average currents in the 15 to 25 mA range. The calculations

have been confined to a FOFQDODO Yideroe structure operating in the --3% mode |
generally with a gap voltage gracient of 5 MV/m; but we have 1so considered
the effect on emittance growth of lTowering the gap fields. The r.f. wavelength
is 2400 cm, the synchronous phase is —320, and the quadrupole fill factor
ranges from 50-60 percent. Tha quadrupole lengths are ESA and the magnetic
field gradient is varied with the synchronous particle mamentum to keep S B'dz
essentially constant. The magnitude of the field gradient is fixed by svability
requirements. These then also set the maximun phase spread. Typical beam
parameters are: ncrmalized transverse emittance nsset = 0.3mm mrad, longitudinal

emittance 1074 cm, 8 = 6.0061.

initial
The code has usually been run for 160 particles distributed in the

transverse phase-space as a K-V distribution. Provided the mesh for

the space charge calculations is chosen carefully, this number appears to be
entirelv adequate for parametric studies. Once matched beam parameters have
been found, a 1000-particle case is run, and one typically finds that the
emittances are 20-25 percent below those for the 160-particle case. Our ex-
perience has been that very little further change resuits when more than 1000
particles are used. Collective modes which might render the beam unstable
cannot be studied with such small particle numbers but they are probably not
important here gue tTe the phase mixing in the gaps.

With the focusing gradient and phase spread of the beam set by the
stability conditions, the equilibrium beaw radius.F,say, is then also
determined (by the metching reguirement). The calculations show that as a

general rule the emittance increases rapidly in the first cell. The perveance
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10 I(A)/B3 for Xe' ions; I{A) is the current irn amperes. Thus

K=14.9 x 10
the beam is space charge domirated for the emittance considered here at

I

25 mA, &8 = 0.0061. The matched radius for a quadrupole gradient

]

g = 0.031/8 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
appear to be the dominant contribution.2 This has been substantiated by code
calculations in which the beam was given zero spread. For the 25 mA beam the
normalized emittance 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. Ffo~ 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
js 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 1V/m results in a 20 percent reducticn 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 MV/m the reduction is al-
most 50 percent. For 15 mA the corresponding reduction is &bout 15 percent
in coing from 5 tc 4 1V/m. Also, 90 percent of the particles are contained

Wwith 2 2 cr radius, and about 10 ocercent of the particles ars lost frot the
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"bucket" because of the increased influence of the space charge. The 2 cm
1imit on the radial excursion does not mean that these results are rzcovered
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
wiil 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 incre:sed
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
alloved 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 tne inegualities
- - - - Sl
(1 - S)og < (- 00 < -200 - Sheg

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

S = MZQSSX/E sin $g s

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

the accelerating field, x» its wavelength. The proportionality constant M,

whose magnitude ranges from 0 to 1, is determined by th= shape of the bunch.
The other {s governed by the magnetic focusing stability limits deter-

", o1

mined by the condition that "u" be real. Ffor Egao = 5 MV/m and a magnetic
fi1l factor of 50 percent, these limits are for the Wideroe under discussion

given by Figure 1 (in the absence of space charge). Here,
-6 = -0.001294 Egap(MV/m) sin ¢ ,

is the strength of the thin iens representing the cap field and 92 is the
square of th. quadrupole gradient in kG/cm. The magnetic field gradient is
chosen such that for ¢ = ‘g the operatinc point lies at . = 5/2. The maxi-
rum phase spread then follows from the range in : which keeps -. between the
cos u = =1 lines. Because instability is due to overfocusing and space
charce corresponds to reduced focusing, this should also be the stable recgime
for non-zerc currents. For Eg = 5 IW/m, we find that a focusing gradient of
5.1 k%/cm is reguired, vi:ile for EG = 4 MV/in this is reduced to 4.9 kG/cm.
For the ‘orier case, the maximum ranage in : is : - ;- 189 &5 renzes from

S

-50°% te =122, The maximur phase spread {: - : )m = {3:2}(1 ~ S)':_ dwposes

5 S
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the following relation between S and the current (% = 2400 cm)
1 . I(mA)_:’i N
w2 S(1 - S) 20.009 a—xé'yT(ﬂv/m

where the aeometric factor is a function of S and set by the ratio cf the

)1'/2/(2 -z ), <

mean transverse bunch dimension to its haif-length. For (axay s

1.8, the maximum value of S{1 - S¥/M = 0.4 for S = 0.4. Thus, the maximum

transportable current ImaX\mA) x 8.1axayE(MV/m) or with {(z - z )‘ = 0.7 cm

S'm
Imax = 13 mA for E = 1 MY/m. The maximum bunch length is set oy ¢ and S.

If tne transverse beam dimensions are areater than the bunch length,
the optimum value of S is relatively constant at 9.4. Thus, the maximum
theoretical bunch length set by these considerations is about 2.3 cm corres-
ponding to ¢ ranging from -51.2° to 6.4°. The phase rance permitted by the
magnetic stability 1imits is within these 1imits, corresponding to a bunch
length of about 1.5 cm. Thus, adopting (z - zs) = 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 charae 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, caying particular attention
to the symmetry points. This has the advantage over tne envelore equation

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

assumed constant. Convergence to the desired optimum pararsters 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 changing values for 8 are predetermined in this case.
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3. Results

To reiterate, most of our calculations have been run for the following
narareters: particle number: 160; initia] £: 0.0061; input norwalized
emittance: 0.32 mm mrad; bunch length: 1.4 cm; initial velocity dispersion:
1 percent; magnetic fill factor: 50 percent; synchronous phase: -320;
magnet arrangement: ++--; accelerating mode: #-3u; gap length: 0.2 :&-.

The injection point has for simplicity been chosen halfway between the
x-focusing magnets: the phase-space ellipses are uprignht here and x and y
have extremal values.

To ensure that no spurious emittance growth is generated, a matched beam
v.as passed through the accelerator at zero current. The matching parameters
were obtained from a separate matrix code in which the gap acceleration was
simulated by thin lenses in the middle of the gaps. The results show that
the equations and the difference scheme clearly preserve the normalized
emittance.

Unless otherwise stated, the emittances referred to in this paper

are normalized r.m.s. values calculated from the relations

—— 3172 — 1/2

€, = ng‘x'zw xx'2 s ey=8{y2y' -y )
\1/2

. - {(z N e eg>2;

These quantities are exactly preserved in linear systems. They have the further
advantace of allowing in an r.m.s. sense for non-uniform distribution. The
normalizing factor of 1/4 for the K-V distribution assumed here should be

kept in mind when comparing absolute values for the emittarce witn ‘hose

cbtained from uncorrelates distributions. Also, aithougn for 13C percent
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transmission our calculated emittances are just those usually referred to
as r.m.s. emittance, the emittances for smaller fractions of thz 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
dimensicns and the envelope gradients (in cgs units). The quantity ALl is
a measure of the magnet fill factor, g is the initial guadrupoie gradient
in kG/¢m, and
2

CCS = 2eEgap cos ¢S/Am1c

"

_7 " +
1.38 x 10 Egap(hV/m) for Xe

Since €y and Ey remain about equal, we give only plots of their geometric

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 he little emittance increase in the second and third tanks if the

matching can be preserved.
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Emittance is onily a crude indication of beam quality and e batzer
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 1 = 25 mA and 320 particles. This case corresponds clcsely to that of
Figure 3, except tha' a slightly smaller value of Y was used. Tne quantity
z on these graphs is the distance along the accelerator. It is particularly
interesting to noie the progressive deterioration of the beam in the x - »'
and y - y' phase-spaces, and the emittance dilution at z = 695.3 cm represented
by the appearance of four wings is apparent. It is also clear that beam match
cannot be maintained.2

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

fields, and since the beam is then also handled more g¢ently, one micht expect

reduced beam quality deterioration as a result. PAnother 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 emittance 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 emittance gain
is relatively independent of current.

In practice, the transverse excursions of the particles are lirited by
the bore size and the beam rmust be matched to the LINAC acceptance. To

sinulate this constraint,we have imposed an upper linit or the r:zi.s of



104

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

FV/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 &b. 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 "~ucket" size along
the accelerator does not keep up with the spread due tc longitudinal forces.
The advantage of a larger separatrix fill factor would then be lost. VWhere
this occurs depends on theinitial distribution and to some extent on the
details of the accelerating structure. These results indicate that it mav

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

use gradually increasing voltages in the first few gaps.
REFERENCES
1. T. Khoe, private com “~ication.

2. Jd. W, Staples and R. A. Jameson, 1979 Particie Accelerator Conf
NS26 No. 3 (San Francisco, March 1979) oT onterence
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EYCITATION OF HIGHER ORDER MODES IN ALVEREZ LINAC STRUCTURES*

John T. Keane

Brookhaven National Laboratory

[. INTRODUCTION
For overall system efficiency it is desirable to run the high beta linac
as heavily beam loaded as practical. One Yimitation is the effect of higher
order rf mode 2xcitation on beam stability.
The excitation of these modes is reviewed. A possibie excitation

mechanism with synchronous particles is introduced.

I1. RESONANCE POSSIRLE IN HOLLOW CYLINDRICAL GUIDES
Table 1 lists the modes that can propogate in a hollow cylindrical gquide.
The cutoff frequency, f., below which no field can propogate, is dictated by
the transverse dimension namely radius, a. When the guide is closed e
resonance cavity is formed whose frequency is determined by the longitudinal

dirension, z.

TABLE 1
“ode ig Freaq (Miz) Field Components
™o1 2.61a 200 EFz, He¢
Moz 1.14a 457 Ez, He
TM11 1.64a 318 Ez, Hr, Ha
TEp] 1.64a 318 Hz, Hr, Er
TEq1 3.41a 153

An Alverez cavity is a cylindrical guide operated in the TMyig mode
(at cutoff). The drift tube causes a frequency perturbation. A guide operat-
ing in the TMy; mode can support numerous longitudinal rescnances corres-
ponding to guide wavelengths in the longitudinal direction (1/2, », 3)/2,
etc.). If the Tength is much greater than the diameter, then their frequency
will be close to the TMpip mode. Similarly the other cylindrical guides
have resonances corresponding to "n" longitudinal wavelengths. (See Figure 1).

*Pesearch carried out under the auspices of the United 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 TMyi, modes appear to be worrisome.
This assumes that the higher mass of heavy ions will exclude the deflection
mode (TMy1) blowup observed in electron linacs. This should be verified
however.1,2,3

The field distribution of the TMpj, modes are shown in Figure 2.

ITi. TRANSIENT MODAL EXCITATION BY RF POWER AMPLIFIER

Due tc the Fourier components existing during the rf turn on, the
TMp11 and TMg12 modes 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 TMgip modes further a. iy from the TMgjg operating fre-
quency.5 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 TMgy1 and TMgppp MODES

The beam which fs in synchronism to the TMpig operating frequency
has not been ouserved 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 out by the
field induced (180° out of phase) in other sections of the structure (see
rigure 2). One means of coupling can be envisioned, however.

Since the frequency of a TMO1l mode is slightly higher than that of the
TMG10 mode, a synchronous particle traveling the length of the tank will
see a phase alvarce of any TMgj] 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 TMgy] mode. With a 180° phase advance this
particle gives up kinetic erergy. 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 dif<erence frequency between the

TMp1p and TMg11 natural excitation frequencies.
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IV.A DETIRMINING DIFFCRENCL FREQUENCY

The required beta and accelerator Tenath to produce 180° phase
shift can be found.

&f = fg11 - folo

where
fOll = frequency of Tr"‘Oll mode

fp10 = treguency of TMgjp mode

(%f)(360°) = degree advance/drift tube
0

Assuming that the relative beam velocity, B, is consiant through the
accelerating structure.

-£/£(360°)

P = degree advance/cell length
g1

The difference frequency required to produce 180° phase shift in an

accelerator tank of length, Z, is found to be

&f = c = velccity light

nojT
~NO

The cavity dimension reguired to set up a particular ~f can be

approximated by assuming an unperturbed cylindrical gu1de

foin = (2532) (%) [ +(4! 4o§‘¥]

where
a = radinus
Z = length

Since a << Z
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By equating 1 and 2 the appropriate B and » to set up a 180° phase shitt are

found.
_ BC _ c2
MEm 7
L™ (8 fOlO)
B = 7= (3)
where A = free space wavelength of TMgjg mode
2
= 2
Br = a7

Practical values of Bx are between .l 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 .l. The most likely range is the
lTower beta, higher frequency range. Picking values of Z = 15 meter, fpip
= 100 MHz, from equation 3 we obtain:

3

B=5—O=.05

For this case the frequency difference would be as follows:

8
.05) (3 x 10

27 = 500 kilohertz

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 hiaher mode would
build up. If for some reasnn 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 i’ 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 bete in an icccelerating section let toe

following specifications apply:

Input fnergy = 2 MeV
Energy = 20 MeV
80 MHz

meters

Bin = .046

Bout = -146

# of Cells = 55

Beam Current =

NDutput

fo10 =
7=18

100 milliamps

Rf Power = 1.5 megawatts

The approximate separation of the TMpp; mode from the operating mode

is found ty using Eq. (2).
CZ
Lf = =
2
2°(8 f10)

The phase advance per cell
£

010
55 cells x 1.950/cell =

360° = 1.95%cell

— = 434 kilohertz

is given as follows:

107° total advance

If the actual Af is higher because of dummy stems the phase advance per

cell will be larger.
effect the rarticle velocity.

Figure 4 suggests a mechanism for initiating the TMy71 buildup.

Since the beam kinetic energy is low any moding will

It

is noted that there can be unsymmetrical excitation from the beam at 90° phase

advance.
gap. The phase advance is reduced by the
thus tending to approach synchronism with
is reached, these particles no longer act
will equal energy lost. Particles losing
will tend to increase their phase advance

coupling. For this case symmetry between

beam K.E.) and the absorption function does not exist.

Figure 5 indicates the excitation versus entrance angle at the first

particles gaining kinetic energy
the TMpp1 wave. If synchronism

as an absorber since energy gain
energy in the first gap, however,
toward the 180° required for strong
the driving function (decreasing

Particles entering the

Ist gap at 270° could loose as much as 2 MeV kinetic energy (200 kilowatt

instantaneous) while particles entering at 360° could Toose 10 MeVY kinetic

energy (1 megawatt instantaneous).
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Vi. CONCLUSIONS

The excitation of higher order TMgy; 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. F£
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 strang reason to expect poor beam quality for currents near
160 milliamperes but further studies into the effect of heavy beam lcading

should be persued.
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Figure 3. 180O Pnase Advance of TM011 Longitudinal Electric Field As Synchronous
Particle Passes Througn Structure.



125

105° Advawce
/\ /\\ /\ - No V&L oc 1Ty
Cxwango
/\ ‘ ‘Q\’ ot VvoE
///a A rPRoren 180°
[ doe Fo Lowe /

VELocC /¢y

. Effect of Reduced Velocity on Driving Particle

/L /OS5° Advance

> 4

KN\

, % - =t
ArPProacn O°

cluE To /nvcrersas

VEcociry

B. Effect of Increased Velocity on Absorbing Particle
Figure 4. Velocity Change Resulting in Anti-symmetric Driving and Absorbinc
Function (105C Phase ~dvarce,.
L.E. -Low ENEREY YECTron
L.E. H.£. H.E. - Hipa ENcReYy SECTION
I, E.
G AN N
AN
AN
re \\ 3 Iy
qc¢° 186° 270° 3¢e° ENTRAncE 4
. E.
toss ¥ 4. & L.E H.E
Fiyure 5

y . Location of Energy Interchange Versus Entrance Angle at First Gap
(900 Phase Advance)



126

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 ann storage rinas. The impedance of an
accelerator or ring completely characterizes the interaction of the beam
with its environment. Not cnly does the impedance {or its Fourier
transform, the wake potential) determine the eneray loss by a bunched
beam to its environment, but it ic 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 1ight. The assumption v ¢ 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 aeneral case.

Another Timitation in the present note is that it is concerned
almost entirely with the longitudinal impedance. A parallcl development
is often possible for the case of the transverse impedance, but the
analvsis, 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 tne level that
was earlier devozed to the iongitudinal impedance problem. For example,
a computer program is just being completed for calculating the trans-

verse deflection modes in the SLAC linac structure.



127

Some Definition<

A loss parameter k{s), defined by

W) = Y
q2

nives the total energy loss U given up to a component by a bunch wih
charge ¢ and bunch length =. For a periodic train of bunches spaced in
time by Tb’ the loss parameter -letermines the average power loss to a

component by
P=1%ki, =117 (1)

where Z’ = ka is the loss impedance and Io the averaqge current. The

impedance function for a component is defined by (see Fig. 1),

)

2. = Yt

The wake function, or wake potential w( ), s the potential seen Ly a
non-perturbing test charge following at time © behind a unit charge
passing through a component. The nrt potential at time t in . charqge

distribution I{t) is then obtained as
V(t) = .yw(t—T)I(t)d:. (2)

The following transform relations between the frequency and time domain
can be shown to hold {a tilda indicates the Fourier transforim):

I(w) = 1(t)

V{w) = V(t)

70) = malt).
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Some Consequences

The impedance function Z(w) is in general a complex function,
Z{w) = ZR(w) + jZI(w).

If we take w(t) to be a real function of time, then it follows that
ZR(w) = ZR(—uﬁ (an even function of w)

ZI(w) =-ZI(—m) (an odd function of w).

1f the velocity of a particle passing through a component is close to
the velocity of light, then the wake potential is causal, or nearly
so. That is, w(t) = 0 for T < 0. Then we can show that ZR(w) and

ZI(w) are related by the Hilbert transform,

w' -w

—er

mzh(w')
ZI(w) = %j D dwt (3)

Thus a knowledge of ZR(m) is sufficient to determine ZI(w). However.
the wake induced in a component by a charge will not vanish ahead of the

charge. The assumption of & causal wake potential also implies that

wi(t) = ESZR(m) cosuit du. (4)

Under the assumption that I{t) is a real function of time, the loss
pavameter k() can also be related to the real part of the in 2dance

function by
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For a Gaussian bunch this reduces to

Application to Resonant Modes

For a high-Q parallel resonant circuit, we have

- R
A FSFIR
7.0) = __R__Z,
' 1+(204)
where & = (i - mo)/mu. From this relation and Eg. {4) in the preceding

zection we derive for the nth mode ,

w(t)
k = Eﬂ <R) = X’l
n 4 Q n T4

where Vn is voltage gain for a non-perturbing test charge when wn is

2k cos w1
n ’n

n

the stored enerqy. The total wake potential for a resonator is the sum

over all modes,

= Xk e . (7)
n

Two computer programs exist for computing “n and kn for the funda-
mental ard higher-order Tongitudinal modes in cavities and structures.

The program KN7C1 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
SUPERFISH2 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-¢ plane must be a circle. In addition to values for W s
kn and Qn’ 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 cbtained 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-
putation3 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-orde: modes in the PETRA-type ca-
vity. Table I gives numerical values for the properties of the 19
standing-wave modes below cutnff of the beam tube. These results define,
in fact, the impedance function for this F" 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 (khom) and the total Tloss

parameter (ktot) for these cavities depend strongly on bunch length.
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Table

I

PETRA CAVITY MODES

. (obhms)

Mode Number Frequency
and Type b (MHz)
1  Even 11,00 ; 359.2 |
2 0dd 11,11 f 525.0 |
3 Even 21,20 | 886.5
4 0dd 22,11 i 974.0
5 Even 22,22 C1221.1
6 0dd 21,31 1237.4
7 Even 33,00 1396.0
8 0dd 32,31 1466.1
9 0dd 22,33 1564.8
10 FEven 21,42 (31,22) 1588.0
11 Even 32,42 1700.6
12 Even 33,40  (43,20) 1854.7
13 0dd 43,31 1888.3
14 Even 24,40 1931.5
15 0dd 44,11 1990.3
16 0dd 12,53 2035.5
17 Even 43,42 2107.3 |
18 0dd 32,31 2220.0
19  Even 34,42  (44,22) 2261.2
Cutoff Frequency (2295) :
20 0dd 43,53 . 2355.4 :
21 Even l 2372.3
22 Even | 2416.9 .
23 oad | 2029.2
24 Even | 2492.2
25 Lven % 2558.8
26 0add i 2587.6

R/Q

| 250,
5

44,

6.

=~

—

O

SO B

L B S =

W~

(68.5)
(66.7)
(59.9)

(70.4)

Wipe)

0.1413
0.0458
0.0130
0.0677
0.0327
0.0080
0.0l68
0.0054
0.0134
0.0165
0.0123
0.0054
0.0129
0.0007
0.0206
0.0045
0.0011
0.0016

0.0030
0.0002
0.0005
0.0012
0.0036
0.0001
0.0002

N

{

|
|
|
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A transverse version of KN7C has just been comp]etedq 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 Tinac in order to predict the emittance growth
for single bunches. This computation is important for predicting the

Tuminosity that can be achieved by the proposed linac collider project.

Measurement Techniques

Figure 6 shows the measurement method, originally proposed by
Sands and Reess, that has been used to mcasure the 35 parameter k{ :)
for the PEP ring components. Elaborations of this methad were 21so
used at PETRA and CESRG. In this method, an appruximately 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 EZ field on the axis The excited fields or modes will induce
a secondary pulse, Is(t), on the wire. As shown in Fig. 7, the net pulse
I,(t) observed at the output of the component is a superposition of
Is(t) and the incident pulse Io(t): Il(t) = Io(t) + Is(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, Is(t) = 11(t) would be proportional

to the wake potential w(t).

The total loss parameter is given5 by

where ZO is the characteristic impedance of the reference pipe with

the wire in place. By using incident pulses of different length, the



133

Toss 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.
Soime representative results for gaps, tapers and chambers are shown in
Fig. & By adding up the Tloss parameter for each component in PEi, a
total loss parameter of k » 35 V/pC is obtained for the whole ring at
= 2.3 cn. Of this tctal, 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 Tb = 2.45 us, the total power
loss from Egq. (1) is 500 kW.

Measurements and theory have been comnared8 for several cylindrical
cavities with beam tube holes. For example, k{1) 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 N and kn (the two progrms give consistent results), values of
h) = 0.144, 0.074 and 0.018 were computed for these bunch lengths.

The measured values were k() = 0.146, 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 Is(t). Within the pulse the measured

potential for IS < IO is

V(t) = 220 Is(t)

From Eqg. (2) the computed potential for a Gaussian pulse with peak
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amplitude Ip is

V(t) = IDSW(T) e
0

—(t—T)Z/ZU%
drt.

The wake potential is obtained using Eq. (6) and the output of KN7C

or SUPERFISH. 1In Fig. 9 the measured and computed functions are com-
pared , with no adjustable corstants used in obtaining the theoretical
curves. The agreement enhances confidence both in the theory and in
the measurement technique.

Frequency domain measu.ements 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 urder the dip, the R/Q for the mode can
be computed. The Q of the mode is, of course, drastically lowered by
the oresence 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
nossible.

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 medes 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-
putedg. 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 freguency 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 1011
{(for the 416th mode) to w = 8 «x 1013. (The fundamental mode is at
W= 1.8 x 1010.) The contribution of the analytic extension is impnortant

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 pcizntial at t = 0. From Eqs. ()

and (7), w{0) = 2k for a point bunch. Tie time dependence of the wake af-
fects the detailed shape of the energy spectra. 1In Ref. 9 it is shown

that detailed agreement between measured energy spectra and spectra comput-
ed from the wak= 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 data10 on bunch Tengthening
in SPEAR, it can be shown1] that at high freguencies the real part of

the impedance must vary as ZR(w) ~ m—O.bS‘ However, at low freqguencies
the impedance must fall to zero. Quite arbitrarily the Tow freguency
portion is represented by a linear dependence on frequency. Thus,
ZR(w) has a maximum value Z0 at some fregquency wy = 2nf0 where the two
curves intersect. Using Eq. (5), Z, and f can be adjusted to fit
measured energy loss data for SPEAR. This loss is represented quite

accurately for SPEAR by

r

k(o) =[50 ay{em)| 2" v/pc. (8)

The result of the fitting procedure (described in Ref. 12) is Z0 = 8000 ohms

and fo = 1.2 GHz.

The imaginary part of the impedance can be computed, if the real
part is given, using the Hilbert transform in Eq. (3). The resu]t13 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

[Z1/n is on the order of 20 ohms.

Comparison of SPEAR and PEP Impedances

Some impedances for SPEAR and PEP are comparad in Table II below.

Using Eq. (7) and the definition of the loss impedance, ZQ = Tbk(o),
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the total SPEAR impedance at a bunch length of 2.0 cm is computed to

be ZQ = 17 M2. Computer calculations using SUPERFISH and KN7C ¢ive a
loss impedance of 3 M2 for higher-order modes in the RF cavities. This
leaves 14 M2 for the vacuum chamber Tloss. 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: Tb(PEP)/Tb(SPEAR) = 3.13.
Applying these factors gives a loss impedance for the PEP cavities of

69 M2. The loss for the PEP vacuum chamber, on the other hand, has been
measured to be about 8% of the Toss per unit length tor 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 Mo for PEP. We see that for PEP the cavity impedance is about
twice the vacuum chamber impedance. Estimated values for ZR/n and

|Z{/n are also aiven in Table II for SPEAR and PEP.

TABLE 11
Impedances for SPEAR and PEP

at 0, = 2.0 cm

SPEAR PEP
Zi(rf) M2 3 (18%) 69 (68%)
Zg(vac) Me 14 (82%) 33 (32)
Zﬁ(tot) MO 17 102
ZR/n ohms 8.5 1.8

1Z|/n ohms + 20 v 4
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Impedances, Hakes 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 Timit the predictive
power of the model.

In the time domain, non-Tlinear 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. I* is difficult, however, to develop analytic
criteria for stability. A recipe for obtaining stability criteria
similar to that outlined above for the freguency domain, does not appear
to exist. The situation may be changing with the recent interdiscinlinary
surge of interest in non-Tinear dynamicsl4. For the case of turbulent
bunch lengthening an unusual time-domain stability criteria has been
deve]opedlS, which may have an application to other aspects of the

probTem of the interaction of a charged beam with its environment.
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poter -ial w(1).
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INVESTIGATION OF TOLERANCES FOR THE
PARAMETERS QF THE PROPQSED LBL TEST-BED LINEAR INOUCTION ACCELERATOR

S. Chattopadhyay, A. Faltens, L. J. Laslett, and L. Smith
University of California Lawrence Berkeley Laboratory

[. INTRODUCTION

The Lawrence Berkeley Laboratory has pro-
posed the constructign of a Test-Bed linear in-
duction acceleratorl) to test the technique of
sccelerating heavy ions by use of induction
modules and to investigate the transverse focus-
ing of the ion beam by a FODO seguence of
magnetic guadrupole lenses. The induction
acceierator is intended to accept a 6-usec bunch
of Cs*l jons with 3-MeV kinetic energy
(Box 0.007) from a sequence of a few pulsed
drift tubes and to accelerate these ions to a
kinetic energy of approximately 25 MeV
(8 = 0.020) in a distance = 10¢ meter. The
approximately 3-fold increase of velacity,
combined with bunching of the beam by a factor
of two, would result in a six-fold increase of
current. A favorable value of transverse
emittance — e.g., mepy = (2.5X10‘5)w meter
radian, normalized -~ then could be expected to
permit a beam current thet increases from
lp=2.5A (=15u) to 1 =15 A to be
accommodated within an acceptable aperture.z)

To facilitate the investigation of tolerance
1imits 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
£(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.q.,
at l-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 irto the wave-form design are summarized
in Sect. Il and some tolerance questions that
warrant attention are discussed in Sect. [II.
The investigation of tolerance limits was begun
only very shortly prior to the start of the
Work~hop {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.

Follewing the acquisition of sufficient
information concerning the tolerance
restrictions for longitudinal acceleration, for

a satisfactory representative set of wave-forins,
we are prepdared to extend the computational work
to a similar investigation of beam-envelope
hehavior in the FODO transport system of the
accelerator. It is planned. for convenience,
initially to cons.der this iransport system to
be strictly periodic spatially (occupancy
factor, n = 1/2; half-period, L = 1 meter),
although a final design of guadrupole lenses
mersiting subseguent examiration well might
divide the Test-Bed into two ur 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
potentfal collective instabilities have been the
subject of other theoretical and computational
investigatians.

IT. THE LONGITUDINAL ACCELERATING FIELD

1. Specifications
Cs*l to be accelerated from
Bp = 0.007 to s = 0.020;
Little initial spread of g8;
Inject for an interval = 6 yusec;

Accelerate with spatial hunching by a
tactor = 2;

Maintain the linear ion density
substantially constant, vs. z, at every
fixed t;

Assume that one will subseguently
design 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., £ less than cir:a 0.30 or 0.35
MY/ aad - 0.8 volt-sec).

The specification that the Tinear charge density
along the bunch shall be constant at any fixed
time is favorahle with respect to avoidance of
excessive transverse space-charge defocusing
forces, and the avoidance of a 1gni‘“:ant da/dz
in the interior implies that ine wat yrms
require only the addition n* modest .o.rective
fields ("ears") at the enns in order to
compensate for longitudina’ space-charge forces,



2. Continuous Longitudinal Fields

In the work that follows we make frequent
use of "sca1eg” variables -~ and F, wheret= ct

All ¢
and E = ~4E— F. If the requirement that the

q
iongitudinal density remain constant along the
beam {at fixed t) is to be maintained, it is
clear that no particle should experience a
langitudinal electric field until the entire
bean is within the accelerator. Accordingly, if
injection occurs within the interval 0 - - 1890,
one may arrange that £ 4 0 only for 1 > 1
where, for exawple, ' = 1850, Subject to
tais restriction, one can prescribe the
runctional form of the field F(z(1)) acting on a
reference particle (e.g., on a particle
njected at the mid-point of the bunch) and also
¢ funciion wl® - gy that describes the factor
by which the bunch length is shortened. The
ragquisite wave-forms, F (2,:), then may be
derived (in practice, numerically) so that the
desired constancy of a(z) is achieved —- Note 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 £(z{ )} chosen in this initial work to
represent the field acting on the reference
particle, together with the corresponding fields
acting on particles at the head and tail of the
heam. Ta anticipation of the use of localized
fields it has appeared desirable that the
acceleration and bunching begin gradually --
most pr ticularly if the constancy of linear
densi'v vs. z is to be maintained throughout the
acceleration -- and the functions illustrated in
Filgs. 1 and 2 were designed with this intent.
subseguent to this gradual onset, the fields are
permitted to grow comparctively rapidly to

s W T0.5ei- — - ~ - - ~7*~>-—f—-4\
EPA !

z '
04t
;
o2+
) '
1
rime Following Onset of Field —= ,
[ Uy SUUU AU V—
%5 i 26 30
posec
XBL 8Cl-7RnC
Fig. 1. in example of the bunching functiom,

wit-1g),
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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 Timited 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 l-meter intervals). Values
of F at each of the discrete z values were
obtained at seven valuyes of ¢ {within the
interval during which the bcam would be present)
and the corresponding wave-forms were obtained
as a least-squares fit to a pclynominal of the
form

2 3 4

F(z) = B+ A]D + AZD + A3D + A4D s
where
D=+1-~-A,
o
A0 Tt ARef.,
and
Ec h F(TRef.)'

The parameters E; and A; (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.

A few representative wave-forms, as given by
such polynominals, are shown on Fig. 3 for the
field sketched (prior to discretization) in



Fig. 2. The corresponding flux-changes per
meter, ¢ Edt, are shown as i function of z on

Fig. 4.
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The longitudina) dynamics of particles
moving under the action of a sequence of
impulsive fields can be supplemented by
evaluations of the local tunching {specifically
of No/N), as indicated in Note 2, and the
bunching appears to remain substantially
constant with respect to z at fixed time. For
the specific longitudinal field mentioned here,
the resuiting increase of g is as shown on
fig. 5 and the bunching is such that
No/MN = 0.5, implying an increase of current by
a factord) approximately 3/0.5 = 6.

Although the incident beam is presumed to be
composed of particles with substantially
identical values of gy, phase plots {e.c., of
B vs. 2, at fixed time) can be constructed by
performing computations for narticles with
somewhat different values of gy. The
evolution of such phase plots, for an ogverall
spread of 3,5 much greater than would be
gxpected in practice, 1s illustrated in Fig. 6.
Corresponding plots of kinetic energy vs. t (at
fixed z) are shown on Fig. 7.

PlT. THE STUDY OF TOLERANCES

We have begun to investigate the sensit vity
of the acceleration proc-ss to the compliete or
partial failure of one or more acceleration
cavities —- with initi1al results that appear to
be favorable. 0One ffect 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 iroa particle quite near the tail of
the beam drairting {(as indicated by the broken
dashed 11 -3 putside the region covered by the

- . L .
[o] 20 40 60 80 100 120
Z(mater)
XBL 801-7804

Fig. 5. The growth of g, from an intial value
8o = 0.007, for the fields of Figs. 1 and 2,
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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.

solid
this
to

applied wave-forms (region bounded by the
lines). A more detailed investigation of
and related effects {such as the response
timing errors. variations of g4, etc.)
ultimately may require the extension cf tne
wave-forms into regions where 1 field is nr-
required under ideal corcitions, in addition to
the provision of some supplemental fields near
the ends in order to compensate for Tongitudiral
space-charge forces.

NOTES
Note 1. The Bunchina Factor in the
Continuous Fields

Case of

Denoting the z and : values for o reference
jon by 7 and 7, we specify F({Z) for the ref-
erence particle and have
d{z-7)/d: = 3-& and d(s-B)/d = Flz,:)-Ftz(-}).

With w( -ig) [= No/N] also specified, we wish
(for notation, see Fig. 9}

Fig. 9.
Note 1,
z-17-=

[1lustration o notation employed in
leading to the relation
(z - Z)gw = 8g(Tg-ig) w.



S0 that

or  c=ita (Do~} §Y (NT)
and
- - - 2
Flz, )-F(z{))=85(1g-0) QMg or
dr-
Flz, )R (20 ))*8(Tom o) 40 (n2)
di¢

Fquation (N2} thus provides the desired values
of F for particles crossing the location z at
time = = ct. The corresponding 8 is gtven by
Ean. (N1}, or may be obtained by integration of
dgj/d: = F, while z is obtained from uz/d: = 3,
if, in practice, one integrates with respect to
z (in order to obtain results at reqularly
spaced z values), one must interiace
integrations with respect to ° in order to
obtain the reference field [F{z{")). required by
tan. (N2)] at values of - common to the
reference and trial particles.

[f the function F(z, "} is not specified
through use of the bunching function
w(~ ~ "g), the local value of Nu/N nay be
evaiuated for any explicit specification of F
through introduction of auxiliary variables
u =L/ "olzaconst, anu
v=28[-8/ olz_const. (with ug =1,
vo = 0). One then employs the coupled total
differential equations

o1 dz _
dz N d
de | F QS =
dz il

or
du _ v du _ v
dz 3 d: 2
dv | OF &y
N iy ek 37

and computes the Tocal density ratio as
wu
No/N = et In t  particular case that F(z,1)

is given hy Eqn. {N2), the ratio w/w (with dots
denoting d/dT) is independent of z and may be
identified with 3F/{z. With g and w initially
zero, the auxiliary variables u and v then will
be

u = (Bo/8)w and v = BpBw ~ BgBW,
with 1 dv_ g - gw/w = dF/d¢
U dt
= dF/dr - #3F/3z = SF/at, as required.

AUF o T2, i.e.,
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Note 2. The Sunching Factor in the Case of
Impulsive Fields.

A(1). Between cavitics:

=7 + -- (2
n+l nfxn ( n+l n

while 8 remains unchanged.
(ii). Traversing & cavity:

is unchanaed,
and

B. For infinitesimally neighbcring
trajcctories (D: and 08):

{i). In passing from one cavity to tne
next:
From Fig. 10,
. r . i .
RS LR A
'z r LYo (D _p. )
m L n) (D'n+1 0 n’]D n+]

is a factor that may be -aplieu to convert the
cld density rat:o (initrally unity, at z = 0 )
to the new density ratio, where

D'-n
By TV LT 2 z
n
and
B e A A A1

n+1

(ii). In moving b 'tween two cavities:

To update linear i10n density (N)
between cavities {w < az}, onc recalls that,
from B(i) above (with n+l replaced by n}), one
amploys a denominato~ sz, = [{gn *+ en_1)

- (D8p - D8p_1 M Dy in evaluating

§zn_1/8zp. From Fig. 11 it is evident that

to obtain the density ratio at a point between
zp and zp+] one should replace 62y by

syy * sy —— i.e., the Jdensity factor at

z = zp should be corrected by the factor

denominator

n
St e .'”‘7'“:(t ERIERE
Sy *osy éIFr D‘q 'Z/'n D“n]
to obtain the ratio at Z = Z;*sz.

In practice the infin-tesimal quantities DT and
D8 may be initialized to 1 and 0, respectively,
since gnly their relative values are of
significance.



- 1 .
U,
PN
';r/, ) Y
’ i
.
.. :
. : I3

~dladvairgn

tune ceoressi
el

e

sLlem of congcant




157

[ON THDUCTION LTHACS: REFERENCE JESIGN AND PROPOSED TEST-BED

4ndy Faltens and Denis Keefe

Laarence Jerkeley Laporatory

=
D
™

_BL AIF program has concentreted on the isduction linac approacn
aecausa this tyoe nf machine is anle to accelerate the entire charge re-
Tuired “or fusion in a sinqle, nigh current hunch, and hecdause of aur ex-
neriance ten yaars agqo using e Astran inguclion binan at Ll and sud-
sequently huilding and aperafing our own macnine at LB, The aperation of an
r.f. Tinac with storage rings, Fig. 1, 15 haseqg an an operating line where,
2x01aiing the tree of linacs at the lowest enerqgies, acceleration is aloang a
constant cuscent trajectory to peax encrgy, and tnen along a constant enerqy
trajeciory a5 the current is compressed and myltipiied to reach the required

c
o f

5f peam powar (> 100 TWy.  The operation of the linear inductinn accelerator,
Fig. 7, is zlong a trajectory where the energy and curcent sre increased
simaitanacuslvy at the end nf acceleration the peam i9 6plit iLransversely into

Lwh Grouns T Seams Lo provide for higner pesc Dower and g leftorignt

symmeirical oellet hombardment .,
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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 y*e

0=1M Po= 160 TW
T =19 GeV R = U.h gm/cmg
fy = 3 x 10_5 radian-meters Pellet vradius = 1.75 mm

The major cost, about 80~ , of the L[A conceptual design is in the
induction accelerator itself, with the injeclor and source requiring about 107
and the final transport and focusing another 10 . Thio earliest concept {three
years agn) for an induction linac driver was based on a large-aperture (radius
~ 50 cm) ion-emitter which could provide 5 amperes of veam current for
injection into a drift tube accelerating structure, tollowed by iron cure
induction uaits at long pulse durations and ferrite core units at short
durations. The 1979 version of the system looks very similar, although 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 beamlets with electrostatic focusing, as proposed by

1)

Herrmannsfeldt, thereby eliminating the need for unwieldy magnetic
gquadrupoles at low energies; that the induction acceleratinn may begin
economically near tne 10 MeV point instead of necar 100 MeV; that the magnet
cccupancy ractor (fraction of length occupied by magnets) may be decreased
from 50° to about 107 as the energy is increased; that acceleration of bunches
less than 100 ns in duration is not necessary; and lhat 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 moduies designed and built at NBS for a

? wsec., 400 kY pulse, Fig. 4, to being similar to the LLL Astron I[njector 300
ns, 300 &V modules shown in Fig. 5, to finally being similar to the LBL ERA
250 k¥ 45 ns modules, Fig. 6. The applied voltage wavefarms use.l in the
electron induction machines shown were flat; tor ion dcceleration they need
shaping as shown in Fig. 7, the details of which are being refined at this
time as reported at this workshop by L. Jackson Laslett., Interspersed between
the accelerating modules are superconducting guadrupoles whose pole tip field

has heen assumed to be 4 Teslas for desiqn purposes.

There is still room for invention and improvement at both ends ot the
machine. At the front, the source parameters as used ain the Referonce Uesian

were as follows:

N

oy . N A +
Area = .5 m Curvent = 7.5 amps of U 1

’ . o -~ P . +
Voltage = 1 ®V seam Charge = 150 w0 ot U L

Pulse Duration = 20 ysec Current Jdensity = 2 mA/cme

There is a wide variety of other choices that could be explored for future
applications. At present, we are routinely using a large-aperture
contact-ionization source for Cs+1 ions - this type of source can be used to
produce U+1 lons. We nave successfully tested a sma'ler alumina-silicate

PP 3 B
source for producing Cs ions - such sources offer significant advantages
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s

Fig. % - LLL Astron Injector accelerator moduies for 300 kV.
3N0 ns nulses.
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Fiq. &6 - LBL ERA Injector Accelerator modules for 250 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+1 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 dens ty emission
Timit. 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 hecavier ions
in some of the conceptual designs. The LBL contact ioniza.ion Cs source is
shown in Fig. 8. 1Its 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+1

to -+ energy of 5 MeV, at
which point a helium gas-jet stripper is introduc J and an emergent beam with
210 oC (electrical} of U+4 jons is created and < paratedz). This beam is
accelerated by a further 8 MeV by passage thro jh 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 Tlimits of applicability of grid focussing needs
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+
Fig. 8 - 1 Amp Cs 1 Contact Ionization Source.
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more study and also the use of electrostatic guadrupoles within the
drift-tubes (either large-aperture or stacked swall-aperture arrays as
suggestad by Maschke at this meeting) remain to be evaluated. The multiple
beam electrostatic focusing system designed by Herrmannsfeldt has heen
simulated computationally, including space charge, and Figures Z2-7 of
Reference 1, show the rectangular and annul-r ribbon configurations as well as
particle trajectories through enough vt the system to show thet it is

extendable indefinitely.

Another injector possiblity, the recirculator shown in Fig. 9, allows the
acceleration structure to be used several times in one puise. The magnetic
focussing lenses are held at fixed field. The recirculator is limited to long
intervals between bunch passage times by the recovery time limitaticns 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 guadrupoles 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 Teast 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 probiem. 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 severai beams is set by the need to keep the emittance of
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RECIRCULATOR CONCEPT

Induction Accelerator (5 MV)

Rurst Mode: 5-10 pulses with
20 usec cycle

Current = Constant
Pulse Duration = Constant

Fin. 9.

. v Extract
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each beamlet small enough to avoid third-order aberrations in the final
focussing ]enses3’4). 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 der ‘ty deposited in tne septum cage be less than
about 1 «i/gm to avoid spalling. Tae qases liberabtd from the surfaces move
toa slowly to affect the heam quring the passaar time of the bhunch.  Just
before the septum splitters fnat create the majne subedivision into twn pairs
of beams an encrgy tilt is introduced inte the bunch oy strangly ramping the
siltages in the final 280 meters af induction corss. Thio will cause the
hunch lengtn to collapse from 175 nsec, at the ena af scoeleration, to 10 nsec
al the target, after it has traversed the full lengtn ot tne Uransport line,

~ ara#ing of part of the final transport system is shown in Fig. 1. All of
Lhe estinates for the conceptual aesign are pased on tinal focusing in g
JACHUm eovironment, with pernaps cnarge neutralization near the peliet. A
completel, different alternative is far a charge ana currveat neutraiized final
transport in a law pressare gas, or a co-Sstreaming slectron beam. [f such 4
scneme gere yianla, it would qreatly reduce tne complexity of the fingl
facusing array of magnets anc reduce some of tne stringent requirements during

the acceleratinn process.,

48}

. CURRENT AND PROPOUSED LBL PRUGRAM

Tne angoing experimental program at LBL ane tne proposed one for tne

oY)

accelerator development facility (ADF) are aiied 2t verifying the desiqn

criteria experimentally and developing machine specifications. fasic to all

HIF drivers is tne question nf the transverse staniliiy iimit in a focusing
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channel, which has been investigated analytically and computationally, but not
yet experimentally. The 1 Amp 2 MeV Cs+] 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 hunch, and could roughly check regions of stability
and instahilityv. A substantially longer transport system is required for

investigating the region near the threshold of instability.

/~Contacr lonization Source . Pulsed Drift Tubes

Ep—— hi 2

St

yitlias ilaiiintilaiisl

\ £ - - - TNy T —_
7 Marx Generator | \ Quadrupole Transport System:
-
"4y sec 500 kv : 10 Perinds Fodo Lattice
-~ Cesium Vapor Injection — Marx Generators

Phase 1° 500 kV Unipolar U_

Phase 2° 500 kV Bipolar —\_[_\—

Phase 3: 1 MV Bipolar

1 AMP, 2 MeV, Cs*'' BEAM PROPAGATION EXPERIMENT

Fig. 11.
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Figure 12 shows where the present anc proposed experiments are in relation
to the end goals, and where the research machines for neavy 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 FOR SINGLY-CHARGED UESTUM*

Example Charge Kinetic Energy
(uC) {(Mev)
1. 44 ? ?

(Current experiment)

2. 500 J 20 75
3. 100 kJ 5 45 < 7,700
4, 1 MJ > 80 < 1,000

* For Uranium the beam charge needed is, typically, one-half that for

Cecium.
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The logical next step in increasing knowledge and experience in the
acceleration of a large charge of heavy jons is the building of an ADF to

answer some of the following physics questions:

-Beam Quality:

e Prepare and launch beam of significant current and charge into an

induction linac structure.

¢ Show bunching by pulse compression {x1/5) in this structure.

» External bunching by further factor (x1/3).

e Jenonstrate satisfactory 6-D phase volume,

e “xplore instability limits.

e Realistically evalua.2 effects of imperfect operation of multi-element

system.

-Beam E:periments:

e “ocus (<1 cm)

&  Bunch.

e Gains from neutralization

e "Damage" in slab geometry

e 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:
e Induction Modules
e Superconducting Quadrupoles
® Periodic Internal Focusing Structure
& peam Splitter

® Gas Stripper and Analyzer

-A Working Induction Linac to provide a Viable Framework for Higher Energy

Desiyns
~Operating Experience with Emphasis on:
Component Performance

Sensitivity of Timing, Synchronization, Wave Form Errors



Some of the desiderata for ADF are listed in Table III

TABLE II.

One Would L ike: LBL Proposal:

tnergy ~ 1 kJ 500 J

Laccelerator >> LBunch 100 m

(20 m)

~o

No. of Betatron Periods > 1

VNo. of Modules >> 1 31 modules

VNo. of Switches »» 1 of1000 switches
Particle Interchange Between some

Front 2nd Back of Bunch

While there are no firm values for the minimum number of elements required and
for the ther 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

Tow 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.

REFERENCES
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LIA LONGITUDINAL COUPLING IMPEDANCE

Andris Fallens
Lawrence Berkeloy Canos vvor

The beam generatey field< enter into the
probiems of waveform generation and longitudinal
stability. In the farmer, 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 presumahly known bunch, In the
Tatter, the concern is for the growth of
unintentional perturbations to unacceptably
large values through the interaction of the
charge and current fluctudations with the rest ot
the beam and the surrounding structures. These
beam generated electric fields may be related to
the beam current through a coupling impedance,
' = bz

1

The problem of longitudinal stability and
its dependence on the coupling impedance is well
kxnown in the design of proton storage rings and
other circular machines, where it oflen Timits
attainable intensities; some of the theory and
formalisin may be applied to linear machines,
with suitanle modifications. For circular
machines the usual definition has heen

where [, is the peak azimuthal electric field
generated by a sinusoidally modulated current,
In, of the spatial harmonic nurber noin a
machine of radius R, The theory of space charge
waves as developed for microwave tubes s
analogous, though less known in the accelerator
comnunity, ang uses an interaction or Plerce
impedance which relates the longitudine:
electric field in the region of the veam tu the
average power flow through an externd! circuit,

y il
Ezax‘
I = - .
p 2
" Pav
for a beam wavelength, », and 4 wall impedance
E
7 = _El
W Malhan

which ts useful for matching fields al & wall
houndary. 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 charye fields and
the fields due to the interaction of the beam
citrent with structure, and to define

7'0Y - o7, E
) Zq\J) " Lﬁxt

whare the subsiript g refers to the spaCe charge

contribution, and lhe subscript ext reters to
the external structnre. Z'(w) is the ratio of
the electric field to the beam current
anptitudes for a sinuscidally modulated curient
at angular frequency w, has the dimensions of
ohms per meter, and in general is complex
hecause the electric field is usually chase
shifted with respect to the current. No special
emphasis is given Lo any particular set of
harmonics in the L1a necause a single bunch is
accelerated in a non-steady-state manner.

The self-ficelas are within a factor of
1-¢2 the electrostatic fields of the modulated
charge, and may he calculated by transforming
the electrostatic fields of a stationary charge
distribution to a woving coordinale frame. For
the HIF applications 3¢ << 1 because of the
Inw particle speed, pc.  For amodulation
wavelengtis Tong compared to the chamber radius,
b, a beam of radiu o has

. iuuo b
i-q(’x‘) = gl -l ?‘:2"(‘-“ a 24

where the factor,~r1g * é , often callea g for a
geometry factor, applies to the particles at the
center of the *acuum chamber and a

factor .n § + 7 is more appropriate it the
average electric field over all particles is
required. Insofar as this g factor 15 of order
anity and changes slowly with the heam-chamber
geometry, 7'gle}, the self-tfield contribution,
is of the same order of magnitude at low
frequencies for the induction linac, the rf
linac, or the storage ring, depending inainly on
the velocity of the particles. The sign of

l'q is capacitive, that is. in the sense that
the hunch would bhe caused to expand
tongitudinally, but the freauency depencence is
like that of an inducter, 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 induccion
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 dirensions. Physically, for short
wavelengths the electric field preferentially
gues fr o regions of greater charge density to
regions of lower density within the beam, rather
than to the wall as in the low frequency Timit.
The boundary between the long and short
wivelength approximations is 1n tne region where

b 2b c

ka kb o= B 1, or
’ v or b



In the short wavelength limit,

. 1 ] 1

) =

and it behaves as a capacitor, “"C".
The_maximum value of Zg' therefore is in

the region w = £C  and has Jhe values

60 a2 iz
b 2a

Z' max - or

q

ir the ﬁwo limits. The lower of these, for

r|‘+— ives
i 3 } 1. 9

7' max 10 cm ,

' . 800 /m for b
q E
as would be typical in the 1nduct1on linac or
storage ring, and Zg' max 5000 - /m for

=1 cmas in g typical rf 11nac§ With wpax =
3x10% and 3x1010 ¢ respectively. Since g
has a maximum value of about 1/3 for HIF, 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 ot g's and chamber
radii that span the HIF range.

The external or wall impedance, Zgyt,
includes the effects of the accelerating gaps
and other discontinuities ir the beam line as
well as a relatively unimportant contribution
from the skin or surface impedance of the
chamber wall itself. Zgy¢ is easier tu
estimate and manipulate in an induction linac
than in other accelerator structures because the
LTA "cavity" is filled with rf absorting
material and is tightily coupled to a low
impedance generator. By contrast, an rf cavity
is a high-Q structure desi-ned to attain an

impedance of several Me. .10 on resonance, and
usually is loosely couc - . to a generator.
-
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While phase and amplitude feedback may regulate
the fundamental mode voltage and thereby lower
the impedance seen by the beam, little seems to
be kniwn 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 cougling,
Zext 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 Zgxt 15 well represented over the
most important frequency range by the circuit
shown in Fig. 2., which may be directly related
to the induction module and drive circuxt shown
in Fia. 3. The generator impedance, Z,, is
the craracteristic impedanse of the pulse
forning network or line used to drive the
module, and is the dominant olement for
frequencies of the order of the reciprocal of
the pulse duration. At higher frequencies, the
generator impedance is shunted by the gap
capacity, Cq, which 1s ahout two orders of
magnitude higher than the usual gap capacity of
an rf cavity. The induction core has a
relatively miror role compared to the first two
elements. HBecause of the non-ideal behavior of
the induction core, whether it is ferrite ur
iron, eddy current and magnetization currents
have the appearance shown in Fig, 4, for 4
constant applied voltage, rather than the
linearly increasing and smaller current which is
shown dashed in Fig. The actual current

A
L

response suggests an equivalent circuit for th
core which consists of & paralliel .-l
combination, with the ‘esistive part, Rg,
dominant. At very low freguencies tne cure does
have inductive hehavior. a0 antizazd
compensation network, shown as f';

Lcomp=Rcomp —Lrnmp series string m2y oe

used for pulse shaping purpases, such as

speeding up the rise time ang modifying the

slope of the voltage, or the same function may
Z,
T
, _J_C comp T
|
| C gap
V gen L comp - I beam
R comp —[ t coro R core J
. +
Generalor Optional Gap fnduction Beam
internat Compensation Capacily Cote Current
Impedance Network
Re, 4 ; -9 ;3
presentative values L core -~ 1C ° -10 " Hy
Rcore ~1-2 k!
C gap - 100-200pF
z, 100-1000¢!

Accelerator Equivalent Circuit

2

Figure
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— -~ Sem Most of the effort has been expended on
decreasing the core losses, which allows Z, to
be raised.

Insulatcr Core
’// — -— The choice of the generator impedance, Zg,
| /// is influenced by efficiency considerations. The
| { valtage appear1ng across the accelerating gap is
~1 matar the sum of the applied voltage and the beam
Accgm'“""gl Beam pipe j? [ ? generated VO]tEQZ? with the gpnrox1mat1ors that
\ the source is & generator matched to a
EEE;E iransmission line with a characteristic
! *2°°m__m_}____ tmpedance, Z,, that the gap capacity is
T negligitle, that the core impedance is infinite,
::z and that all components are linear.

Compensation neiwork

Vgap = Vincident * Vreflected - Ibeam Rpeam ,

° . . .
Coaxial Biumlein for short pulses where Rpeam 15 the parallel combination of
Lumped element PFN for long puises Zo and Rcore

Rbeam 7 Rb = Zo 1 Reore

and is equal tn the external coupling impedance,
Zoxt in this approximation.

For this model, the acceleration efficienc .
is
J sy
\/A R

I z I z
B core
L“Q o= (7’7—1? ,,,,,, )(V,'.J_e.a_'Tl_Q Y2 - .\./P?_E‘I‘LR
o core ‘incident incident

R . ) with a maximum value
Induction Acceleration Cavity

R
and Voltage Generator noo= e
Figure 3

which may appraacn 1. The efficiency in terms
of the external coupling impedance is

n is plotted versus 7oy in Fig. 5. Near the
maximum efficiency point the function is flat:
therefore, 7ext may he reduced by a factor of
two or three without a comparable loss of
efficiency. Lowering the generator impedance is

celtagn ana vore curant
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0 t I
| | n b used in Fig &)
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g Zextorns - R core It 2, source. ohm par metar
an
v Dependence af Efficiency on the External
7 gap Coupling Impedance at the Peak of the Z() Curve
o ! Figure 5
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advantagecus in the short pulse region, where
transmission lines are acceptabie voltage
sources, because it is difficult to build high
voltage, high impedance lines, and because a
lower impedance line allows the gap capacity to
be charged faster.

At frequencies comparable to the reciprocal
of the acceleration pulse rise time, the wall
impedance is dominated by the gap capacity.
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,

24r
C

For

A )
~ %—, or equivalently ar - _frgggggﬁgg .

where ar 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

E\HAZ
c~ —d s

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;
;R R g
ext 1 ¥ JwRC 1+ (mRC)Z 1+ (mRC{? ,
with the dependences
] 1
Izextl = - and Re(zext)‘r'} ’

i

as the frequency is increased.

Transit tiwe functiom, Tp

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 Tower the
external impedance by the factor T&, where

m

< { E(r.z)coswtdz >

-

o

< [ E{r,2)ds >

along the particle trajectories. In a gridded

sinmd/X
md/ A

has a null at about 600 MHz for our example,
with g8 = 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

gap with uniform fields, Tp = , and

for the previous example. At any g, T. 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 Ty 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
while in the parallel disc geometry 1L would be
less. At the cavity outer radius, the radially
outgoing radiation is well absorbed by the
magnetic core material, which may ve facilitated
by making a gradual rather than abrupt

= 30 .2 (resic ve) ,

transition into the material fe.qg., fer -te).
This is guite the opposite from the usu
situation in an rf cavity, where the ret :ction
of waves is essentially lossless, and re 'ts in
a series of resonant peaks in the impedd at
the freguencies where the reflections al: Jd up

in phase. In an induction cavity, because of
the Toading with rf absorbing magnetic material,
only the vestiges of the usual ra2spnant behavior
remain, and these are bounded in magnitude to
some tens of ohms. The impedance function is
modulated by the transit time factor squared,

2

dependence at high frequencies, roughly in the
range between 100 and 1000 mHz.

and therefore the resonant peaks have a

The various ingredients of Zguy and the
frequency ranges where they apply are shown 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
100 2 line is for a mismatched source. If

1000

(2, sourze 1 R core) 500 cannm
(0~ 46%)

1000

2 exteroms, onms par meter

Z oxt of wesk
resonancas
mutiiptiea by
teansnt ume
tactor 2

1000
Fregquency. MHz
The External or Wall Impedance Part of the Coupling impedance
for {Z source Source Il R core}=1000/m and 500{2/m
Figure 8



necessary, the impedance could be lowered below
the values snhown by modifying the external
Circuitry.

Applications

The coupling impedance enters into the
calculation of the applied voltages and into the
tongitudinal stability problem, The vo'tage
seen by the bunch is the sum of the applied
voltage and the beam generated voltage: this
fatter is composed of two parts, which may be
wprox imated as

dr
Epoam * ~ Tpeam R ¥ "L Tat T e

where R' 1s the resistive impedance seen by the
Deam and "L" is a measurc of the space charge
farces generated by charge density gradients
with the ounch. 1In a Tong bunch the charge
density gradient is expected to be localized
near tne ends of the bunch. When the applied
and heam generated forces are added together,
the field seen by any particle is constant
anywhere within the bunch. A swall additional
field is required at the tail of the bunch to
reflect off-momentum particles end create the
equivalent of a synchrotron bucket, with Lhe
major difference that the applied voltages are
not constrained to be sinusoidal. These major
components are shown in Fig. 7. 0One of the
areas of active investigation at LBL is the
sensitivity of the bunch to errors in the
applied waveforms, and the growth c¢f the
Tongitudinal emittance by “"noise" in the

100-1000A
———  20-50m
8eam curront pulse, 'h“)
6
~10 vim
E (2}, Electric field seen by particles
fotaf
E .(2), Electric fietd ramp for bunch length control ﬁ
~ 10‘ v/m
5
Eq(z). Electric field due to space charge ~ 410 v/m
5 Eq= Ib z'qex(

~ ~10% v/m

E‘('). Electric field due to beam current loading

I |OSI
E—b ~ v/m

E‘(z). Applied acceterating field
i the ebsence of beam

Applied, Beam Generated, and Total
E'sctric Field and Bunch Current Waveforms

Figure 7

acceleration process. Un a single perticle

basis, as would apply to a particle in the

middle of the buach, most of the voltage errors,

if random, are expected to average out, and the
(B 1AV

energy spread should grow as T —- VJ where n

n
is the number of acceleration gaps, about 104,
and aV/V is the fractional voltage error per gap.

The Tongitudinal stability of the beam
against small perturbations depends on the
detailed nature of the coupiing impedance, the
form of the particle distripytion function, ang
the square of the velocity spread. In recent
years the complex stability criterion has been
approximated as depending on the magnitude of -
dividec by the frequency, and the cnasting heam
stability criterion has been applied to buncheg
beams.  To improve on this less than
satistaectory state of affairs computational work
has been in progress for about a year to study a
bunched beam, as reported by David Neuffer at
this conference, and will continue, with the
coupling impedance a5 a necessary input.

In all of the preceding no emphasis has veen
placed on the within bunch harmonics, either
spatially or temparally. Such a narmonic
analysis would be helpful if cither the
particles or the space charge wave< executed
many npscillations during the passage of the
bunch through the accelerator. In the LIA case,
a single particle on the average mckes less than
ane synchrotron oscillation, while the space
chiarge waves make at most two or three
oscillations. The physical situation is better
approximated by a middle portion, which is very
much like e "coasting beam", and two bunch ends.

Feedhack

The low speed ot the ions and the long
acceleration pulse duration make it possible tn
consider active feedback for Tongitudinal
stabitization and waveform correction purposes.
If the difference between an actual voltage and
a desired voltage is detected and fed back Lo
the beam, then the external impedance becomes
zero. For such a scheme to be at atl practical,
as many known effects must be included in the
voltage waveform as possible, so that only a
small error signal has to be dealt with.

Because of the low speed of the ions and the
much Tower 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
siip 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 OF BUNCHED BEAM IN A MODEL ..INAC

Kwang Je Kim
Lawrence Berkeley Laboratory

In this note, I wili report on sone analytical efforts to understand
the longitudinal bunched beam dynamics in an induction linac as currcntly
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 FS is given by

YA
_ 2 "R 2 )
F =-e T poA(x) - e ZC ix pOA(x) (1)

Here, e = the proton charge, Py = the velocity of the bunch center, L = the
bunch Tength, A(x) = the 1ine density, and Zp and Z, 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 ZR and ZC are

3
Zy = o ~ 107 ohms. (2)

The motion in phase space under the influence of the rectangular-well
potential is shown in Fig. (1.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 ¢T(t,x,p) (T for the total, unperturbed plus

perturbed), one obiains
v7(t50,p) = wplt,0,-p) up{t,Lp) = up(t,L,-p). (3)

Eg. (3) supplies the relevant boundary conditions for the longitudinal motion
of the bunched beam fur our idealized linac.

The Tinearized Vlasov's equation for the present problem is

3y 3 d
SErpat - flp) [a o + 8] Ax) = 0, (4)
wher:
aw_(p)
F(p) = —2=— , M(t,x) = [ dp w(t,x,p), (5)
epoZ epoZR
a o= _—_3" s B = 3 . (6)
my mry "L

In the above, wo and y are the unperturbed and perturbed parts of wT’ mis
the rest mass of particle and vy is the ratio relativistic mass/rest mass.

The boundary conditions (3) become the following statement:

wo(p), p(t,o,p) and y(t,L,p) are even functionsofp. (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:
o(tx,p) = e 5 e K Mak,p) (8)
k

From Eq. (4), one obtains

Alk,p) + S2208 £(p) [ A(k,p) dp = 0, (9)

1+ (ka+i8) [ dp f(p) Jf]k—pf 0. (10)

Next, one solves the dispersion relation (10) to obtain k as a function of w.
In general, there will be many branches kQ(m), 2=1,2, ... . Inview of

Egs. (8) and (9), the solution has the fcllowing structure:

kz(u)) catiB

—w—kﬁiuxsp fp) A&',’ (1)

iwt s e—ikQ(m) - X
2

p(t,x,p) = e

where {Ah’>is a set of constants. The requirement that the function y must
satisfy the boundary condition (7) results in a discrete set of eigenvalues
W Going back to Eq. {11), one determines the eigenfunction corresponding
to w in the following form:
'iw“t
v (tix,p) = e U (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 1n a ring. In this case, Eq. (4) remains the same while

the boundary condition (7) is replaced by
p(t.x,0) = wlt,x + C,p), (13)

where C is the circumference of the ring. [Eq. (13) determines immediately
that k = kn =2m/C, n=1,2,. The eigenvalue “n 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 Cn in the expansion of the initial distribution s(o,x,p)s
[y(o’x’p; = 2 Cn Tpn(xap)' (]4)

For this puipose. it is necessary to consider the following adjoint equation

1)

a la Van Kampen

L 3 3 , _
ok p 2o - (eok - 2) fdp f(p) tixp) = 0. (15)
The function «(t,x,p) is subject to the same boundary condition as ¢(t,x,p).
Following similar steps as in the above, one obtiains the eigenvalues ;n and

and the eigenfunctions Vn(x,p) for the adjoint system. The following
orthogonaiity theorem is easily derived:

L
- * _ . ) -
(vm,un) 5 j dx [dp v (x,p) Un(x,p) =0 if . #0

*

. (16)
n

The coefficients Cn can now be determined by making use of (16).
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ITIT. A SIMPLE EXAMPLE

In this section, the general procedure described in the previous
section will re illustrated for a special case in which the unperturbed

distribution ¢ (p) is a simple step function as shown in Fig. (2). One has
0

flp) = —2—— = 50— [-8(p-4) + ¢ (p+4)], (17)

where N is the total number of the particles in the bunch. From the structure

of Eq. (4}, it is convenient to write

W(t,x,p) = ¢ (t,x,p) + 8(p- ) A{t,x) +a(p+s) B(t,x). 13)

The functions e A and B satisfy the fcllowing equations:

3 (t,x,p) 3w (t,x,p)
+p =90
at X

5 V0, oy (1 ! 5 4] [ A i ;
a1t 4 =t (o ==+8 o (gt o) ‘ =
at 0 o1/ 2N\ 4 3ax \ B 2L ax V-
In the above, kI(t,x) is the charge density associated with I
altsx) = [ dp wp(t,x,p) (21)

The function 2 satisfies the same boundary condition as ., Eq. (7), while the

boundary condition for A and B becomes

A(t,0) = B(t,o). A(t,L) = B(t,L). (22)
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The boundary valuc problem for ¢I is easily solved. One gets

- (tx) =g (p) cos K (pt+x). or hn(p) sin K (pt - x). (23)

In the above, gn(p) (hn(p)) is an arbitrary even (odd} function of p, and

K = -n/L
n n/

£q. (23) describes waves that move with phase velocity p.

Now consider the "edge wave" described by Eqs. (20) and (22). If b
does not vanish, it drives the rdge wave through the last term in Eq. (20).
Let us first consider the case T 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

A Tt g [ KX [tk i x o[- -k T
! bos e e e ( +e I n n_ | 25)
Vi o Rt n - kr }
Here
P! , Nex Co_ N
Camemye T T 7 (26)
2 L2 2 C
T R R e i MR [ (27)

The factor e_Q> 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 ZR of the impedance causes
a decelerating force through the first term in Eq. (1). For a machine with
a peak current [ = epON/L ~ 104 Amp, velocity spread .'./po - .1%, energy
mpo2 - 10 GeV and v - 1, the dimensionless constants «' and 2' are numerically

equal to the impedances ZC and ZR expressed in chms., From Eas. (2) and (26),
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the attenuation factor for such a machine is

-QL e—.5 . (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 Tong
as ZR # 0. The usual interpretation is that, while the wave grows along
the line C -~ D in Fig. (1.b), it damps on travelling along the 1line 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
rotation as in Eq. (20), as follows:

. [1 0 N 1 -1 N C\
o : 1 P =
[p+ "«‘o I I v (@ 2% -2)] (D,’ 0. (29)

The functions C and D satisfy the same boundary condition as in Eq. (22).

The solution of the adjoint system is cuite analogous to the original system.
One finds thet is has the same set of eigenvalues E and the corresponding
eigenfunctions are as follows:

ju_t -k x o/ fp T iK - n"n
Cy _ QM OQx o N e "
D
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In the above, * Jenotes 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 arbitrary shaped unperturbed distribution po(p), it is convenient
to introduce a new set of canonical variables (..,") as follows:

= P fp= L)
or equivalently ) (31)

o=y E(p) ]\X = o
Here E(z) is a step function defined to be +1 (-1) when z - 0 (z - 0). The
variables ( ,) are analogous to the polar variables in phase plane.

The Vlasov's equation becomes

(tyo) = [ odplu(ty, )+ (t-0, )] (32)
The boundary condition (7) can be translated as follows:
[~~~/
i w(t,e,) is continuous at - = 0 and {t,L,.) = .(t,-L,.). | (33)
N o _
It follows that »(t,5,.) can be regarded as a continuous periodic function
of period 2L in . Therefore, an eigenfunction with frequency . must have
the following expansion:
ik ¢
1.t n {34)
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Inserting Eq. (34) into Eq. (32), one obtains

infinite order) to determine A (o).

an infinite determinant as fo]]ows3):

a recursion relation (of

The eigenvalue condition involves

1 1
)\'l (w): "?; ’ 0o, 15 * o,
- % s Az(w): ‘;I-;' ’ o 2 E]'T
=0 (35)
0 . As () 1 0
s 5 2 3 ) 7 13 >
1 1 4 1
"'|_5_ s 0, - _7_ ’ )‘4(w), 9
Here
T+aK Dn(m) o ) 1
An(u)) =T - "TBnTn(J)— ) Dn(w) = [,,-, dp f(p) @:-—) . (36)

Eq. (35) could probably be analyzed numerical
For the case where the unperturbed disir

as shown in Fig. (3), the procedure described

1y.4)
ibution consists of two steps

in Section Il is still tractable.

The dispersion relation (10) becomes a quartic eguation in k, which could in

principle be solved to obtain ky(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 cases, the equation can even be

studied analytically.

is very small compared to the unshaded one.
1 2

) + w + ...
n n

w ©
n

+ o

series Wy = Here En
step function discussed in Section III.
was computed.
found to be real for all values of ZR and Z..

stable.

For example, suppose that the

One can

is the

Although tira formula 1s too lengthy to be recorded here, wn]

shaded area in Fig. (2,
then set up a perturbation

frequency for the simple

1

The lowest order frequency shift wn‘

was

Therefore, the motion is a4gain
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With the examples treated so far, one may get the impression that a
bunched beam in our model Tinac is always stable. However, that is not
generaily so. A simp]é examgle is the case in which g = 0 and wo(p) has a
dip as in Fig. (4). It is not hard to show that when @ = 0, the wave vector

kn is real and given by

k, = K (37}

Since kn is known, ©, is determined from the dispersion relation (10). The
situation here is quite similar to the coasting beam case. RNow, it is well-
known that a coasting beam can develop instability if wo(p) has a dip as

shown in Fig. (4) even when the resistive part g vanishes. Thus, one concludes
that the longitudinal motion of our model linac can be unstablie. However, the
instabilities seem to be driven mainly by the geometrical parameters of wo(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, Timiting ourselves to analytical methods. The results obtained
here are encouragi:.; in the sense that a sensible theoretical approach to the
Tongitudinal dynamics of bunched beam could be formulatud 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 Tisting some of the immediate
probiems.

First, within the framework of the model, they are a) the problem of

obtaining eigenfunctions and eigenvalues for a general distribution wo(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 wo(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 Tike to understand the
differences between the longitudinal dynamics in induction Tinacs and in
storage rings. d) Replacing the self force (Eg. (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 pOA(x) in Eq. (1) be replaced by

pA(x) > [(p,+p) w(t,x,p) ds . (38)

The above repiacement is made plausibie 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 wo(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

iy n/ (1) (14at) 8

n 1+56

2, 2

(k, +0%) (39)
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(40)

Notice that wy, 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 problems to solve.
In contrast, heavy-ion irduction linacs for inertial-fusion power
plants will handle ions in the range 0.1 f [ f 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
rroblems.

In this paper we first point out that the reguirements for
pellet ignition in commercial-scale power pplants, and the limitations
of final focusing lens sys%ems, place stringent bounds on the allowable
random spread of longitudinal velocities, or equivalently on the
lorngitudinal "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 X 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 propageiion of

small error signals (density waves) may with goond approximation be



studled as if the ions had a negligible longitudy: °1 temporature,
in analogy with the propagation of waves in a cold plasma.

Next 1t is shown that the lhncarizsdwave equation for these
small disturbances may be dealt with by the method of scparation of
variables for a wide class of bunches whos. variation of ' along
the bunch and variation of length during acceleration are characterizod
Ly two independent arbitrary functions. The requirement for separation
is that the bunch behavior is scaling: that is, the bunch shape in
terms of A depends only on the ratio z/zn(t) with =z the distance
from the bunch center and ko(t) the varying bunch half-length.
| Normalization to a fixed total number of jons in the bunch requires
that A be also inversely propor+ional to zo(r}.| Although the
bunch behavior desired in carrent designs is not exactly of this
scaiing form, solutions obtainakle from the separated cguations 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
.omparison with computer simulation results

Such computer simulations of longitudinal bunch dynamics will
follow in time the variations of two-dimensional longitudinal phase

1,

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: ier class of non-stationary distributions are presented.



IT. 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-=2l-confinement fusion are
based on the assumption that after acceleration an individual ion
bunch will be split in transverse phace spe~e into many beamlets but
will not be chopped longitudinally into segments. Therefore the
longitudinal phase area of a kunch may not excecd that acceptable
at a final lens system or at the traget.

This requirement may be written, for ions of mass m = Am_, as

3

€ D S(LAp ) .. Loy, Am (&v
...z linac s p z's <

(ch'rf)lﬁf AmpC(ppz/pz)fl

;

1 N
“L'final z final Te

witt bunch length L, velocity spread tAvZ, and Y varylng along

the linac; the subscript s denotes evaluation at a distance s

along it. The final beam duration time 1{’ relative momentum

spread Ay /e ). F, and Y are evaluated at final lens ar
z' "z f f f

target. Our purpose here is to obtain estimates, so we neglect

relativistic corrections and factors such as 4/7 related to phase

space shapes (e.g., elliptical vs. rectangular). We use the relations

L = BSCTS = BSCQ/IS, Q = qu/Tf

with ¢ the elentric charge per bunch, I the mean clectric current,

E the delivered energy, e the charge per ion, and T the kinetic


http://longitudin.il
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energy per ion. Then
2
A < o~ .
(v /vo) (T¢/T_E) (L\pz/pz) e (0g/e) (1 /)

It is convenient to express T TS in GeVv, E iun megajoules,

f'

and Tf in nanoseconds, and to definc rgz = Is/q as the

particle current in particle-Amperes Then

2
4
6 Tf(GeV)Tf(nsec)( pz/Pz)f

’;¢s (Part ~Amp)

(hv /vy <~ 107
- T_(GeV)

E(MJ)

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 21, for allowable momentum spread at the final lens;

A <~
(/‘pz/pz)f 1(rS/X)F

with spot radius t, and guadrupole lens bore radius ¥. In the
. . -3
numerical estimates below we use the value 2 x 10 F (rq = 1lmm,
X = 25 cm).
Another measure of this constraint is the maximum allowed
disordered ion longitudinal kinetic energy as seen in the moving

frame, which may be expressed as a longitudinal "temperature" oz

in ele~tron-Volts:
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This guantity must be limited, using the units above, by

2 2
T A > 2 .-
(L) <~1073 g(GeVit nsee) (ap,/p,) |2 [ (part.-Amp) |
Jz's E(MJ) T_(Gev)
4s an illustration we take Tf = 20 GeV, E = 1 MJ, . = 6 nsec,
A = 200. Then Q = 50q yCoul so that .¢:= 50/ (sec); the

('V/ ) ~ 4 x F/I( ) (N‘)l
o v 2. 6] sec) T Ly .

2 2 ,
o < ~ 58F /]Ts(usec)TS(Gev)] S

To proceed with the illustration we take a specific do:;lqn4 developed
at the Lawrence Berkeley Laboratory, for which g = 4. The
pulse duration and current shown there are moderately well
reproduced by

fnsec) ~1380 [T(Gev)] 8, Tiamp) ~ 145] @ cev; " ?

which lead to the following values:

T(GeV) K 1G.sec) Lim) I{Amp) él&hﬂl

A X A
vl M/ opy
0.2 0.045 5 4 3 2
. . 68 40 10 2.4Fx 10 3,2F x 10° 11F
1 0.1 1.4 4 3 2
. . 41 144 3¢ 1.7F x10 5.1Fx 10~ 30F
4 0.2 0.46 27 -4 3 2
- . Z3 440 110 1.3 x10 7.9F x 10~ 70F
; -4 3 2
10 0.32 0.22 21 920 230 1.1F X10 10F x 10~ 120F
-4 3 2
20 0.45 0.125 17 1600 406 1.0F x10 13F x 10~ 1B4F

These velocities 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:

. } . -1
The integrand is proportional to (vZL) ; thus

1 1
bz, = (bv_ev 3. s, so‘Li/L(G) !vi/v(o) T = (/.vz)ftfso ‘Li/L(U)] du

f

with 1 and £ initial and final values and © = s/sf, o= t/tf.
The product sz varies by only a small factor; it is propor.ional
. . . 0.2 . .

to TT(T), which is proportional to T in the example design

approximated above. If the mean accelerating field is assumed

uniform along the linac. T - ’I‘i is proportional to s so that

the first dimensionless integral above is an elementary one, closely
. O.% . - .

approximated by [(Ti/Tf) /0.8, which equals 0.5 for this

design. Numerical experiments have shown that if (f is linear

in s with space-average ¢ this integral is only larger by

(3
< ~ 6% if én varies by a factor < 3. For (:l: linear in s,

sg = (Tf—Ti)/'qe((oa. For the example design
.*- ~ (T_-T L = 0.57F/E  (Mv .
2, (Bv_ /v ) (T =T ) /2qef /& MV/m) meter

For the reasonable assumptions F < 3, 6 Z 1 MV/m this travel

is less than 10% of the final bunch length of 17 m in this desigr.
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Estimates based on simple assumptions about the low-beta
section (from ~ 1 MeV to 0.2 GeV} and the Final comnressicn
system after acceieration in this example indicate that comparable
or lescer 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 1t is not merely
desirable, but requireld, that individual i1ons 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 potintial “"walls"”
near the bunch «nds during most of the acceleration; however, the
tolerances required to create and maintain such low longitudinal
temperatures are extremely stringent.

IIT. BEEAVICR CF SMALI, DISTURBANCES ON A
BUNCH VARYING IN SPACE AND TIME
5

We employ the —commonly used assumption  that the longitudinal

space-c.rarge field of a beam of charged particles moving inside a

*
conducting pipe is given (non-relativistically) by

with * the number of ions per unit length, 7 a geometrical
factor of order unity, and z distance along the bunch measured
from its center, for ions of charge ge and mass m. Just as a

plasma frequency is defined by ion charge, mass, and nurber 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, 30 is a charateristic vclocity Vo defined here by charge,

mass, and number per unit length. 1t is given by

2 2
v = g(ge) /m (cgs).

To show this consider a uniform bunch (constant ' b Tt For
a small dvnsity perturbation &Xx(z,t) = ‘iz,t) - \o and corrclated
smi.!l velocity perturbation d&u{z,t), the equation of continuity is

A Bl 3\ au
oy = ) o ) = =0
At dz 3 o 3z

and the equation of motion is

Au _ _glge)” 3}

it m 5z

. 2 . . . .
Evaluating 3 A/ zit from each equation and equating, we have

. . . 2 .
the wave equation, with V as given above.

For g =~ 2, 1ions of mass Amp, and a uniform bunch of
length L wmerers containing a total charge § wmicrocoulomb, one

finds

: 6
v o~ 1.3 (qQ/AL)j x 10 m/sec
For example, if q = 4, ¢ = 200 ucoul, A = 200

5]
v ~ 2.7 1L 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 umax' If a bunch is compressed from L T~ 75 m to
L T 15 m during an acceleration time ™ 60 Usec, the average
value of u is ™ 0.5 x lO6 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 tlhermal
{random) velocity. It is a general property of sv-tem designs
presently under consideration that this velocity is smaller by
more than an order of magnitude than the characteristic signal
velocity V and the bunch end velocity Uiax” Therefore it is
reasonable to neglact thermal spread and to regard the medium as
being at zero temperature wshen discussing the propagation of small
disturbances along a bunch in which density A and unperturbed
ion velocity u (1elative to the bunch center) vary in both space
and time. We now derive the linearized wave eguations for
disturbances on such 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 contiruity

aN/ot + 3(hu)/d9z = O

. *
and are consistent yith the unperturbed externally applied and

See Section IV below.
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space-charge fields. With perturbations present,
A= Ao + @(z,t)y, a = u0 + W(z,t)

with @, ¥ small of first order. Neglecting the second-order term,

the eqguation of continuity is

(1)

Il
o

3@/3t + 3(u0¢ + Xow)/ﬂz

The equation of motion is

du/dt =

u = 9fu +P /3t + fu +u B(uo + ) /oz
= qeé%h;

again neglecting the second-order term and cancelling those present

in the absence of perturbations,
N _ 2 .
/3t + d(u ¥)/3z = - [g(qe) /mldp/3z + a__ (z,t) (2)

in which Gaext is the acceleration due to departures of the
external field from the form required for consistency in tie absence
of perturbations.

The two coupled first-order partial differential equations
(1) and (2) for @ and Y contain the unspeciried functions ag

and Ao which are constrained as indicated above. In order to

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 burches have linear

densities of the form
A (x,t) = const. S(x)/z (t)
o o)

in wnich x = z/zo(t) is distance from the bunch certer measured
in units of the {arbitrarily) varying bunch half-length. The equation

of continuity then requires that the form of ug be
u (z,t) = =z(dz /dt)/=z = x dz /dt.
o o) [} o]

Thus scaling bunches are characterized by two independent arbitrary
functions, the shape function S(x) and the half-length zo(t),
which we express in terms of its initial value 2z, as a
dimensionless reciprocal compression factor R({t) = zo(t)/zoo

having initial value unity. Similarly we normalize S(x) so that

S(0) = 1, 1leading to
A (z,t) = A s(x)/R(t)
o 00

with Aoo the initial value of A at the bunch center. We change

variables from (z,t) to (x,t) using the relations

-1
B/Bz[t = g (t) 3/3x[t ,

2 = asdt| + Ox/dt| 3/0x]
83| /oel + Ox/0t] 378l
8/0t] - (2/22) (dz_sav)a/ax|,
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After some manipulation egs. (1) and (2) become
[ 3/9 S =
R(t) /3t (RE) + (A sz )3(s9)/3x o,
B3RP /3% + Oz /v 2){[RO/¥] (Rp) - RGal = 0
00 00’ oo !

in which Voo = qe(gkoo/m)% is the initial mid-bunch value of the
characteristic velocity. From this form it is evident that the

appropriate time variable is

t
T(t) =5 R(t") tar
0

In terms of T the equations are
IRAAQTHO /2 ) 3SY)ax = O,
SRV A ) ARP) X = R
Voo " oo%co fx = ¢a

The dependent variable R@ may now be eliminated, yielding the

desired wave equation for Y ;
2 2 2 2 2
3T(RWATT = (voo/zoo)z'e (B)//Ax" +3 (R8a)/yT

We now confirne our attention to the normal-mode (standing-wave)
solutions of the homogeneous equation in the absence of external
perturbations &a. Separating the variables by setting

Yi{x,T) = X(x)T(1), we have
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1

-1.2 2 2 -1.2 . 2
T “d (RT)/d4tT (Voo/“oo) X 7d (SX)/dx

2
= constant = - wo .

yielding th two ordinary differential equations

2 2 2
d”(RT)/dT” + (wo/R)(RT) = 0,
2 2 2
d (8X)/dx + (Ko/s)rff) = 0,
with K = wz /V the radian wave-number at the bunch center
o 0 00" oo
(dimensionless, in units of x_l) corresponding to angular
frequency wo of a mode at t = 0.

From the form of these equations we may gain a picture of the
scaling in spaco and time of small perturbations in the idealized
system to which these eguations 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 IAR/RI < <1 in one period At = RAT ~ R3/2/mo.]

Then from the WKB approximation RT is proportional to the real

part of

T

R% exp[ﬂ%) R—%(T')dT']

so that the real-time variation »f the velocity perturbation in

such a mode is
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J
T(t) = r(t) /4 RL exp[iwoj 832 (e )ae)

Similarly, some wavelengths are short enough that the variation
of S may be regarded as adiabatic in space. [This requires that
IAS/S[ << 1 over the spatial region A4z = zoAx = zoS%/KO-]

In the same way the spatial variation of the velocity perturbation
kA
X({x) <« S(x)_3/4 RL exp [qu[ S_%(x’)dx'].

Thus the amplitude of such a mode's velocity perturbation is

. - 3/
Woo[R(t)S(x)] 3/4, with local freguency w0/|R(t) ’2] and radian
1
wave-numpber K /[Sj(x)z )] =k /lz S%(X)R(t)l in | hysical
o ) o oo
units (length_l).

The density perturbation @ is found from

T
-1 9 (sY)
R (T)(Aoo/zo%[ ox ar

i

Fix,1)

]

-1 a d
-r Tt e <smf T(r)ar .

Ir the spirit of the WKB approximation, the operations are

applied only to the rapidly varying phases in SX and T;

X
d(sx)/dx & S%Rl [(iKOS—%) exp(qu[ s L’dx'l .

T

J"T(T')ar' ] R‘3/4RSL[(iwoR";’flexp(imoJ' R gt .

is
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Thus the amplitude of the density perturbation is

W /RO sz )k /w s /R (r/e)
00 oo’ oo o o
=3 Rrit) 50714
0o
with goo' woo the amplitudes at z = 0, t = 0, satisfying
the rel. tion
lgOO/lbOOI = )\OO/VOO

For lower frequencies, longer waves, and in regions of the bunch
where  5{x) 1is 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
1/a

2 - . . .
S(x}=1- x . We set R{t) = (1 + avt) , in which a is a

parameter determining the functional form of the bunch compression;

since dR/dt = - Vv for all @, V 1is the initial fractional
compression rate. The form of R(T) 1is found from
t (@+1) p
T(t) =fR (t")ydae' = (1 + avt) -l{/v@ + 1)
0
so that
1/8

R(T) = (1 +Bv) with B = 1+ a.
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As examples we list

1. Steady compression (& = - 1,B =0), R(t) =1 - vt ,

R(y) = e VT
2. Exponentially increasing compression (x = 0,3 = 1),

- -1
R(t) = e ™, R(p = 1+ VD
. X 1 1 1 p

3. An intermediate case (& = - 5 B = 5)e R(t) = (1 - EVt):

R(T) = (1+%\)r)'2

[In the first tuo examples one must use the limiting form

lim
n >0

& * )

1
(1 + nx) = e

For this family R(T) the equation may be written as

a2 (r7) 7ag? + (wo/Bv)zf‘, VR ey = o .
with §¢ = 1 + Byr. Its solution is
RT = 5;:[AJ (g) + BY ()]
P p
where the order p of the Bessel functions is Bre2g + 1)

= f{a + 1)/(2a +3) and their argument & is

Wy B+ g B+ /B

A and B are arbitrary constants. It
is more useful to express T in terms of R and o since the
latter gives the dependence of R on real time t directly;

R_(o‘+3)/2[AJ (z) + BY ()]
P r
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with Tz (mo/v)(u + 3/2)_1R_01+3/2)‘

This form of sclution fails for the first example above (steady
compression) because R is not a power of ¢ for 5 = 0. For this
case it is simpler to express the cequation in terms of t  though

o= 1 - vt o
2
Seazan)l £ aTzany) o+ (rgo/‘.’) T = 0.

The solution is T = 3 cos|0yo/v)£n(l - ut) +°] with A, " constants.

The Bessel form of solution is alse invallid for the special

2

case o = - 3/2. 5 = - =, for which lie order becomes infinite.

PO j—

In this case the equation is

> 12
AT (RT) /&~ + (:a,‘o/»_})“-. (RT) = .

The ferm of solution depends on the value of the parameter

2 -3/ )k — (Y%
W= e A0 L Forp< it ds TE) =< g e ) hy g s
- L
for p> %, TE) = A 32 os {w- %)aing + §), and for

=L - £ a 4 Bme] .

In considering normal modes of small oscillations on a finite
bunch the equation for X(x) 1is to be solved subject to appropriate
boundary conditions at iis ends, thereby defining spatial eigen-

functions X and assoclated eigenvalues Ko leading to eigen-
n
n

frequencies w through the relation =
On el w O/Ko VOO/Zoo' The

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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dz[(l - x2))’.]/dx2 + th = 0;

it may be written in the Iorm

2 2
(x - 1)X" + 4x X' + (2 -y ) X = 0,
. . ., 6 .
which is Gegenbauer's equation with its parameters , and It (not
the ¢ and g used above) given by (y + 1) + 2) = VLR =1
For this value of 3, the general solution is
= P +
X(x) (d/dx)[APl+q(x) BQlﬂx(X)

in which P and ¢ are Legendre functions.

To proceed further one must establish boundary conditions.
Unfortunately, both the physical assumptio éic « 9A/9z and
(therefore) the mathematics become inadequa.. near the bunch onds
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 @ +terms is non-singular for any given value of n. For such
solutions the ratio of slope to value at these points is
(X'/X):x=il i%a(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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cer oestablishing by some means a ot of normal modes,

vXamination of the inhomogeneous cquatiors  ("a # U)  could lead
Lo oan cvaluatiorn of tolerances on allowable aepartures of the
applled elecrnric field frem Lhat rojuired for the eguilibrium
cistribution.

among adddirional topios rematnine; for Duture <svalyoare
irclusion of the gpace perlodicity of the surrcunding structure and
its appliced electric field, anid of 1ts fin.te resistivity.

V. SENERALIZATIONS OF NEUFVER'S 1 LF-t0NST

[HASE STACE LISTRIBUTT NS

Neaffer hags derived a "silf-consistent” stationary distributile

for lengutuninal transtore of a beam bunch, o~ a2 <imilar nonstat:ionary
) . . 1 .
frstrilestlon togerhsr wirh 1ts envelopse egquation . In subsequent

)
work  he has analyzed the srability of these "stanaard longitudinal
i1=tributions” in continuous and perindlc transport systems. His

distributilions are characterized by longitudinal selt-fields and

extornal fields proportlonal te rthe distancd: 2 from the bunch

IS

center fhased on rhe usual approximation ¢ 2(sp_(;hq.) Co-gge A N8zl
and therefore by parabolic depesndenc of the number of lons per unit
length - or. =z Although rhese dependences provide analogies with
the K=V disrributionb (which has apprared to be uniguely tractable
for anaivtilc stability studies), they are very different from those
f5r the nearly uniform A expected over mest of the bunch length
(b=ginning 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 ta the
physical situation in such a linac.' Here, as in Neuffer's work,
relativistic corrections are ignored.
It is perhaps worth noting tha* the property of self-consistency
is in one sence a matter of definition. If a distribution function
is specified there will exist some external force field which,
together with the self-field, 1s required to produce it; the
total field can be calculated from conscrvation of rhase space
density (Vlasov equation). However, in our application and many
crhers o velocity dependence of the force duc to this field is
uracceptable; the general problem of finding distributions witinout
velocity dependencs of the force is a difficult one. In Henffor's

vkt Saenivnsd foarms of 0 and the Corrospond ong Colisa o tent

mooz) were

*otal faeld (parabolic and linear, respectivels
cstablished in advance.

Here we explore in turn alternatives to the fnllowing assumptions

made by Neuffer-

1 (z)  1s required to be parabolic.
2. The stationary distribution funrtion f(z, 2') = £
1s a ecific function of the single-ion Hwumiltonian H{z, z";
1
f = const_(H - H)
max
1 The nonstationary distribution function (2, =) 13 required

tn be parabolic in z.
4. The bunch is coasting: 1fts center has zero accelerar on,

function 1s denoted by  F(x) rather than

S(x}, and the wmeanings of rhe symbols p, 3, r, 8. R, T, .., v,

2 and »are not related to those aiove.
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1. Stationary Distributions

“irst we explore alterrnatives to the first assumption,

rotalining tie- otheres.  Censider the class of stat.onary distribution

funrtions for which

224t
flz, =) = Owemo o [reo - = /o2 ]

witihin the area in z ~ z space where rhe sguare root is

~eal

and £ = 0 outside it Hermr [({x) 1s a limensionless shape

function; x = z/z , with zO the hunch hal:r-lengrh, and
o

F{*1) = «; N 1is the total numker of partirles; 1s the

un-normalized emirtance = {occupied area in oo - 2') /7 primes

are  d/ds  with s, the independent variable, egual to o vt

coasting beam; W oand ) are constants defived by

L
= (3/4)fmx> Ax, v = (3/")ff-"(x) dax,

and unsta-ed limits of integration here and below are those

for a

at which

the inteyrand vanishes. The quantity within the square root is pro-

porticnal to Hmax ~ Hyz, z') with the Hamiltonian H the

sum of

Xinetic .nd potential energies; the pnterntial =nergy per particle is

and the space charge potential energy is
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with A the number of particles per unit lercth;

i -1
1(z) = ff dz' = (3N/4z_ F(x)
For a coas+ting beam the total force on an ion 15 mv z ' and frrm
, - - 1 2
the Vlasov equaticn z" = - z'GfAz)/0€E/42z) = -6/ 2 ) dr, iz;
- o
the total force is also given by - d(V + V. _)/dz. Combining the
B ext \|C

expressions above, the self-consistent ot ontial oncrgy per jon of

the external force is found to be

)
; - = - 2 ] Y z
\ext(“) 11 + 2(S/R) (pry )| VQC(A)
in which
. 22 A
28/R = {2mv =)/ gg e N?p)

S and R are dimensionless parameters T intredused in oan

() oy
earlier work o1 longitudinal dynamics [ 1n whii F{x) = 1 - x
as in Neuffer's distributinn and , = - = 1} 39 measgres of
the emittance and space charge terms. The extornal for~. must not

only cancel that due to space charje but in addition mis! -ontain
. ) Rl
the thermal pressure of the bunch which is proporrional ta
Thus we have constructed a family of stationary distribution
functinns generalized from rhat of Neuffer whichk a.low an arbitrary
lincar #nsity “fz) and have determined the correspanding self-consistent

external field: for this femily it has the same form of space

dependence as d)/dz.
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Next we explore alternatives to the second assumption, retaining
the first and last ones. Consider the class of stationary distribution

functions
5 s
ﬂz¢’)=(3wwcnvﬁ)f]FM)- w%k)z"

with the same definitions and conditions as before; the function

f(Hmax - H) is assumed to be such that the integral -I; dz'

can be performed analytically so as to obtain an analytic expression

for X (z). We define a function G(F(x));

1
GF(x)) = F .ln flra - | &
~1

The constants Vv andg Z are defined by

Vo= (2/Tr)‘fF%(x) dx, £ = (3/2ﬂ)fG dx.

Then

Az) = <3N/4zo)g"lc

Following the same procedure as before, we find

2
Vext(z) = - Vsc(z) + 2m(vE/Vzo) L)
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Thus we have construct~d a more general family of stationary
distributio. lunctions which allow an arbitrary density A(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 2z which
differs from that of dMA/dz

As examples of this class we display the results for f(h) = h"
with 1 an arbitrary number, restricted to avoid non-integrable

singularities. Then
! n;
LMz = avyz) F”*l’{ﬂ“ (%) ax.

we reproduce the results for the less general family

N

For n =

above. For n < the space charge field becomes singular at the

0o

bunch ends where F(x) -+ 0, wunless dF/dx -+ 0O there. For
nn = 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 c—%dF/dx + 0

there. As n > - %, Alz) » N/(ZZO) = constant within the bunch
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 chonice
F(x) = 1 - x2, the external field required will always be
proportional to z while A varies as [1 - (2/20)2]n for any
value of n

These examples serve to incdicate a special feature of Neuffer's

. : . 2 1
distribution |F(x) = 1 -x, n = S all forces (space charge,



226

external, and thermal) are linear in 2z. This feature no doubt
contributes to the tractability of analytic stability analyses.

More .mportantly, the examples show that the =z dependence of the
exterral field required to maintain a bunch inegunilibrium will depend
on the form of its distribution function's dependence on z', even
for a fixed A(z). Should actual distributions have thermal
pressures requiring applied containing-field compcnents of magnitude
jreater that the smallest allowable errvor 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 nf the second assumption
but also more general ones. The regquircment that the forces be

velocity-independent (3z"/dz' = 0) is

(B/9zl (9f/8s + z* £/9z)/(0E/82) 1 = 0

which imposes a constraint on the form of rhe distribution function

f(z, z', s} and leads to the expected conservation eguation
dA/3s + d(Au)/Qz = O,
in which A(z, s) =If dz' and wulz, s) = <z'> = fz' f dz'/h ,

1

obtained by integrating the Vlasov equation over =z and noting that
f = 0 at the limits of integration.

The severity of this constraint on the form of f may be seen

by considering f to be any appropriate function of HmaY- H{z,z',s)
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and assumning the somewhat yeneral form

H o -H = plz,s) - vz - ulz,9)]’ .

max ' '
Then

el 1 2 =
Alz,s) - (8/9) f flgaa -z5laz = @ G(P(z,s)).
-1

After some calculation one finds that the constraint requires

2yz' (z' - 2u) |(3u/dz) - %w'/¢ -{g" + u@gsez)] = 0

for all z', which can be satisfied only if
1.,
ulz,s) = 5(¢ /U)z
and
@' + ud@g/oz = O.

Using this form for u, the continuity equaiion becomes

lP_%(dG/d;Z) (#° + uiB/Azy = o0,

showing consistency; @(z,s) must be of the form ﬂ’z/¢5'. aAll
such distribution functions are scaling; the rate of dilation
(change of length per unit length per unit change of the independent
variable s) 1is independent of 2z, so that the §ﬂggg of Alz,s)

is preserved.
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Should one try a more general form by allowing ¥ to depend on

z as well as on s, the requirement ®"/3z' = 0 forces the
condition ™y/3z = 0 . 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 functior and arbitrary dilationr dependence on s, in the

following way:
E,z'ys) = Gn/2me) (WRE[FG) (e (5176 2t - (22/2))

in which f is any suitable function of the argument in the square

brackets; ZO(S) is any function; x = z/zo(s);

1
1 i
V= (2/1T)fF7(x)dx, G(F({x)) = F% f f)F(l - CZ)} dag
=1

with f the function selected and F(l - gz) its argument, and
fo= (3/211)fG(F‘(x))dx.

The density is
Mz,s) = [3n/4z (s)] E"IG(F(z/zO)).

The potential energy per ion of the external force required by self-

consistency is

2)
|
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2 (e/Vz )ZF + (z "/ )22
3 o z "z

Ve (z,s) = - VSC(z,s) - %mv
for a coasting beam with constant v. The force due to the second
term in the bracket is that required to produce the specified
dilation.

3. Effect of Acceleration
Here we consider the correction needed if the fourth assumption

is not valid. For an accelerating bunch

2 .2 2
Jdz/dt = o"v + z' a
with a = dv/dt.  We will estimate the importance of the second

term by evaluating the ratio

on the assumpt! 11 rhat the acceleration is constanr and that the
bunch length varies as a power of the ion kineti~ onergy T. (In

.4 . . . .
the example design used above the pulse duration 1  is approximately

. -0.8 -0 3
proportional to T , <o that bunch length [ v 7T ﬁ.) With

L = T_F, and dAT/ds constant.

Ro= L(T/mLU(2T/m) = (AL/dt)/ | 2meatiart)| = - ’2(1+ p)j‘l

ind if p = O 2 the correcrtion ratio el o~ odnq.
The- ~orrection ratin R is ever largar i¥ the acceleration

increases with distance along the accolorator. Roraining 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 3, to a

final value ags the value of R is

4

R =~ " {0 +p) ~deniar/as)l/atn 0}t

and the logarithmic derivative is

;»(1 -qrdg+ (1 - gl

2

with gq = (ai/af} and r = (T - Ti)/(Tf - Tj). This term

{and therefore also |R|) attains its maximum

at the final energy, wher

R} = (1 + 2p + q)m]
max

if the accelerating field increases by o factor

value i(L - a)

~ 3 as suggested

’

ratic z"vZ/(d2z/dt2)

in some designs, g ~ 01 and R ~ - 0.6; the
becomes as large as ~ 2.4, compared with unity for a coasting beum.
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PIUILSELAC PROGRAM
S. Humphries, Jr., J. R. Frceman, G. W. Kuswa, C. W. Mendel,

J. Y. Poukey, and J. P. Quintenz
Sandia Laboratories, Albuqueroue, N'I 87185

I. Introduction

The Pnlselac 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 dote and future plans for the developnent of
hizh current accelerators. The basis of the program is the investigation of
practical methods of ncutralizing the space charge of intense ion beams both
in accelerating and transport regions. Alleviaticn of space charge constraints
on ion bean Lraqsgogt would open up a broad range of new options for accelerator
fusion drivers. *7? The method to be emploved is the introduction of electrons
fron external sources into the volume of the ion bean, allowing the relaxation
towards a state of lower potential energy. Both the spatial location and velo-
citv distributinn of the electrnns nust he controlled. OJur approacu is to
ntilize weak magnetic fields, which have negligible elfecc on the ion orbits,
to accomnlish this. The physics of the clectron control and magnetic {ield
geometry requires an ion beam with annular geometry.

ey

two major zoals. The first is to gain an und-rstanding of

e nronara
“he ceaeral pheaseaca of bean neatralizations.  The second is to demonstrate
the technologicai {easibility of the utilization of these principles to produce
multi~%{loampere ion heams in a controlled and reproducible manmer. It should
be enphasized that we are investigating new methods of beam transport; actual
hean acceleration is conventional. In particular, the inductive linecar accel-
erator technology under development at i.BL would be ideally matched to the high
current heam transport systems.

The physical basis of neutralized beam transport has been discussed in the
nroceedings of the Argonne Nazi%ngl Taboratynry Workshop, 1978 (3) as well as in
.4+ numher of other references. *7? In this paper, progress since the Argonne
Workshop will he reviewed, and plans for a fusion demonstration accelerator,
Pulselac C, to b built over the next 2.5 years, will be Jdiscussed.

II. Theoretical Work

“eutralized hean propagation presents a number of novel research areas,
hoth far the slasna physicist and acceleraior theorist. The microscopic problenms
of 3ap wehavisr and local neutralization nust be combined with systems considera-
tinons. A widz Jiversity of new phenonmena can occur because of the two—particle
aature of the nenslen.  The electron dynanics is of equal importance to that of
the ians in derer-iaing the behavior of the system. Familiar techniques in
accelerator £ eqars, such as the treatnent 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 sec*ion.

A. Ton Beam Neutralization

One-dimensional computer simulations have confirmed that space charge in
ion beams can be almost complstely cancelled by electrons introduced fron
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 Pulselac 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 volurme (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 sinulations of focused neutralized
beams 1n 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 published6 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 systems 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
frequencies,

E. Longitudinal Instabilities

Velocity bunching in accelerators of neutralized ion beams can be a serious
problem. The ions are gererally 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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e

the tarpet. The non-linear develoanment n¢ the instability can .
Since the instahilit: increases the longitadinal velor~ity svread, it is solf-
stabilizing.

1II. Experimental Work

Experinental work on neutralized bean propagation hns heen carried ant {or
the past two years at Sandia Lahoratoaries. The porpose of rthese experinen’ s
was to investipate a wide diversity of nrohlens associted with neutralirad
heans i1 order te form a hasis far the design of practical systens. Considerable
work has been carried ont on injector gaps and o g two-zap svetem with fndepen-
dently apnlied voltaye. These results are reported in Ref. F.

Recently, a five gap accelerator has been operated with encours
Peripheral work has heen performed on che developneat of large area clectron
sources and pulsed guns for interuediare ion nass plasmas.

ing results.

A. Injector Development

A novel injector has bheen developed which holds preat pronise for techanlo-
pical developaent. It is the first intense ion pguan to nse plasna injoctinng
into the anode plane from independent plasma sources. Initial operation s
with carbon plasmas. FExtracted carbon fan beans 12 the rauge 10-200 kel and
3-4 +A have heen obtained. The injectors can he fired repetitively, lini
nainly by the performance of the plasna guns. They operate at 20-30 A/sq. o0,
roughly 10 times the Child=-langmuir limit. This current density eahancement is
due to electrons trapped in the nagnetic fields of the acceleration pap. The
beams can be ained bv shaping the electron distribations through magnetic field
curvature. Parallelism better than three degrees has recently heen ohtained.

B. Post-Acceleration

Experiments have been performed to post-accelerate beams in a nunher of
gaps. These are the first such experinents with intense fon heans.  llost
recently, a five gap svstem has heen operated. The final aeneryyv of the boam
agrees closely with the sun of voltages on the accelervation gaps. Carbon heans
at over 600 keV, 3 kA have becn neasured at the owtput. Pulselangth is abont
0.5 microseconds. 0Of greatest inmportance, the divergence angle of heams enmerzing
from the five gap injectur have been measured to bhe abont 0.7 degrues, hetter
than any results with single gap, intense ion hean injectors.

€. DBeam Neutralization

1t has been difficnlt to perform controlled neassirencents on hean neutraliza-

tion phenaouena 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 linit of 0.2% in the imbalince of space
charge during the propagation of the ion beams in the downstreanm drift regions.
Roughly 2/3 of the bhean current is measured 30 cn downstream fron the injector.
Without neutralization, the hean would be experted to hlow up within 2 nm of

the extractor.



. Flectrostatic Focusing
By purposelv introducing curvatare into the =asnetic Tieids of nost-=
acceleration paps, the aceeleration Tields can be ased o apply transverse
electrastatic forasing forces to the fons bocause of the curved virtaal oleo=

rrode surfaces.  Such experiments were performed asing scintillation Irg

detectors and robe grravs to neasare the convergence of the fon hean. Tiaht
wzimuthal line Taci were obtaiaed (whea the post—iceeleration pap voltapge was
applied), in sood aprecment vith calenlations o the ~{cld line carvature.
These tests provided a dramatic denonstrition of virtual electrode effuels.

Electron Sources

A crirical requirement for the success of hear, nentralization nethods s
the developnent of large area sources of clectroas that can <upply mnlti-
wiloanmpere pulsed cnrrent. Steady state sources (sach as theraionic sources)

are clearly inpractical in an application with o daty cvele 171,000 00
Secondary enission electrons from the walls produced beoa hlow—ns of the foald

of the Mean have pravided aeatralization in Tirst cenorat iy caporinenty, 7

is not extrapoiatahle to mnaloi—gap svstens.  Ne have Soen favestisating e g

ST snrface sparts to oradnce dease plasnas Toealiczed at vt drins Uobhe salis Lo
) .

. Sl s HERTE R IR LSRN S PR RN o,

et s zera work forction source of eleectron

cneres investnent (1 fow Joules per sqe Sije U e reeent e aad o aoeeo s

towar is developnent of a practical sonvces 10 asen g one netod o0 cano o e

taliasting to praduce nany sparls (rossihle thoas canda] cith oo volra o innor,
Tie olasma T I pood contact with a opgroanded aetal screca. N Tt S e
and s onie 2o o thick, sa it ean he easily aonnted foside e acoelor sl ey
"rift tubes,
V. Pulsclac ©
Tt has reoceat iy been decided that we shoald oroceed it the constriction

nfoa denonstration fnsion aceelerator based on nentralization priaciples.

an scceioratsr Jdesioned

‘I
to accelerate 5 kKA o lons in a 50 nx palselenpth. Total hean outnnt oner;v
will be 1 kJ. Desisn parancters of the acveelerator are listed in TaSle |
soal is to build an accelerator with toechnology vitihin the raaze of oxisti

s 00

This device, Pulselac C) will he a 4 eV lTinear induc

devices. Tt will have enough paps o ctud: sveten prohl intense fon hean
transyorts.  The enrvature of the
adjustable to allow iavestigation of troasverse focusing. The palselines #1111
stove four tines the energy required by the paps.  This will allow investisation
of the «tabilization of lonpitudiasal veloeit: space instahilitics and pernit the
ipplication of time-ranped voltapes using passive shaat circuics for bean

» magnetie field Tiacs o

1Y he externally

¢

hunching experineits.  The Pulselac € accelevator will Be a test hed foar neatva-
lized transport; it will he bhuilt - a scale that vill allow [t to ecitlher
succeed or fail vnambiguonsly. A seale drawing o7 40 acceleration gap a
nodule is shown in Fige 1 to denmonstrite the conpatibiliry of the neatratli-zed
transport svsten and inductive LINAC techanlogv.

i cora
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RF LINAC APPROACH TO HEAVY TON FUSTON®

D. A. Swenson

Accelerator Technology Division
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

The necessarv properties of "funncling' particle
beams from multiple accelerators into cembined beams
having higher current are outlined, and methods are
proposed which maximize the efficiency of this process.
A heavy ion fusion driver system example is presented
which shows the large advantages in svstem eflficiency
to be gained by proper funnecling.

The rf linac, when operated at sufficiently high currents of singlv-charged
heavv ions in the range of 1 to 10 GeV at frequencies in the range of 100 to
400 MHz, is an efficient accelerator, where most of the power is Lransferred to
the beam. Under these conditions, the total ri pewer required to accelerate a
given particle to a given particle energv is essentially independent of the
charge state; thus if the singiv-charged heavy ion, with its low charge-to-mass
ratio, is the preferred particle for reasons associated with other parts of the
facilitv, it is quite acceptable from the rf linac point of view. Furthermore,

the relatively high current reduces the required linac pulse length, causing

Nk

the optimum accelerstion gradient to be higher and the optimum aceelerator
iength to be shorter "han would be the case for lower currents of similar ions.
Filling such macuaines, on the other hand, is a major problem, requiring a

nultiplicity of low-frequency linacs at the lowest energy with relatively tow

*Work pérfb}ﬁedrundz} t v auspices of the U. S. Department of Energv.

**In low-duty appliications, wvhere the rf power sources are peak-power limited,
the power-related costs are proportional to the pcak power and the optimum
acceleration gradient is independent o’ the beam current. TIn fixed high-duty
applications, where the rf power sources are average-power limited, the power
related costs arc proportional to the average power, which is also proportional
to the peak power, and the optimum accelerator gradient {s independent of the
beam current. In fized average-current applications, the dutv factor is in-
versely proportional to the peak beam current, and in those cascs 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 smailer numbers of linacs at higher energies with higher
frequencies and currents, culminating in a single linae at the highest frequency
and current for the major portion of the faciticv.

l.ec us define "funneling" as the interlaced filling of one linac of fre-
quency Nf from N linacs of (requency {. For a number of reasons, the most inter-
esting value of N is 2. For N = 2, funneling implics a doubling of the frequen-
v whenever Lhe space charge timits of the structure permit and a combination
of the beams from two linacs at the old frequencv into each linac at the new
‘requency.  In principle, it is possible to accomplish rhe funneling with no
increase in the transverse phase space and a simple addition of the longitudinal
phases from the two linacs using an rf deflector.

Funneling is an important concept. Tt implies the (illing of every bucket
at each new frequency, therebyv realizing the full space charge capabilities of
cach portion of the linac. Tt maximizes the frequency and conscequently mini~
mizes the size and power consumption of each portion of the structure. Empty
buckets represent a valuable resource that must not be wasted. They represent
prime space in which additional beam can be accelerated with no additional hard-
ware, real estate, or pulsce length, and with onlv the additional power required
for the additional beam.  The additional beam current serves to reduce the linac
pulse length and to reduce the severe requirements on the final bunching svstem
involving multiple accumulator rings and Tinear induction bunchers.

The concept of funneling was invented at the 1977 Heavv Ton Fusion Workshop.
Since then, neither the ANL nor BNL designs have fullv exploited this concepe,
having onlty one-cighth to one-twelfth of the buckets filled, and particle cur-
rents that are factors of 10 to 100 below what thev could be.  This causes the
pulse lengths to be longer, the optimum gradients to be lower, and the linac
lengths to he longer in those designs than in the designs which fully exploit
runnetiig.

Strict funneling implice 1 constant ratio between the beam current and the
frequency of each portion of the tinac. The relative difficulty of funneling
depends on the ratio of the phvsical separation of the beams to their particle
wavelength (FA). The larger this ratio, the more difficult the funneling. At
the lowest betas, it is attractive to consider arravs of linac channels within
4 common linac structure, where the beam-to-beam spi-ings can be quite small.

The radio frequency quadrupole (RFQ) linac structurce promises to be the

best low-beta linac structure, offering high capture of vervy low energy beams
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and acceleration with a minimal emittance grquh.* Furthermore, the R¥Q lends
itself to arrav-like configurations as shown in Fig. 1, which can be driven hy
external resonant circuits in the same manney as Widerde linmacs. By staggering
the geometrical modulations that produce the aceelerating voltages, the beams
can be made to intcrlace as required by funneling, without the necessitvy for
introducing varving lengths into the funncling transport lines.

Candidates for the second linac structure in the svstem are an RFQ linac,
an electrostatically-focused 1, 37 Wideroe tinac, and a magnetically-focused
=, 37 Widerde linac. At a few McV, the electrostaticallv-focused n, 3+ Wideroe
linoe scems to bo the best choice, because the RF(O) efficiency is dropping, while
the required magnet strengths are still impractieal.

If the original arrav of RFQ linacs invelves more than two interlaced beam
channels, the second structure must alse accommodate an array of mere than one
interlaced channel. It should be noted that multiple-holed drift tubes in a
Wideroe or Alvarez configuration do not satisfy the interlaced requirements of
funncling. Figure 2 suggests the basic features of a double-barreled, clectro-

staticatly-focused o, 31 Wideroe

Linac which does satisfv this re-

quirement and would secem to have

some attractive rf and mechanical

properties.,  This idea could be

cextended to a larger number of
beams at the cost of further com-

plication.

A multiplte-channel, magnet-

ically-focused 7, 3v Widerve linac

could be based on the same idea,

where the magnetic quadrupoles

could have an outer dilameter 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
Array of Four RFQ Channels

%]t 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 mignetic
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 woe can operate to the space charge limit. However, the important proper-
ties of funneling and the impact outlined above on structure selection are
cqually valid for lower currents. We are procceding with more deteiled design
of a faciliry configuration using these ideas; in the following paragraphs, we
cutline a preliminary, idealized configuration which illustrates the potential

advantages of full funneling.

Y S S N S S S A S S— & v S — P A — g— T——r—r=

ACCELERATING - JOP VIEW ELECTROSTATIC
REGIONS QUADRUPOLES
-t
A AY = AN AN Y Y AW

InLle==1ntl C
==
P —— j"L—a
|
Bl
| —
N /
r\ d atd wd ed
N
N
Z L 7 VAR z 7 VARARN
END VIEW SIDE_VIEW
Fig. 2.

Double-barreled, electrostatically focused, 7, 37 Wideroe linac.
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We believe that the space-charge limit for Xc+l in a magnhetically-focused
rf linac is approximately one ampere at 1 GeV and 100 Miz, based on a uniformly-
filled, three-dimensional :11lipsoidal model and o smooth approximation of the
transverse focusing forces.1 This limit increases with energy and decreases
with frequency, such that at 3 GeV and 400 MHz the limit is also approximately
one ampere. Thus for the major portion of a 10 GeV heavy ifon fusion facility
based on the rf linac appreoach, one can accommodiate currents in the order of an
ampere at frequencies as high as 400 MHz. TIf onc shoots for 800 mA at 400 MHz
in the major portion of the facility, one is obliged to start out with 32 linac
channels, each carrving 25 mA at 12.5 MHz followed by five stages of funneling.

A schedule of linac structures which, if combined tlirough funneling, would
produce an 800 mA beam of Xe+l at 10 GeV is given in Table 1. FEach structure,
after the initial RFQ section, is close to its space charge limit at the low

cnergy end and significantly below its space charge limit at the high energy

TABLE I

SCHEDULE OF LINAG STRUCTURES

Structure 1 2 3 4 5 6
Type RFQ LFW MFW MFA MIFA MIA
Number 32 16 8 4 2 1
Current (mA) 25 50 100 200 400 800
Frequency (Mliz) 12.5 25 50 100 200 400
Energy in (MeV) 0.2 6 28 190 750 3000
Beta in 0.002 0.010 0.021 0.056 0.110 0.217

Beta*Lambda (m) 0.043 0.118 0.128 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
RFQ = Radio frequency quadrupole linac.

EFW = Electrostatically-focused Wideroce linac.

MFW = Magnetically-focused Wideroe 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 T 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.l Within the RFQ, this 1imit is evaluated at the end of a
hunching subsection. For all other cascs, these limits applyv at the input or
transition energv to each new structure. If we decide, because of emittance
g1 wth or corrent Joss, to operate further from the space charge limit, we can
delay the transitions to somewhat higher energies where the limitiag 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 higii acceleration
gradients in the latter portions of the facility, namecly, 1.5 MeV/m at 100 MHz,
2.0 MeV/m at 200 MHz, 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 hign 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
2

double-barrcled structures as shown in Fig. and the 8 channels of the third

structure s 8 conventional 50 MHz Wideroe structures. As such, the carly
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 onc-cighth of the total configuration in a staged development of the

total facility.
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STABILITY OF LONGITUDINAL MOTION IN INTENSE TON BEAMS
David Neuffer

Fermi National Accelerator Laboratory

Inertial confinement fusion using high
energy heavy ion beams requires focussing of Lhe
igniting ion beams in longitudinal, as well as
transverse, space al the pellet target. The
focussing requirements set limits on the size of
the beam emittances at the target, and obtaining
sufficiently small emitlances 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 veams has been
limitea. This analysis is parlicularly
important for the case of a neavy ion induction
Vinac, since previous induction linacs have bheen
electran accelerators, and the highiy
relativistic electrons have negligible
longitudinal motion. In this paper we present
some results of our analysis of the of the

stanility of longituainal motion.

I. Equations of Motion

The equations of longitudinal motion which
we use are ohtained by solution of Maxwell's
eguations with simplifying assumptions, We
assume that the transverse {x-y) and
longitudinal (z) motions of particles in the
heam are completely decoupied with the beam
length much greater than the beam radius. We
choose the tongitudinal ¢istance from thne cenler
of the buncn z and the position of the center of
the buncn s as the dependent and independent
variables. We will assume the motion is
non-relativistic and that the center of the beam
hunch is not accelerating but moves witn
constant speed gc. If the peam pipe is
perfectly conducting, we find the {ollgwing

equation of motion (in MKS units):
?
d z " -ge q dx . ge £ (n

T @ 7
ds’ MR"C ’111:0 da MBZC z

where e is the praton chdarge, q is the inn
charge state, M is the ion mass, » is the number
of ians per unit lenglh, and g is a geometric
factor of order unity. For the particular case
of an ion at the center of 4 constant transverse
density round beam of radius a inside ¢ vound
pipe of radins v, g = 1+ 2 bjal. de assume
that transverse variations simply produce some
average g, which we treat as constant. [n
sauation 1, we have added an external bunching

field E/ to the space charge self-tieid.

Analysis of design sLudies of HIF
accelorators ingicates that tne assumplion of
perfectly conducting walls may not be adequate,

If we assume a resistive coupling per meter R',

a term
? 27
d7z . _e |y (7)
? h v
- N
9 esistive Hic

must be added to equation 1. In seclions 1 and
[11 we will assume that the walls are perfectly
conducting (R' = U} ana in later seclions we

will consider the effects ot non-zevo R'.

1. Envelope Equation for Longitudina) Motion

Unperturbed longitudinal motion of a beam
hunch through a transport system can be
calculated using Lee envelope equation derived
hcfore.] This envelope equation applies to a
bunch transported through a system with iinear
hunching fields; that is

i dE .
E](g,z! =5 (s) . 2z (3)
The equation of motion {1) is rewritten as:
2.2
M ge dE(s) 2z g
IR 5 @
MB“C - Mg“c (Qngo)
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The particle distribution which is a solution to

the Viasov equation with this equation of motion

is:
¢ ;
. 2 . z ! ?
flz, 2', sy = LY z %o : -2
e _PWE;V 72 52 Z”
- o L
defined wherever the square root is real (f = O
otherwise), and where N is the total number of
10ns in the bunch, ¢, is the longitudinal
[
emittance, and 2y is the envelope amplitude.
This distribution has a parabolic particle
density:
4 2
. . . . 3N Z .
AP, S = )[f(z, 2'sidzt = v 1 - i (A}
. 0 H
O
anid g s solution of the envelope equation:
J
¢ 14
d' z €.
" - L 3 Al B
2, = ; -+ % -, - (s) 0 (7
as 7 7 z.
i I8
whece the nitial conditions (zo {s=0, IO(S:U))

may be chasen arbitrarily.

This solution can be, and has peen, useo Lo
check computar programs which integrate Lhe
Viasov equation numerically, such as the coce of

. . N 7
Neil, Buchanan, and Cooper.

An analvsis of perturbations of this
distribution can also be used to evaluate
longitudinal transport stability analytically.

I11. Stability of Space Unarge Perturbations

Following techniques previously developed

=
<

L. Smith and others for ar.lyzing transverse

30405 and analysis of the

stability,
stability of space charge perturbations of the
distribution of section 1l has been presented

and in this sgction we summarize tne results of

the analysis.

We first consider the case of the stationary

distribution, the particular solution of

equations 4-7 in which ifs) is constant, and
" .

z, 1s chosen suen Lhat z, (0) = 7, (0) =

0. Our unperturbed distripution is (v 7 z'):
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(5)

f {z,v) 3N
° T 2nv 7
00

Stability is determined by auding a small
perturbation f_ {z, v, s) to 10 (z, vj and
sulving the Tinearizes Vidsov equation for fp

{z, v, 5) and e 5) with our solutions of

Lthe form
~u_S

- flz e "
n

R R ~lw S
. \ /o ne . S
Dtl» sy = {z)e = f”(z,v) dv e

Instability exists where Im{u) £ 0. As rep .d
in reference f, the solutions have trne follewing
properties:

Z
o

X AT ¥ <'—‘—: —) (HE"GP. are polynomials '
n n -
drid ul" 15 d S‘)]\.l 10n ","

v

5 .
)

4 n
? ! 2my g2n-m X
N T n E n (
" ; g mn n-ii

m=-n

wiln up' 5, v o K.

L ocan be snawn that all i whizn arae

sotutions of (1)) are real, whicn indicates that
small space cnarge perturbations are stable,
unlike thae Lransverse case.4

The analysis has heen extended to the case
vhere K(s) iy periodic, and il is founu that
mstaniiities can exists where the
cigenfrequeacy of the normal rinde wy, and the

seriod of K{<} are near resonance.

The largest such resonances are:
2) which

can occur if the phase shift of

I. A second urder resonance (n =

individual particle lonaitudinal motion

over a period of K(s) is between 90" and
104"
rate of ~ 1.1 per period.

at zero current. This has a growth
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2. A fourth order resonance {n = 4} wnich We then solve the linearized Vliasov equation
can occur for Tongitudinal phase shifts to find w(k).
petween 45° ana 577 per period. The >f
. ' i Q : ' [ M
) Silukz') fi(z') + —2 (—iak-B) [ f (z')dz* = 0 (i
growth rate is ~ 1,03. Hukz?) £y(27) 2z ( )U/ﬂ 1t
For most accelerators considered to date, a 2 P A 0
The result is: »° = k“a" + kK°AN - 1kBN

sucn as the HIF induction linac, the

longitudinal phase shift per period of structure ) )

is guite small, so periodic space charge ur w? = kza2 + kz E—SLE% E%E—
instabilities can occur only in very high order “(ec) ©

n and the analysis indicates that these ] qZEE Vo {13)
instabilities become vanishingly small, The -k “Mec NR

only possinle exception proposed to date would Instability can sccur since Im(w) £ U.

Je A punching ring with a very large (> 30°)

Tonoitudinal phase shift per turn at peak . ) )
. . ) Aith parameters suitable for fusion
field. Such punching rings should be designed ) . .
induction linacs, the waves of equations 11-13

to avoid tne largest low order resonances. . . L
snow sane interesting characteristics:

1. the requirement ot small energy spread
IY. Resistive Wall Instability for f1mal focassing sets A quite «mall,
Faltens’ has suggested that particle 50 that in egualion 13 the velocity
motion. particularly in an induction tinac, may dependent Leri x?A? is negligible to
show significant resistive coupling. In that a firsl approximation. As a corollary
case the equatinns of motion are modified as Lo tnis, tne wave velocily (Re(w/<)) of
described in section 1. The self forces are disturbances in tne bunch is much
qiven by greater than individudal particle
Z“ N ze?q P w qzsz R‘ X velocities,
HRZC{ 4ﬂea k¥4 Mgc ‘
7. The space charge term of equation (13)
- - A 5% - B A s utually larger than the
resisbive Lerm iKBN' in absolute value,
Tne value of R' depends upon the current, it R' < 200 /m. With this
acceleration and efficiegcy requirements of the approstimation, we have Relw) = £YE"AN'
induction linac: Faltens® suggests tinat for and we find that the wave velocity
HIF it will be of the oraer of 100 Q/m. fHe{wik}) iy independent of k, so that
propagating wave packets do not disperse
To show the effects of resistive coupling we but travel together coherently,

use an approximate analysis previously presented
) .
by L. Smith,” e start with an unperturbed

3. Also with space charge dominant we have
distrihution with constant density in z ang with Lhe relation
a step function in z':
, e
) 1 < BN . , e
X . ' iy =4 SBR ok Dol
N - ) T I7
fle, 20 = 55 (5(2 +4) - S{z - A)) Tondya w kj 2 q M
and consider perturbing waves of the forn <o that the wagnitude of e o ith
) parameter 15 ingepende t of k .aves change
f oz, 2s) = Foiz) o KZws) 0y ; i T s
f.lz0 2 S) = 1tz ) e ! inoampiitude is e T and the sign of
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Im{w) is correlated with Re(w/k) so that for
Re(w/k) > 0 ("fast" wave) we have Im{w) > O
and the wave decays, while with Re{w/k) < O
("slow" wave) we have [m{w) > O and the wave

qrows.,

Typical parameters for HIF can be
substituted into equation {13) to find sample
For example, with

vrines of Relw/ki and im{w).

« 10 dons/m., g = 4, g

A T T (L
SO, ML 38 mp, ang 8 = .33, we find
) ‘3
o Re(2) = 7.4 x 10
<

(14)

L=

) }im(mis S x 0! {500 m)

The growth distance is abogt 500 m., which is
jave than Lhe total length of the HIF induction
few kL), pui it is a substantial

1t.

lindac (12
fraction of
Th1y wave motion in 3 peam bunch can be
simlatnd numerically.  In figures 1 we show
wive D opagation in a perturbed beam bunch,
~3! Jiated using the program of Neil, Buchanan
JdoCooper, which numerically integrates the
longiturinal Viasov equation. In this case an
mitial disturbance at the center of the buncn
splits inte forward-going “fast" and backward
"slow" wave packets which decay and grow
raspaitively.  The pehavior agrees closeiy witn

sguation (12) 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"
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wave will reach the end of the bunch, be
immediately reflacted to a decaying "fast" wave
by the external ounching field, and therefore
producc no net anstability. With this
expectation, we can set a limit on the allowable
qrowth by reguiring that an individual wave

packet not grow by more tnan some factar F in

traversing the punch length LB' This
requirement can be written as
Lb’ Anco B
5 = 5 > — 2 <n 7
&= Ine) . gororaT|® %3 BCR Ly <o [Fl 1)
For the sample case of section 4, with L. = 10 m.,

we have G = 2.5 or F > 12, This amount of
growth may be tolerable provided taat initial
wave packet pertyrhations ars limited to a few
per cent,

Numerical simulation seems tou indicate that
longitudinal motion does not fit this naive
picture. To observe wave packet reflection at
the bunch end, we calculate a case with R' = 0
50 that waves neither grow nor decay. In this
example (shown in figures 2 the disturbances
propagate to the puncn ends trom the center in
ahout 800 m., then remain localized at the ends
for 800 m, while particle motinns reverse, and
then propagate bac< toward the center. MWave

packet reflection is substantially delayea.

The same type of delayed reflection exists
i numerical simulation with R' # 0. However
substantial wave packet distortion occurs on
reflection and tnis distortion is not fully
understond. 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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Om., tos = &0 m. (A, B, C}. From s = any usual approximation.
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STORAGL RING GROUP SUMMARY

M. Marshall King
Rutherford Laboratory

Storage Ring Group: R. Burke, Y. Cho, estimates provided by R. 3angorter(]),
M. Cornacchia, E. Courantm, M. Foss, K. Johnsen, repeated here as Table [ along with some

L. Jones, T. Katayama, N.M, King*, J. Le Duff, iimediate implications on accelerated beam

J.R. Maidment, R. Martin, R, Mobley, D. Mdhl, requirements.

A. Moda, G. Plass, G.H. Rees, L... Teng.

(*Cnairman, “Co-Chairman, Week 2, Co-Chairman,

Weew 1.

Further definition of <torage ring
parameters involved feedback from the work in
progress in the RF Linac Gronp(7] and tne

Final Beam Transport Group.(B)

As the Warkshop progressed, ring parameters

). INTRODUCTIOH were modified and updated: Consequently, the

The Storage Ring Group set out to identify

accompanying papers on individual topics will be

. . found Lo refer to slightly varied parameters,
and pursue salisnt pronlems in accelerator
o . . according to the <tage at which the different
physics for neavy iun fasion, divorced from any

; . raoblrng ware Lacs led.,
particular reference desiqn concept. However, prot k
it becam= apparenl Lhat some basic parameter
framework was requirec Lo correlate the [

L Target Data

different study tnpics. inocontrant boocacler HIF dorcanops, the

Accordinaly, three sets of skeleton cystam ateobl Larget tuta rrdvrren Lo lower kinetlic

. N . - . + .
enecalen aemb it s by b GeV i dons for 1T MJ

data were developed, starting from targetf

TASLE |
el Taaet ona ere 1)
SAMPLE TARGET DATA SeTlS , J !

AND TMPLUTZATIONS ON ATCELERATED 8Er™ P/

CRSE Ao
a0 Stored Energy E()) | ! 19

Bram Kinetic Energy [ {50} 5 I o

Trtal Hu.o ot loos szlﬂl”} 1,75 [y S

Pulse Time iins) 7 A /i)

Pulse Time al Peax Power LD(HS) 5 1 4

Pulse tength at Target ln(m) 1.75 R n. 1

Poaer i ruise Peas PD(TNJ 10 [LIH 200

Geam Stored Energy in Peax ED(HJ} ] .o 7o [T

Ho. of fons in Peasx wpfxlu‘j; .75 1.5 3075

Peax Current I (kij /4y i il

Aaverage Zirrant in Pulse Iavka) 10 7.k a3

Seam Momerntum PiGeV/e) 47,549 n/.5 34 A7.324
Y L0goh 11451 1.0651
8 D.2089 N.790A .2906
By 0.7125 L3037 305037

Beam Radius at Terget y{mm} 2.9 70y 4.0

Approx. Target Gain [¢} b kil 170
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stored energy in tne heams (Case

+
u

(Case C) stored energy.

A), and 10 GeV

3 or 10 MJ

ions for either 3 M) (Lase B)

For the great majority

of storauge ring problems, Case A was identified
to be extremely difficult, due tu space charge
eftects at the low kinetic energy. Most ot the
later detailed wark was carried oul for Case B,
where the problems glready lookeu tractante,

Another striking aspect of the target dala
was the much more conservative estimale of
target gain than heretofore: the basis for a
neevy ion fusion demonstration plant now seemed
to be above 1K), ang the 3 M) case lonked muct
mnre dppropriate in that context.

Une the otner hand, encouraging features of
the new targel date cancerned tae larger pellel
radgii and longer palse times Lan nao been

fearing tn considerable

quoted previoealy,
easing of the spacc-charge-nuninated accelerator

proolens,

f.7 lon Charge State

Trom o the nutsel, the decision was made Lo
consider sinaly-charged 1ons exemplified

1 . .
sluty Ly 15 . Attnougn higher

throahout the

charae states wore not aaalyzed o detaid, toe
SEAatse-charge nrob lems encodnlerod wers:
sufficiently formidanls that, as a qeneral
concensyas of opinion, anylhing otner Lhan a vory
Iow Crnarqe state was, regarded wiltn some
scephicism,

6

1.y basic Framewors
Tne Basic framewore envisagad fur o storage
ring oystem inuatyed tne tollowing fedlurec:
t1y Injection from a ‘funneiled' BF linac
Lystem, starting from 16 inn sources, each
providing apoul 70 ma.  Allowing far Tosses

in the linac system, a tolal linic current

: N
aboanjection, Iy = 300 ma wee Llaken )
5 turns into each

“1i, Stacking a total of

nt fen storage rings, accomplished via /s
turns into edch transverse
(4;,(5),(6)

plone, In parctice, this

prouably requires one or more large

accummulation rings feeding into the smaller

storage rings in turn.

{(i11)

storage rings to give a number of huncnes

Bunching and Bunch Compression in the

and a compression factor 'C

(12),(14) SR

. !
Nbunuh
in each ring.

(iv)
heam line to give a total number of beams
Ny = Rpnen * N
target.

tjection of each bunch into a separate

R directed towards the

Further Bunch Compression in the heam

(v)

lines by a factor 'C

|
b

The fingl current reaching the target is

therefore given by:

CoaN_.
bb

| = (1)

]Iln'S‘L9(

As storage ring hunch compression studies

13)

prnqrw%ﬁvd‘(' 1t became clear that a factor

CSP greater than about 7 would he difficylt to
achieve, wherras the totdl compression factor
Cey ¥ 0, needed Lo be about 50,

SR B

.
to he accomplished in the final heam line,

Accordingly, the factor C 50/7 was assumed

notionally using inductinn Jinac modulns.,  The
consequences of this latter reguirement (e.q.,
on beam transport length and power required)
were not analyzed in detail by the Storane Ring
Group.

Inserting tne above values for Ilin‘
[SH’ and CD‘ the final current at the target
is given by:

I, (kA) = 0.0147 x S x N

kV (2)

b

A glance at Tahle | shows that the product
S x Nb has to be in the range 500-1000 for all
three cases: immediate probiems were therefore

to examine how space charge limits in the beam

Tines and storage rings would determine the

product Nh = | 2 N and how

Jbunch 5R?
emittance dilution during stacking would limit

the number of possible injected turns S.
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1.4 Problems Identified and Studied

The following broad pattern of problems
All
References given are to other papers in these

emerged during the course of the Study.
Proceedings.

(i) Injection

Emittance and Momentum Spread from
Linac(z)
*Multi-turn stacking in 2 Transverse

(4),(5)

Emittance Dilution
(6),(7)

(8}

Planes:
R.F. Stacking

*Beam loss on Septa

Accumuiation and Storage
Laslett Tune Shift

*Longitudinal and transverse microwave
instabilities: threshclds and growth
ratest9).110),(6)

Beam loss and lifetime due to lon-Ton
charge exchange and ionization
scatterinq(]])’(ﬁ)
Storage Ring Parameters
(11} EEEEH_EQmpression(lz)’(]4)
*Compression factor attainable: RF
system requirements

momentum spread

Integer and Half-Integer Resonance
Crossing: Non-Linear Effects and
Emittance Growth.

{iv) Extraction
Mechanism:. Kickers
Possible Beam Loss

(v}

Final Beam Line and Focussing onto

Space charge limit in beam lines
*Effective Emittance Growth due to
Aberrations: Uncorrected Momentum
Spread.

Power Density Lo First Wall
Neutron Loss Through Beam Ports.

Some of these probiems were seen to be
serious, particularly those marked with an
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asterisk, but nang was identified as being

insuperable for heam energies of 3 MJ or ahove.

2. EMITTAMCE MOMENTUM SPREAD BUNCH LENATHS
2. 1.
From the work of the RF Linac Group,

Emittance at Injection

(2}

a
value af emittance al the end of the ingector

was given:

. -6
€lin = 1.5 « 107 /8y (m).

(A11 emittances here are quoted in their

un—normalized form, and withaut the faclor =},

After stacking ,'< Lurns in each plane, the

storate ring emitlanes may therefore be written

As:

o e ey (m), (4)

qq = bh - h
where D s o dilution factor deponding on Lhe
€

stacked twrns. AL

number of the workanop, it
wis Judgeo thal the mindmom value dor D

.
should be 1.4,

that

and the criterion we

:
= b x iy,

iopted

Tor eon
D = Alayl . » 1.4 (5)
-

Further discussions of this Ltopic wiil bhe toundg

in References (4) and (4). and the final

allowances arrived at duriag the Worshop ace

Tisted in Table VII.

2.7 Emittance in Final Bean

Turning ta tne far end of the system,
emittance at the target is deteemined mainly by

the target radius "+, the reaction vessel

radius ‘HV' and the beam port radius 'a’
That 1s, the final beam line emittance is given
approximately by £, Ar /HV.

However, it was telt that some allowdnee
snould he made for aberrations in the beam

line. For example, if there were an effective
uncorrected momentum spread (Ap/p)U in the
beam, then since all of the beam should hit the

target,


http://th.it

e~ alr - a(Ap/p)u]/Rv = reff/Rv (6)

That is, the on-momentum component of the beam
stould be focussed on to a smaller target and
radius, roces Teaving d(Ap/p)u for the
chramatic effect. The criterion adopted was
that (Lp/p)u =2 x 1077 was a

reasrnan e assessnent for a heam whose total
Lapip) owes flﬂ_?, sn that with a = 0.15 m,

ro- 003 mm.

R

Seosabsequent rofleclion, this may only be
cenf oweveral allowance that should be made,
e word s requires on the final focussing
peah e,

et oune point in the sludy, Timitations on
e Lo of 'RV' and 'a' imposed by power
uens ity deposition at the first wall, and by
conslrainls un the neutron flux through the beam
porte, were considered.  However, il was telt
Lhat insufficient information was available
Aot bature dmprovemenls in reaction vessel
deign, and thal uncertainties aboul tne degree
of conservatism in the gain estimiles made it
datfacatt Lo form any worthwhile criteria on
Lrese tapics.  Ine tinal parameters adopleg are

S, 1zedd in Tanle 1.
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7.3 Emittance in Storage Rings

As will be seen from the last line of Tanle

11, a factor 1.2 effective dilution was allowed

between storage ring and beam line, to take

account of mismatch due to non-linear etfects

after bunch compression.

133

This factor was

chosen rather arbitrarily and more work is

required to confirm or modify it.
= AU x 10_6m, consistent with

value of

.

"SR

The resulting

currenl ring design experience, was selected for

all three cases

7.4 HMomentum Spread
Tne value of {ap/p) at injection, provided

by the RF Linac Gruup,(w), was taken to he

Similarly the Final Beam Transport

£7 x 1U>A.

Grouptz) orovided the value (Ap/ﬂ}u -

-7
£10)7° a5 the likely spread tnat could be

hand [ed

Starting trom tne above (ap

in the final oram Tine,

ihe punch compressinn ctudies

12

p)

value
mj M
far a

compression factor 7, led to the value

4 % u

rings.

il

MIREN

mjectinn fran the storage

]

inonnt simply Jox (AD/D)i”J, dae

Lo Lhe mecnanism ot phiase apa

LOMPress

TABLL 11

Tan’

FINAL BLAM EMITIANCE

CASE A
Target Radiuas rimm) A
Effective rooo (o) s
of f
Redaction Vessel Radius vam) ).
Beam Purt Radins atm) TS
Beam Line tmittance rr(X]U‘Gm) 17
’ -0
Storage King " rgk(xlu i) Ao

[t will be seen that the beam port radius

was kept at what seemcd to be 3 reasonaile

maximum value of 15 cm, consistent with

attainable gradients in the final focussing

quacgrupoles, and that the beam emittance was

kept at 7?2 x lO—6 m for all three cases.

;
Surimdarizaing:
"
t
‘o ’
T
[HAES
' s iy
bt bl

ro

tbion during
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(spip); i = 22 x 1™
J -3
(ap/p)_ . = #4 x 10
e} 5
Max.(Ap/p)D =% |0

As remarked in Section 2.2, an assumed

effective uncorrected spread at the target was
taken to be:

(AD/D)‘ I TR
.

2.5 Bunch Lengths

Finally to set the scene for storage ring
parameters. the bunch lenaths at target (ct.
Table 1}, compined with the selecteo comprossion

factors in pear liras and starage rings, lead Lo

the fnllowina values as saown in Jahle Til.

T. UHOICE OF Ny Nep, So AND STORAGL RING
: 5 o
PARRMETERS T T
Following the argument ot Section 1.3,

enpodied in Agn. (2 the firot obvious

the numbers
"

constrainis on and N Lo o
Sk

BUNCH L
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eI

considered involved the Courant-Maschke formula
for space-charge-limited power in the beam
Tines, and the Laslett tune shift formula for

space charge during accumuiation in the rings.

3.1 Space Charge (amit in Beam Lines

The Courant-Maschke Formuls for a perindic

focussing channel was used i the torm:

s s, .
Pyt iW) ¢ 1687 x {Ry )/ 00l - 1
Vi3 Viened? C 7
o (Argrtidenianed i
0
+]

J1Lh A ERRI| I tor U Tans, and using
SU = AT tor the taiehd on the superconduct ing

quidrup-te poleting,  The mimmum Lolerabic

anmbver of Geam Tines oy )\ N IS thenn glven Dy
AR
: IR A
n P
wnere P Lhe teean Dower 0 b tolal be
pulse, quobted an Tante 1. Res s tor the !

caple crao o oapre goated an Tante Ty

L
[

CASE

Bunch lenqgth at tarcet .h(m) SEIRIN b. 10
Bunch lengtn at S.R. Exit Hit .h/7(m\ .43 e 12,7
Bunch length in S.R. ) “(m} 2oh |74 Jus

CASE A L
PpiTH) 5.9 2609 ned

PpiTd) 100 ling ;

{(Hp)min 17 f 1




Lach af the beam lines ig devivea from a 3.0

Towdy e

compressec bunch in g storage rina.

(UTCENY SRS NS BELNATIS RO Oraaeme e

3.2 Laslett Tune Shift Juring Accunlation

The usnaiiy-accepted Timit av ¢ U0 due Lo

Auramg tie WOra s R L neer e T long Ly iy

/a,

mrcrowdave tastab by, whinch o0 ars dar to

spaae Charge Gaving accamglation ard L lorage in . R .
P A 4 ! " g Toanling of the oedlr wiln Qts ronteieing

Lhe v s wds espee GoAr the simplitaca foees R
s was eapen P the b ery branment yad manitogt s el oy omaent e
et Dlaw oup. The pronlen as dinoes e
s
. i By e et sweter aces 950 Tl ang on
. & D A
{8y) IO TER T ISR VS ENR S S T FUNR Ut EVINANE STV
coreent thvasgen bt e inen ny Lhe Mottt e
Py b sune o« i oot planes, and where Criteraan:
a0 s tae w0t 1oang in edch storade
o, Fer = it ang g o= 1)oas hetare i"'»” N R TR ;j,,‘.'b T W
) . 3
' i o o e (ByiTIE, (I N
- 5R ] s -
Tanir o |‘[ AR T AT A (LTI in
Yoot wrdte b sl mgs i L W
P L v gmge a0 o tab e gmer ot s ) i il Jd by 1 bt
. [ v i
. . comprossion” TR - 3% g = 1, and
: Teuion Ty Lt Wogiven in pre ! -0 » 1 ’
R, . . ? . B Mo\, tne remigtnong ditoenlty s tr
BARE neowen s e gt qtations give: 5
est e the offective coupling impedenes
PTOUNTLD Given this nunber, Lhe o Py
N
) ‘i LT T T S S R S (O 110 R PO T L (R IR OTY B
. I Lot Ty
: <o .
- e . . . - - AN ~ AP
- . whors Voo Ldaet from Tab e Do e there
e Logain e SO
2 e
A h Foa Lower ittt oon tae cumbeor of viags N if
it T 5 o
o the qustability tnreshnld 1 rot Lo Se reand,
Y the conrse of the stuny, tne pest
nutimate that could be made For (7",\'-\ wias Lo
Say Last TU mignt net be ton Wifferent frmp ton
Tt oshnuld be remaraed that g more ace e ate PLoat o hR value 2 25, Accordingay, tnae
nalysis show, v oratner qtricter  anstraant SAT e was e docted ds o ot rteraan, MCante
Sy W alack g procesy, when only oo or e st ang ted to the Dot sammar o 2 e
the phase planea nas aeen £ ]ed. Tanhe V.

LA V]

KIEL~SCHNELL THRESHULD i Znin;

IK<(/"’1P) 3i.8 6l.in (7P N
S

(N dmin




Hence, compared with the l_aslett tune-shift
Timit, this criterion determined a rather

stricter limit on the minimum number of rings.

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 be 40-100
times greater than the above value: in other
words, the instability could not be avoiaed.
Attention then shifted Lo the growth time for
the instability, and it was argued that tne
effect might not be serious under 10 ms or more,
(less _nan the required storage time), These
arganents are considerea in detail in References
{9, {10), and (6): nowever, by the eac of Lhe
Worxshop, the Timitatinn propounded in Tahle V!
was the hest that could he pul forward, and wis
incorporated into the parameter framewors<,

Furtner exploration oi this problem is
reguired to Jeterming the growin time in a
Pikely neavy ion system, ang further theoretical
or experinental rontributions would he extiremel

valuable,

Storage Ring igrlice Considerations

To aetermine the minimum framework for
starage ving driver system, twn further criteria

are required, referring tn the ring lattice:
{1) Dipole Field: B 1P /3 < 5T (super-
conducting), Teading to c(m) = ¢P/5,

(with P in GeV/cj.

(11) Circunference Ratio: Rfr > 1.4,

sadi P > oo R
leading to L ZnR 4 5v v "rumm

These assignments determine a minimum number nf

ounches, N neh = Nb/NSH‘ Incorvorating
o]
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them into the range of constraints outlined
above, the final assessment of minimum storage

ring system wes drrived at as follows:

TABLE VII

MINTMUM S0 "AGE RING SYSTEMS

CASE A 3 C

; o ; 1 N
(Nhnncn’mwn‘J“ 2 *
/ [}
(NSR)mI" 3
q i

NoT
b min

%Ulhgm] 174.725% b
<(m) KR 507075 BT
Rim) 44,74 BRIV a7.08
~(m) L6 a4 .4 4409
Rioim?} [RE 1.8k e
3{T; " i A

S : Y/ 21

9] [k el 1.3t

T st e smpnaarzed thal these dre
‘minimumt systems, 1n tae Sense tnal the aumbers
af rings and peam Lines gre the minimum possible
to avoid the various himitations.  The space
Charqe problems bYecome less severe wnen larger

'

values of No, and b are selecled. inre is
SR h

alreaay ovaident wits Lase U, where Larger N“

15 regaired 10 orger Lo reduce S and "uinpil
above the minimum “evel 1.0 guoted al the )
Workshop,  Sur esample, the following choices
for Cases 8 ana e possable and would reduce
the requirements on injecled current, permit a
larger dilution factor, and allow operation
further trom the space-chavqge 1imils in rinngs

and peamlines.

CASE Mo o-n/OR NsR Niy 5 0, Ty ip(mA)
B 3 6 18 36 7.07 731
C 3 10 30 36 ?.02 265
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4. FURTHER PROBLEMS
Most of the prablems listed in Section 1.4

hava already been discusses in the course of

Sections T and 3. bur four of ther have nnt ve!

hean peferred ta,  Tany are a5 folln.

4.1 Beam Loss on

During the <oy St oennsideriag tne
Injection procesc, tae granlem Af hear ooy oon

LDtA emeraged sy o e canstratnt o an

vigh-tntengity ce, ichines, s Lo thoar
MOrL orange v oatee Co 0 egen o ot b featon
4othe neavy Lo e e g jectend Deam Jost oo g
ODLWIE NAY vdDer 2 fae matera s, ane e
resulting "hlaon cdeo it o pane man fente e o
tollowiong heam,  Tne pr ; Touey et
Jetaid dn Roferanea 0 Lae 1y T i
wiin Jods AL cx e,

sxpresyesd ot ot worot o oottt
fhe tnferable fractt g’ peas Toca el den
LT Lens dramatas sl e, 9L mes e it

foe beart nalo gt e sept e snom bl e e er e

Trge T Rt Degn Poartor T ety

LA YRR Y Y PTS TPUIRRNS B 8 B IO TP RN T P YRUAREPRR AANE SLALANSAS LI MRS I
Peoanereased,
Thig conntr nint was recogni/ed s

particurarly severe fags gt anayy 1nn Lo g

rinas, ardd det tiled pogmer o 3] qtudiee A peeded
T eaaminge whethee 17 ma, ot hee bhe deterrineng

faclor 1n the Cnodce !

Ao Beam Loss from nar g tathange o

Newly avarlahle data on tne Cross-yetien

LT A

tor chdrge-eschange woatiorian wds used te
s65esy the impartance of thig »ffect on
fetermining tne tolerapte litatime an heavy 1on
storage rings.  The notailed analysis 1s
doscrineg in Referances (110 and (6],

Taring 2 conserviatively-large estimate of
tne nross-sectian for ;+ ions, beam loss for
tne aset digten in Tarie Y11 wouid be 4 few

g tee £1)00ag tame. Altnongh itoas

et onle e waat une 15 4t lerahle around the

e, teae affact 45, o Lngagts that a larger
a3lie of N o nrefesst e gain, more

detailed o mecina a7 more experimental

evidence on €ros, - Lreoin desirable.
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4.3 RE Stacking
As an alternative (0r an qagition; to

multiturn stacking 1n transverse pnase space, R

ALACK 1Ny wis constdered s ang antare i ting LTSS

were descrihed b, the Japgnese membors of toe
o, 17

Group LILrougn sacn scoeines hd, e

comsiderahle att-action, 1L was generaily telt
st the Tong filiirg Limes make them unsaotanie
s tae BiF ooystems consadered at tne woregnop,

3.4 jectioe witres

e s tian praslem for heavy 1ot storage

YINas w3, e aminaed in terme of porrgl o tant

sctan teonnigues. Apart from o tne araipalatao

1531 Jarge .37 apertire <1ckers ang g o

required, nooseraas prahlems wers identitied:

e soptum-1 s Aeg rinen a0 hectaine 300

FESIE FPER EATTEHN

L‘.
ne N A T L R E R
rorctranty T Toogdes1qring L o nloetage cing
TR S PRIPSVAVS LN P A AT L A TOR sdentaty
crerr Ll o g vt b s 1t Yoy pe s it
Aan IBTer i e rireee that Do e oteem

ndtes ot thege teresling topios wias very

Lot oreanurces coa g pe omade avarlar e
1otee fferent acoeloratar Tahoralortes
mecreticaly numerteal, e eaperimenta’ Studies
ANerc aporcoe1ate caubd he Tdentifaed o er

adido vanne or topics.

Mary ot the problems are common too gl
moger e hign-inten. ity accelerator and <lorage
SInQ deniars, dut G few 3re pecgitar to or
part t atariy <orioss in, heavy ion machines:
for example, beam Toss on septa, charae exchange
scattesing loss, 1gh hunch compression,
Althougr seen to he severe, none of these

prodiems was identrfied to ve insuperahle,

REFEREN: ©5
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Procredgings.
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J.R, Le Dutf and J.R. Maidment. Beam Loss
in the Storage Ring Complex Due to Charge
Exchange Scattering.

[. wrtavama, A, Noda and Y. Hirao,
Numatron and TARN.
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Beam Injection and Accumulation Method in

Storage Rings for Heavy lon Fusion

I'. Katavama, A. Noda, N. Tokuda and V. Hirao
Institate for Nuclear Studv, University of Tokvo

Tokvo, JAPAN

A combinatrion of multiturn injection and RF stacking is preojposced
as as ctficient beam injection method in storage rings for heavy ion
fusion. Five turn injection in each transverse phase space and four RF
stackings give a total of 109 srtacking turns, This represents a comnromise
between the tolerahle emittances and momentum spread in the ring.

Space charge limitations and ccoherent beam instabilities are
investigated. The most severe limit is found to be the transversoe
coherent instability, but this can be controlled by the usc of =extupole
and octupole magnetic ficlds.
Assuming a charge exchange cross section of 1 x lﬂ_]% cmz, 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 inertial fusiecn program has become more promising
through intensive work1 - on high-cnergv heavy-ion accelerators dariag
the past three vears. The heavy ion method is superior to those of the
other particle beams because of its drastic reduction in the seak  urrent
requirement to the order of 1 kiloampere (particle current).  Th < vedne-
tion of current is allowed bv the comparatively high onergy per sarticle
in relation to its range-energv behavior. At present b is a . onsensus
among accelerator physicists that such hich currents of heav: ions coald
be produced, handled, transported and focused on a pellet he the use of
conventimnal high energy accelerator techniques, especialls RY linacs with
starage rings or induction linacs., It is also true, how r, that many
kinds of research and development should be pursued: {0 example it is
a serious problem to accumulate heavy ion beams for - !0 turns in the
JTimited emittances and momentum spread without anv significant beam loss,
ana to compress them into small bunches in the stora rings.

In the present paper, the combination of mult rn injection in the
two transverse phase spaces and RT stacking in the momentum space, is
proposed as an efficient beam accumulation methe which in principle
brings about very small beam loss during the ac umulation process. Details

. . S R
of the design of the accelerator are given for U ions, as at the
Workshop, but the proposed method takes a ra' icr long time and might be

generally favored for longer life ions such as Xe8+.
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2 REQUIREMENTS ON THE STORAGE RINGS

First we will start from R.0Q. 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 srorage ring as 30 7 mm.mrad (unnormalized).
The momentum spread at ejection from the storage ring should be lower
than * 0.4 % because the momentum spread at the target is assumed to
be * 2 7 and the bunch compression facrcor in the beam transport lines

is designed to be 5.

TABLE 1 3 CASES OF TARGET DATA AND BEAM PARAMETERS.

E(MJ) pP(TW) T(GeV) r (mm) t(ns) tp(us) g

1 100 : 2 20 6 8

3 150 19 2.5 40 16 30
10 300 10 4 70 20 120
CASE A B C
E(MJ) 1 3 10
N(x 101%) 1.25 1.875 6.25
T(GeV) 5 10 10
E (M) 0.6 2.4 6
N (x 101%) 0.75 1.5 3.75
p )
1 (a) 2 % 10" 1.5 x 10" 3 x 10"
p
I (a) 104 0.75 » 10*% 1.43 x 10"
av

Tons are UTl and the following notation is used. E;
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

Ream

of pulse.
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Table 2 Ring parameters

Case A B C
Number of rings (KNR) 7 4 9
Harmonic number 5 3 2
Particles / ring 1.79 4.69 6.94 (<1019
Particles / bunch 0.3 1.56 3.47 (<10t
Emittance 30 @ 30 = 30 % (< 107° merad)
Average radius 59.8 83.1 97.1 m
Radius of curvature 31.6 44.9 44.9 m

(B = 5T)

Circumference 375.6 522 610 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 limit in
beam lines (Courant-Maschke formula), limited tune shift in rings for
accurulation (v = 0.25), and bunch lengths before and after
compression.

Momentum spread of the beam from the injector linac is assumed to
“.oo- 2 2 107" after the debuncher, and the phase spread in the ring
after the multiturn injection could be 2% ) which means that the beam
is completely debunched. The longitudinal emittance, ., of the

beam in the ring is

.,
It

.

5
1

105.6 (keVerad) (1)

where 17 denotes a kinetic energy of each nucleon in the ion. In the
present paper nurmerical valucs are calculated for the case A, while

the results for other two cases are also listed in Table 5.

fons are first injected for 5 turns in the herizontal phlase space of

the injection ring, whose diarmeter is siz times larger than that of the

storage rinve.  The reason why > tnrns are used is given in the fallewing
paragraph. Beam is ejected from the injectinn ring by the fast ejection

method and its transverse phase spaces are interchanged with each other in
the bear transport lines from the injecticn rine to the st-rave rings.

Then beam is injected for 2 turns in each horizontral space of three

storage rings, whose tune values of betatron nscillation are adjusted to
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a half integer at this tinme. This process is repeated two times and
another four storage rings are filled with two-turn heams. After the
two turn injection process, the tune value of betatron oscillation of
cach storage ring is adjusted to an integer plus fhree quarters, and
beam is injected in each storage ring for three turns. The total lay-
out of the injection ring :id the storage rines is illustrated In Fig.

In order to reduce the beam lass 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 harizontal betatron oscillation is adjusted

to half integer and the beam is injected in the ring during a time

& T,, where T is one revolution period in the ring.
2) After two turn injection, the position of the septum of the
inflector is moved a distance of . 10 mm in the transverse phase

space within a time of 1/100 T, in order to reduce the beam loss

at

the septum to less than 17. The horizontal tune value of the ring

also should be changed from half integer to integer plus threc

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 7 instead of 4 To , because the tunce shifr due
o

to the space charge of successively injected beam is significantly

targe, and the phase advance of the betatron oscillation per

revolution is varied well away from m/2.

Details of the multiturn injection methnd are given in the Appendix

to the present paper.
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The dilution factor of the emittance during the whole process of
5 turn injection is claculated to be 2.4 in each phase space. The

vmittance of the linac beam is given by

LR T £ 2.4 = 300 < 10t (m-rad) , (2)
linac
[T = 2.5 % » lo=" (merad) , (3)
linac
and the normalized emittance is
e = WL,
n linac
= 0.53% -~ < 10" {m-rad) (4)

wnich 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 mA in our method, to allow such small emittance to be obtained.

.o RE STACKINQ

The S odected beam in che storage ring by the five turn injection

method s completely debunched. [t is captured adiabatically by the

RF separatrix and is accelerated to the stacking orbit, when the rate

of change of momentum for the sychronous particle is given by

f
/ 5
dpfdt _ revg o,

P ENB7 A ’ )

where f is a revolution frequency around the ring, EN is a total
rev !

energy of each nucleon, £ = v/c, q/A is a charge to mass ratio and
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= sin¢s. The fractional momentum difference between the injected
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 RF voltage should be reduced to avoid an undesir-
able encrgy spread of the stacked beam in the stacked region. Final
RF voltage is determined, as the arca of the separatrix is just equal
to the longitudinal phase space arca of the injected beam, 105.6
keV.rad. In order to ccver the longitudinal phasc space area, S, of
the injected beam by the separatrix, the minimum RFF voltage is given by

the following relation.

(hgev| L/ Lo [ w1/
S = (,_C.L“_‘. e Lop A
A A e PP . ®
where h is @ harmonic number and ;ais defined as
: 1 1
nE T, T UE (7)
{tr )

Other notations coacerning the synchrotron oscillation can he found
in Reference 4. Substituting numerical values in the relation a
minimum volLage 81.6 keV is obtained, The phase oscillation period

at the final voltage is 3.09 ms, and the necessary time Lo change

adiahaticalle from the initial bucket to the {inal one is wiven by

ST
(-0 (8)
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where ol is an angular frequency of phase oscillations associated with
the inirial bucket, ty is that of the final bucket and ¥ is a quantity
related to the phase space efficiency of the process.  Substituting
numerical values, K is assumed to be 0.9, and T 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 stackings,
the compression voltage and the {inal momentum spread in the storage

ring. For simplicitv, we assume that the momentum spread after notimes

RE stacking is

n * (QPJ. , (9)

where ' p/p) . represents an initial momentum spread of 2 x 10 . The
i

compression veltage including the effect of space charge and momentum

5)

spread is given by

eV b

T e e e S -

A-ﬁiR./,qo./‘ ) g

SR
- oo oy 10
2 Ame. ! p (10)

where

me = 931.5 Mev, r o= 1.547 =« 1071

8]
q = charge state ( = 1)
g = geometrical factor ( = 1.5 )
N, = number of particles/bunch
Lwo = initial phase spread ( = 2 = )

L = final phase spread (=0.2=) |,
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The final phase spread is determined so that the phase compression Maetor
in the ring is 10, when the tune shift, v, Jduring the compression is

assumed to be 2.5. The compression voltage is
eV = 0.1424 (n° + U.1798)  (Mev) ()

Next we should calculate the sceparatvix heivht, H, related to the

compiession voltage ound the tinal momentum spread, “n/po by using the

following formulac,

/. E I':‘T i/
n = []1-9L¢-\!-J v R (ko) . (o
A h an
ap L oZn (14
P Py
Numerical results are given in Table 3.
TABLIT 3
eV ey i eV) o plp ()
0 0.025 22.29 L iu7
2 0.595 107 .48 0.517
4 2.304 211,040 1.016
6 5.152 316,21 1,520
8 9.139 421,15 2024
LO 14,266 526.17 20529

n:  Number of RF stacking s
cV:  Compression voltage
i1 Separatrix halt height

Lpfp: Momentum spread (Full widlind) olter the combression
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1f we assume that the final momentum spread in the storage ring should
be less chan 1 7, the maximum number of RY stackings is 4.
As mentioned in preceding Sections, the number of multiturn in-

Jections is 5 in cach transverse phase spiace,  Then the required peak

carrent, !, for the Vinae s wciven by

5 -] Coon e el (1)

wnere N ois g o nuwber of the particle in cach storage ring, and

| S - - N A mh o (1)

Yo BUAM IRSTARTILEVIFS
ol Space charpe imit

The apoace charoe Timic o in a crrcular cine isopiven

where Bois o bunching facior, v is o classical preton radius

‘)
Vo547 - 207 moand ¢ is oom o ounnormatized emittance.  In the injection
ring, cmittance should be averaged over horizontal and vertical phase

spaces, cach of which has a numerical values of 30 ¢ mmemrad and 2.5

mmemrad.  The averaged emittance is

= 5.66 4 ~ 1070 {m.rad) . (17)
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If we take a hinching factor 1.0, the space charge limit in the injection
. . 13 . . . P
ring is 9.8 x 10 particles. In the storage ring, emittance is 30 0
mm-mrad both in the horizontal and vertical phase spaces and the space
ce . 14 . . .
charge timit is 3.8 x 10 particles.  In poth rines, space charpe Hmit
exceeds the desipgned circulating currents,

5.2) Resistive wall dinstability

Next we will consider the loncitudinal and transverse coherent
resistive wall instabiltities. The longitudinal coherent lTimit is given

Lo .6
by the Keil-Schnell criterion |

oo n () (18)

where T[/n is a4 longitudinal coupling impedance.  1ts numerical valtue
should be examined further for heavv fon machines.  However we will adopt

hiere the value of 25 7 which is scaled from the experimental values at

. e )
Sk o 0Ps

. Thus the lungitudinal coberent Timit is 99 A for a

7
S -4
momentum spread of +2 x 10, and there would be no preblem related to
the loneitudinal coherent instabilitv in the injection ring and the storage
rings.

On the other hand the transverse coherent instabilitv Timit is

civen by

< 4F 2 VEY [I(n - Vvn + g

135 e
qe LR a’) (19)



http://tranHver.se

274

where 7 /n is a transverse coupling impedance and © is a chromaticity.

The [irst term in the bracket shows the ceffccts of sextupole fields,

and the sceond term the octupole fields.  In the stovace rineg the mementum
spread is fairly large, -1 Z,and the correction due to the sextupole fields
is mucl more efficient than that of octupole Ticlds. When we introduce a
chromaticity of =10, the intensity limit is 0.35 A o 2.0 x 10t° particles,
which [s much smaller than the space charge limit. The e-folding

growth time of this instability is given by

4nv-yAEO/qc
= - 46 ms (20)

TR

it we assume the radius of the vacuum chamber to be 5 em oand the stored
cuirrent to be 4.78 A, This formula, however, holds under the condition
that there is no sextupole and ne octupole corrections,  We expect that
Tel can be controlled by their corrections during a total accumulation
time of . 40 ms.
6. LIFE TINME OF THE BEAM IN THE STORACE RING,

In high-intensity heavv-ion storage rings, a beam loss due to an
clectron transter process between ions in the beam, An+ + A -
/\(IH-”+ + A(n—1)+, mav be a scvere problem. The loss rate o is estimated

as follows:

o
=

(21)

2
[=%
(s

= MabVembem - (22)



The svmbols are defined in Table 4, where machine parameters are also

listed. The density of ions in the ring is

N 2
. N 23
Bab © ZRS (23)

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 of

beam is

S = s5ab + bﬁxp . (24)

where a and b are obtained from the beam emittance « and the average

betatron amplitude function, 3,

3 (2

The beam spread due to a momentum dispersion is

»

1]

{

i
~~
(3%
~
~

The dispersion function is approximately

n=p/R . (28)

1.81 (m)

Then the beam cross section is numerically calculated with values

listed in Table 4, and the density is

Ny = 462 % w0 w3 . (29)

the
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The spced of the ion in the center of mass frame is riven by

+ ( £y sin - ) . (30)

R

t

,
As the fon momenta are considered to be distributred as in Fig. 4,

the typical momentum difference between the ions which will collide

with each other, is

‘y£_= QR,; 2a i s (31)

where “'p/p is determined so that the areas of the parallelogram and the

rectangle are cqual. Then the [irst term of eq.(30) is 1.65 x 1077,

The maximum collision angle in the laboratory is cvaluated by

e/ (32)

0= ZV/LX/ B,

and the second term is numerically 3.61 >~ 107", Then the velocity

in the c.m. [rame is

‘

v = 1.19 x 10”7 (m/s) . 33

om (n/s) (33)

which corrvesponds to a kinetic cnergy of 7

B L) .
According to papers the cross sections for the electron

transtier process of various ionsg are estimiated to be of the order of

1o em’ Therefore a value of 1 x 10717 em? is appropriately

adopted here for ult,

Now the loss rate can be numerically calculated, and

w = 5,50 (s™1) . (34)
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The life time, the iunverse of the loss rate, is

= 0.182 (s). (35)

which means thit the beam will be lost by the amount of 20 7 during

stacking process of - 40 ms.  Therefore i such an amount of beam loss
is serious, cven though it does not cecur at localized positions such as
the inflector septum, but could be uniformly lost around the ring,

another kind of ion of low intrabeam charge exchange cross section

such as X08+ should be used.
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number of ions in the ring

density of ions

mean radius of the ring

cross section of the beam

velocity of ions in the center of mass frame
loss rate

ratio of ioun velocity to that of light
average betatron amplitude function

161 - Re

momentum difference between colliding ions
total momentum spread

emittance in the horizontal direction
emittance in the vertical direction
dispersion tunction

collision angle in the laboratory frame
cross section of the electron transfer process

Life time

List of symbols and machine parameters for case A

0.208 (21 MeV/u)

10.4 m
1.0224
1.6 ~ 10
3~ 107 merad
300 - 10 mevad

1~ 104 m?
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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 -6 -6 . -6
injected beam from the linac 0.5347%x10 (m-rad) 0.7597x%10 (m-rad) 0.7597x107°(y.rac!

LINAC peak current 48 mA 125 mA 158 mA
RF stacking number 4 4 4

{ h
Momentum spread after the 19 1% 0.899 ¥

compressior in the ring

required period for ome RF

stacking 10 ms 28 ms 47 ms
Total injection period for ,

each ring 40 ms 112 ws 188 me
Total accumulation period 40 ms SN )

for o rings v40 ms V112 ms « 200 ns
Fusion repetition rate 20 Hz 8 Hz 5 Hz
Space charge limit in the

stacking ring 8.6 x 10132 1.8 x 10t° 5.7 « 10t

storage rine 3.3 x 104 8.7 x 10~ 1.4 - 1018
Longitudinal co! reant limit 300 A more safe than more safe than

in case A in case A

Transverse coherent limit 0.5 A " "
Growth time of transverse 46

instability ms n "
Compression voltage 2.3 M7 2.2 MV 1.5 MV

Compression time 102.4 us (17 turns) <100 s V106 us
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APPENDIX

Scheme of multirurn injection inte transverse phase space

For the purpose of reducing the beam loss due to the collision with
an inflector septum, the {ollowing process was studied.
lst) 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 To’ where 7 is the revolution time of
o

the beam.
3rd) The position of the septum in the phase space should be moved in
. 1 .
a time of 100 TO in order to reduce the beam loss to around
HEV
4th) The horizontal tunme value is shifted te an integer +3/4, taking

account of the effect of the space charge force due to the two
turn beam already stacked in the ving, 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 TO, 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

2o
100 o.

The acceptance of the ring and the emittance of the beam from the
-6 -
linac were assumed to be 30 ™ x 10 and 2.5 7 x 10 6 m-rad (unnormalized),

respectively.

In the second process the transfer matrix of one turn, Mo, can

be written as
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cos{2m(N + %—+ av) }, Bsin{2w(N + %—+ Av) 1)
M = (A-1)
° 1 1 1
l - E—sin{Zﬂ(N + E—+ av)},cos{2n(N + §»+ A} o,

where N is an integer, Av is the tune shift due to the sgpace cha ¢

1 :
effect of the beam, and o [= -5 B'} is assumed to he zero. We
represent the beam ellipse in the phase space iust one turn after i jec—

tion as (a cosf + X, b sinf), where a and b are the length of horizontal
and vertical axes of the beam ellipse and X, is the position of the

center of the beam as shown in Fig. A-1. Using

-cosiyu, ~BsinAp
M = (A-1)"

lsinAp, —-cosAu .

8

where Au = 2m-Av, the position of the beam with respect to the closed

orbit after another revolution is given by
x = —coslAu(a cosb + xc) ~ B b sin@esinAy . (A-2)

The maximum value of x is obtained for the value of 0 which satisfies

dx

= 0 (A-3)
and
tanf = %}-tanAp . (A-4)
For such a value of 9,
x = -x. cosAurva2 cos2ap + B2h2 sin2py . (A-5)

C
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The maximum value of x in the equation (A-5) when AM is varied, is

obtained as

x _=gb 1 - =5 (a#br) (A6)
max <

In our case the numerical values are as follows;

oy
W
p=

5 m,
= 4.0 %1073 m

a
b = 6.25 x 107" (A-=7)
x = 4.5 % 103 m
C
and the maximum value is
X = 0.0106 m . (A-8)

max
Therefore when the position of the inflector septum is shifted outward
. . . . 1

as far as 11 mm after 2 turn injection ip a time Tﬁﬁ»Tn, no further
beam collision with the septum is expected.

in thne third process, it is necessary to cstimate the required
high voltage of the pulsing svstem for bump magnets. The bump magnets
should be located 90” up and down stream of the infllector. 1n Case A,
the required deflection angle of the bump magnet is estimated to be

S =4 . .
6.733 = 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
L 1 -4 -4 .

each unit is AR 6.733 x 10 =1.122 x 10 rad. The field strength
of the bump magnet is calculated at 177 G for case A, where the total

+
momentum of Ul 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.



283

If we assume a critical damping, the rise time t. from 5 % to 95 %

of the maximum value is given by
b= 114, (4-9)

where L and Zo are the inductance of the coil and the characteristic

impedance of the circuit, respectively. The inductance of the magnet

is given by the relation

L=nN2ey 22 5 (4-10)

where My is the permeability of air, w, %, 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=-2 (A-11)

where ¢ and ¢) are the total flux in the iron yoke and the total flux

which goes through the pole face, respectively. Assuming the following
values

= 0.07 m
= 1,0 m
0.05 m
= 2.0 ,

(A-12)

Mmoo = #
I

L is 3.52 pH and the characteristic impedance Zo should be 67 &

s0 as to make the rise time tr as short as 60 us. The required high

voltage Vo is given by

vV =22 .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 iijected 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,
tixe additional effect of space charge due to beam newly injected into the

ring is taken inte account. The tune shift is given by the formula
-MNB-x  g”
s p q

ZHEBFTEAV ’

hAv = (A—l4)
where B, rp and € are the bunching factor, the classical proton radius
and the unnormalized emittance of the beam. 1In case A, this effect
is estimated to be Av; = -0.07 and the transfer matrices of the 1st

2nd  and 3rd turns, M;, M, and M,, are given by

+ (i - 1)Avy), Bsin 27 (N + £-+ (o - l)Avl)l

cos2n (N +
4

=L

(A-15)

o)

3

(

!
M., = |

|

(- + (¢ - 1)Avy), cos2n (N + Z»+ (2 - 1)Av1)J

% sin 27 (N +

£l

=1, 2, 3.

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

siift the septum position to x = 21l mm in the time interval (2 + f%%’ L <
t 3i3 Tne required current for the bump magnet is 576,7 A, and the
nizn ltaze Is calculated at 77.3 kV.

Juiring tne multiturn injection process, beam with an emittance of

.5 - < 1.7 "=«rad (unnormalized) is injected into the ring with an
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% 2 } turns.

acceptance of 30 71 x 10_6 m-rad during { (2 + 3) T%ﬁ

Then the dilution factor due to this multiturn injection is

D = 30 - 2.41 . (A-16)

2.5 x {(2 + 3) - léO x 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

Tig. A-1. Beam injection is carried out with the ellipticaliv-shaped beam
shown in the figure. The number of betatron vscillations per revolution
is tuned to a half integral value, including the space charge cffect

due to the one-turn injected beam. During the first turn, the bheam
ellipse revelves by 180° in ph. se space, but during the scecond turn

the beam ellipse rotates as illustrated in the [igurc due to the space
charge effect of another one-turn beam. 1n order to avoid heam loss,

99

the septum is shifted tce x - 11 mm in the time intcorval (1 + [66)1
(&

<t <2 TO , where To is a revolution time of the hecam.

Fig. A-2. 1In this process the tune value of betatron oscillation is
adjusted to integer plus three quarters including the space charge ceffect
due to the one-turn beam.
(a) 1Iu the first turn, the beam ellipse rotates in the phase space by 907,
(b} In the second turn, the tune is shifted by thre space charge force

due to another one-turn bear and the beam ellipsces rotate as is

shown in the figure.
(c) After three turns, the first beam comes back to the septum position

as is illustrated in the {igure because of the tune shifr due to

additional space charge effect. In order to reduce beam loss, the
septum is shifted from x = 11 mm to x = 2] mm in the time interval
99
2+ ==) 71T <t<3r7
( 100) o T o
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Fig.l sSchematic layout of the injection ring
and storage rings l[or case A,
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Fig.2 An envelope of the RF [icld for the

momentum stacking.
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Fig. 3. The beam profile in the storage ring.

ol

Fig. 4. Four beam pulses of different momenta are stacked
in the storage ring. The typical momentum spread
&'p is derermined so that the area of the ractangle

(dashea 1line) and that of the four pulses are equal.
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BEAM LOSS IN THE STORAGE RING COMPLEX DUE TO CHARGE EXCHANGE SCATTERING

J.R. Le Duff & J.R. Maidment
Rutherford Laboratory

1. INTRODUCTION

We have estimated the peam 1oss cue 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 Mi]ls(]).
Our results show that this effect is by no means
negligible and indicate a need for both more
complete calculations and furtner experimental
dala on charge exchange cross-sections for

specific ions.

2. BEAM LIFETIME
‘n the lab. frame we nave

>

AN = vapde R (1)

where v = relative velncily, o = particle
denssty, N = numher of particles in a bunch of
voiume V and s = event cross-section. All

quantities are measurad in the laboratory frame.

This leads to an e-folding time = given by

~N

- % Vanz(‘V . (

To evaluate tne integral in equation (2) we

make the following simplifying assumotions:

a) The relative velocity, v, is that due to
betatron motion only and is an average

relative velocity.

b) The cross-section, o, is independent of the

velocity.

c) The effect of storage ring dispersion on the
particie density is neglected.

d) The particle density, o, is assumed to be

uniform. However the maximum amplitude

(which defines the beam emittance) is taken as
twice the rins amplitude of a gaussian

distripbution,

The vaiidity of these assumptions is commented
upon later. lnder these assumptions equalion

(?) may be written

Toa . (3)

Now V = dn<x><y> , and we take an average
'
relative velocity v = ?8C<x > where <x», <y> =
rms transverse amplitudes, . = punch lengtn and
|

<x > = rms angular spread, 8¢ = particle

longitudinal velocity.

We assume equal emittances in each

transverse plane so that

2
<X> = <y> = ; (rsy)]/“ ,

where By = onvelope function
)
and £ = d<x><x >

Substituting into eguation {3) we obtain

1 NoBC
~ == 37 (4)
¢ € Bx

We assume a uniform longitudinal particle

distribution ng = 275 , and on transforming
the cross-section to the center of mass frame
obtain
7
1 11 cm (s

- on Ze 1772 377 ’
£ 8 Y

where we have dropped the subscript from the

anvelope function 8.

The loss rate will vary around the ring due
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: c s : . . -15
to the azimuthal variation of s. In evaluating estimate the beam loss, using Tem = 10 It
equation (5) we therefere take an effective Cm?, to be at Jeast 1/2%, 2.5, and 12- respective-
value of g defined by 1lv for cases A, B, and C.
v T -2/3 ;
3 = 1/7 D SIS S / We have used a somewhat arbitrary
eff = | - 3/2 372 : 15 7 for the
i min max /! cross-section of Sep = 10 e’ for 1?2)
"Uranium-1ike' jon. Recent measurement™”’ on
The resultant lifetimes, for a cross-section ot ions indicate that this may not be an
-15_ 2
Iem = 10 e » for each of the three unreasonble value. Clearly further measurements
reference cases are presented in Table 1. on other ion species are necessary. Intuitively
Values for Bain and 8 nax have heen taken it oseems appropriate Lo select a cinsed-shell

from Cornacchia and Rees . ion,  However,

If this feads to eilher a

multiply charged ion of A > 200 ar a singly

charged ion of
TABLE 1

Lase A B C

A < 200 problems of space charce

in circular rings would pecome exacerbatea.

¢

Ll
i . ) We made siveral assumptions {a) and {c)} ahove seem

equation {5).

Assmptions (a) and {¢) abuve seem

justifianle since, for the uncompressed beams,

. I
Beff(m) 6.2 5.2 5.7 aomentum spreads are nf arder Tu7 while

]
anqular spreads are of order 1077,  We haya

clm.rad) 60x10-5 p0x10-6 60x10-0 not attempted to consider the situation during

compression in

the rings because of <ignificant

semlem?) =15 10-16 10-15 perturbations tn the lattice parameters by space

charge effects

and hecause the compression stage

Y 1.07746 1.045% 1.0451 nccurs over a relatively short Lime scale

I(A} 6 17.1 74.3

[60-100 turns, d00-600 45},

To obtain an accurate assessment of the

-{ms) 102 37 26 probiem, complete calrulations [numerical

simutation?) should be performed using realistic

6-D districutions, including space charge

sffects, combined with the cruss-section for

The present numbers assuie 3 cnarge state 1. toss {innizatinon mey teavs one particle witnin

the ring acceptancel as a finctinon of relative

ion velocity.

3. COMMENTS AND CONCLUSINGS
1/2

Equation {5) shows t -~ E - e nove
used the final storage/campression ring parameters
and these conta-n some 4allowance for emittanca REFEREVLES
dilution. Whil the beam 15 beinjg stacked in
these or similar intermediste rings - will be Voo FLEL Mills, ERDA Summer Study of Heavy ions
iess than the quoted values py up to 407, Sirce for Fusion, LBL 5543, p. 79, {1976).
the minimum beam handling times between linac Z. 1. tornacchia, 5.H. Pees. These procredings.
znd fina) compression in the rings are 7. K.F. Dunn et al, 1979 1 Phys. B: Atom.
respectively 0.7, 1.G and 3.2 ms we would Motec. Phye., Wol. 12, LRP2, (1979},



BEAM SCRAPING PROBLEMS IN STORAGE RINGS; THE BLACK CLOUD

Lawrence W. Jones
University of Michigan

1. INTRODUCTION

The heavy ion, mulli-GeV drivers for inertial
confinement fusion are being designed Lo produce
heams of an energy, power, and specific
innization sufficient tn raise matler to
tnsrmonuciear temperatures.  The magnitude of
e s parameters 15 so far bayond current
Lapericnce Lhat some praoblems raised warrant
cerefal scrutiny.  Ir particular, the conscequence
~f some fraction of the beam lost on storage ring
it lection septa, extraction channels, and
vean-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 destruclively wilhin microseconds with
the tollowing beam. The limits on beam flux
which may be so Jost for particular examples are

urders of magnitude below current cxperience.

2. BEAM AND SEPTUM PROPERTIES

A5 axamples of the problems in this area,

consider the parameters of a 10 GeV,
1238, %1
3-MJ"0Y

The critical quantities, referenced Lo Lhe linac

(n

Finac-storage ring driver .

output, are:

T = 10 GeV

quj = 0.30 Amperes from linac ‘njector
D - 2.4 G

inj = 3.0 GW

£ = 3MJ total beanm energy
= ne7a x 19t 0L ons Finally

accumulated

LA ok 1T iz m linac injector

=T 22, . .77 7 storage ring emittance
T 5.9 _sen pericn of reyolution in S.R.
= 51 froaactac tuens into each of 3

Loyl .

t = 380 ysec 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 n o= 20 g/cm2
atomic mass number A= 184
specific heat c = 0.145 J/g
thermal conductivity 1.50 M
e L YT K
melting temperature T = 3653 7%
latent heat of fusion C =190 J/g

From this may be derived several guantities of
interest assuming that the boiling point is close
to the melting point and the Jatent heat is small
compared to the sensible heat.

Range of 10 GeV U+) in Wi 4x = 0.7 g/cm2 =
0.01 ¢cm
Energy to melt W: u = caT + & = 680 J/g

usx = 140 J/cm

Black body p = qT4 = 1450 h’/cm2
radiation of W at 4000°K

Thermal conductivity of dT 2
W over aT = 3000%, p =k Tx = 45 tW/cm

ax = 0.1 ¢cm

The handbook vaporization temperature and
latent heat for tungsten are given at
atmospheric pressure: it is my understanding
that the vaparization 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°
K and a total heat required to raise
rooin-temperature tungsten to vapor (in vacuum)
at 4000°K as 750 Jjg = 150 J/cme.



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 eneray
by radiation, the full beam energy would need
to be spread {uniformly) over an area of
tungsten of 165 mz. Since the beam is
absorbed in a thin surface skin of thickness
100 sine microns (e is the angle between the
beam and the normal to the the surface), it
seems improbable that this energy can be
removed by conduction, e.g. hy water cooling of
septa or slits. The effect of thermal
conductivity will be to increase the effective
depth over which the jonization energy is
deposited beyond the 0.01 cm nominal range.
However the linac beam power is sn 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 sensihle heat to raise W to the hoiling
point (it could be cooled between pulses), (b)
radiation from the hot tuncsten, 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 ful) beam falls on a
septum of -ertical height y, and vaporizes

tungsten at a rate of 4 x 106 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

4 x 10° ng/h 3.1 x 1093 atoms
PETEYY TRl o

where y is the vertical height of the septum,

n, js 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
IO']S e’ for CS+‘ + C5+]: sing'y
charged ions of U, etc. prebably have
charge-changing cross sections on ncutral,

heavy atoms at high energy of at least 10718

cmz. This suggests that, for a 1 c¢m septum
which may vaporize to both sides, the fraction
of the incident beam which, when laost on a
septum, will develop a vapor cloud equal to an

ion interaction mean free path is:

2 8

23 -16

= = 6.5 x 107
3.1 x 107 x 10

£

This vapor would propagate across the
vacuum chamber at a rate (v 5, or 0.4
mm/usec. In the time it takes to fill the
storage ring (380 usec) this cloud would
propagate 15 c¢m. (f codrse the high-energy
tail of the thermal distribution wouid
propagate correspondingly faster. The
conclusion 1 draw from this simple calculation
is that one must so engineer the peam and the
various septa so that any beam Tost is absorbed
by the heat capacity of the loss target and/or
radiated as biack body radiation. Even in the
Tinac or transfer line, a vapor cloud will
develop fast enough to destroy following beam
in a cm2 aperture in several microseconds
if > 10_6 of the beam scrapes and leads to
ablation, [If the loss results in sputtering of
metal at epithersnal 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 vapcrized per
unit energy may also be greater. As (vx>
will also be greater the problem is

qualitatively simitar.

5. TOLERABLE BEAM L0SS
The problem of accommodating the energy of

the scraped beam on a storage ring 1nflectian



septum may be restated as follows (for the
numerical case under discussion). The heat
capacity of the tungsten surface area normal to
the beam of 150 J/cm2 while the total beam

energy is 3 x 106J. There may be L

storage rings. The fraction of beam which may
wr last in each ring, f, on a septum of

projected area A cm2 is given by

150
Fau
Sr 5

A5 x 1077 0 AL
Sr

£

h 2 106
It there are 2 storage rings, and if the septum
wea i 1oemox bomng the inaximum Joss f = 1.6 x

It may e noted that “his beam would fall
anto the sAaptum with & power of 50 kW; even
2tk the weptum inclined at 5° (so that the
energy is spread over ] cmz) the beamn power
is stiil 30 times that which could pe removed

ny radialion.

The energy per unit area on the septum may
be related to the emittance of the linac and
tne betatron wavelength (or, more explicitly,

X
emittance at 10 GeV is 0.5 cm rad, so that the

g and 3y). For our example, the linac

n
beam area would be A cm’ for 8 =, = 33
m. Thus the beam energy density, for three

storage rirgs, is 200 <d/cwl.  As the septum

can only tolerate < 150 J/cmz, 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 107 (cited

above). The problem may be made to appear even
less severe if a larger number of storage rings
and larger g values are considered. Thus, if
there are 10 storage rings and g = 50 m, the
heam energy density in each ring is only 38
kJ/cm?, so that the halo density need only be
less than the central heam density by a factor
of 250.

In conclusion, we believe that this problem
merits serious study. This limitation will
affect the choice of siorage 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 be 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
<-ray tubes surely are limited by these same
considerations, and there is a body of
engineering experinnre ip thic connection which

would be instructive.
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BUNCH COMPRESSION IN HEAVY ION FUSION STORAGE RINGS

M. Cornacchia (BNL) and G. H. Pees (Rutherford Laboratory)

1. INTRODUCTION Number of

Bunch compression in the proposed heavy ion rings gr 7 (o = 4 9
fusion storage rings results in large transverse 1/7)
and longitudinal space charge forces. In this particles/ 1,17 or 2 g1x1014 7x1014
note parameters are derived for the bunch bunch, N 0.64x 1014
compression in three reference designs and Energy in S 1M s 3 M > 10 M
aspects of the transverse and longitudinal target
motion are discussed. P(TH) 100 W 150 T 300 TW

Transverse and longituainal space charge
forces on an ion depend on both the transverse
and azimuthal co-ordinates of the ion in the
bunch. [t 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

experinental test facility.

2. REFERENCE STGRAGAE RING DESIGNS
Parameters used for the three reference

designs are:

The total bunch compression of a factor 50 is
assumed to consist of a factor 7 in the storage
rings and a factor 51/7 in the transport line to
the target. The maximum momentum spread allowed
at the target has been specified as ap/p = + 17
and thic infers, in the absence of dilution, a
momentum spread for the unbunched storage ring
beam of ap/p = # 28f x 1079 where Bf is a
final bunch shape factor (approximately 2/3).

3. TRANSVERSE MGTION DURING COMPRESSION
Reference design B will be used to indicate

the scale of the effect of the transverse space
cnarge torces on the betatren motion. Ring 8 has
a mean radius of 83.1 m and the following tattice

design was assumed:

CASE A CASE B CASE C
Ton u* u* u*
¥inetic Energy 5 Ge¥ 10 GeV 10 GeV
Target Bunch 20 ns 40 ns 70 ns
duration
Initial Bunch 1 us 2 us 3.5 us
duration
Revolution 6 us 6 us 7 us
period
Bunches /ring 6 3 2
Bending radius  37.6 m 44,9 m 44.9 m
(B = 5T)
Mean radius 59.8 m 83.1m 97.1m
Emittance/s 60x106  37.5x1075  60.0x107°
rad m rad m rad m
Ipc {av=1/4) 18 A 23.3 A 32 A
50 Ipc 900 A 1165 A 1600 A
Number of 24 (or 42) 12 18

bunches

Betatron tunes e vy 8.3, 8.3
Number of cells 28

Cell Tlength 18.65 m
Integrated quadrupole strength s gd? 41,57
peak value of beta-function, 2 33.1m
Peak value of dispersion function, n 2.2 m
Gamma transition, Ty 7.7
Minimum value of heta-function, B 4.0m
Minimum value of dispersion fuaction, ¥ 1.0 m

At a bunch compression of 7 and an assumed

bunch shape factor of 2/3 the resulting bunching
factor B = 0.0952 = 1710.5 for a uniform

transverse density.



The parameters above have been used in a
program of A. Garren that solves the equation »f
tne betatron envelope in the presence of linear
transverse space charge forces., The program
calculates the equivalent modifications to the
lattice functinns, ani for B = V/10.5 the
following results were found {when B = 1

corvesponded £ Av = 1.25):

v = R.2 5 A%
8 = 33.1 » 2R.6n
%
é’ = 4.0 > AL23
X
no= 2.2 > 1.0 m
o= 1.0 > 1,35
vy = 7.7 > 5.6
Results far other values of B are given in Fia. I.

The
the hunching factor, depicled in Fig.

dependenre of the lattice funclions on
I, 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 particies have
different optics, il is impossible to completely
match the beam ejecied from the storage ring
line. The result is a vlow-up

into .he transfer

of emittances. For the case B under
consideration the maximum increase in horizontal
betatron amplitude due to the dispersion

mismatch is, for a bunching factor

.
E-103
G v b

Leintton o LT E FUNCTIONS FOR CASE B(w=813)

298

= &P _ _2.2) x
B yign (n] no) S (4 -2.2) x4
x 1077 = 7.2 mn
vihere

= maximum value of the unperturoec

dispersion functicn in the ring = 2.7 m
ny = dispersion in presence of space
charge = 4 m

maximum momentum deviation at the end
N
3

ap =
of the compression = = 4 x 107

[This value is discussed in Section 45,

The mismatch of the g functions also

introduces an increase in tne horizontal and

verticel betatron amplitudes Hf the order of

where
ro o= injected beam emittance = 37,50 x
1046 rad m
By = unperturbeg 8 function = 33 in
By =8 functicn in prasence of space charge

= 33.5 m.

[t is debatable whether tne bhlow-up ni
betatron ampl tuaes discussed ahove should be
added lincarly to the unperturhed amplitudes of
the injected beam in order to estimate the
resullant emittance blow-up. [f we do so, we

find, for the relative emittance increase,

¥ - X 4 5 14
be _ _ 452 - 55.2 - 0.5,

35.2

where X and x . are the maximum perturbed

8}
and unperturbed betatrcn amplitudes.

If, instead, we adu the amplitude increase
quadratically, 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

approximately half the value calculated from the

tinear addition of betatron amplitudes, and
assume:
, _ 2w
(AE/EO)m1swatcn = 30%.

Figure 1 shnws that a considerable fraction
of particles (those in the higher charge density
region) will cross two integer and four 1/2
integer resnnances during the compression, We
estimate first the blaw-up in crossing the

intager resonance.
For N random dipole errors in the ring, the

oscillation amplitude increase is given by

(r.m.s value):

.
<: dlp 3y <<AB :> sin g -
2 V7lne
B
v (LBX sing

SN\ B/
wh e x = normalized maximum nscillation
amplitude, harizontal or veriical
(i.e. max. ampl, /ﬁ; ).
6 = circumerential anale around the accel-

erator, in radians.

;dip = length of a single dipolar pertur-
bation.

By = average value of horizontal or

vertical g function at the petur-

hation location.

¢ = betatron phase angle at a re!l2rence
point in the ring.
o = bending radius

/ a\ = r.u.s. value of random dipole ervors.
(
In equation (1), we have made the

>implifying 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 poinl in thc ring is given by v =
Vot + Ae and enuation (1) necomes:

2

: Ae
B, Bav AB> sin {v g0 ¥ = * 9,
f’rN" \ B
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where ¢0 i$ a constant,

The expectation valve of the normalized betatron

amplitude after crossirg is:

- VB 9_. 2
N Final - ¢ /A_g>f ""(uofe**A%*‘bo\de.
7R\ ’
N

If the points 9 and @ are chosen well away from

the resonance, the integral can be approximated

by:

TS5 9R i ? + E
V2n/A Ain [ﬁo - (vﬂf {2A) (w/ﬂ)]

Thus, the final amplitude after crossing for the

most unfaverdole phase is:

- _! Rav AB
<x>f1nal - ey EV

[t is indicative to relate the residual
dipole field perturbation <AB/B> to a realistic
value of the closed erbit distortions atfter
correction ror the unpertlurbed working point
Vo The expectdtion value of the orbit
distortion is gqiven by,

(o) =

Expressed in terms nt tne above

in naormalized amplitude:

7*—~, <$> . (5)
Sin mv v
0

closed orbit

==

error, equation (4) becomes:

(%) final <;cé> iy,

Then, for (% assume | mm
A\ CO

A
Ve

in estimating the rate of tune change, we
ignore the sinusoiddl variation of the buuch

length and take t'.: average over the whole
Th s ap

the fact that the isteger resonance is crossed

tunc-span. proximation is justified by

twice and it is not possible to choose tae
fastest rate of tune change for both crossings.
1)/ (2» x 68) =
! where the number 68 is the number

We chonse, tnerefore A& = (£.3 -
0.0051 rad”
of bunch rotations during c< pression: see

Section 4. Ean. (6] gives Lhe final normalized

betatron amplitu-e after one crossing of the
tne value

integer resonance, For two crossings,

incresses by + 2, anc we obtain:
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Xfinal (not normalized} =vB <x >fina] = 17.8 mn For the integer resonance, the linear

additinon of amplitudes is justifiea by the fact
For the half-i s E i i ¢
! € ne 1nteger re,onance(,ﬁ first that tnere 15 a coherent displacement af a
calculate the stop-pand half-width' ': cross—section slice of the peam: the 94

., 41/2 amittance blow-up eoraerns anly that frantics ar
¢~> = —— 2 : -3 ; L .
< ” 1r Bo [ Al 88 qg the neam ghich crasses tne resanance twine,
i . :
\ . which ° .0, unf inate ne reainn wiin
where <Aq) 1S the r.m.s. of the gradiant >rreors wiich “s al.o, unfortunately tne req !
higher particle density, For tne nalf-integer

in the guadrupsnle o n o, Asquming, for C
uadrupole of lengl 1 nsBumIng, for reson we, e plowg-up i incoherent anc 2

the: fattice mmaer consigeration: guatratic o ancreans 14 prohahly mors

statisticaily roalicstic, wnich manss tuse

S YR D At BT

srons than the
9/ [

rescaance consimeralhly T Garn

integer resanance. Farally, tae magaetic tield

qud dier
quadrupole qradient, qual ity we have 455weed for tne ¢ipale 1nd

o 33 -3 quadarunsie aerrars is, of cogres, suhject Lo

SoorH o 33 a4 I B

discansian,

= Doaones

T R ; .
- . T rhangs b Fae nuponing tactor oo tne
Tie amp Litude Blow-up At Ler crassing g 1 Cn menina e > L

DUNCN COMIIESSIOD Prorimey 10 anfm? g

Trav .
= exp 77| . for tne wdoromes L 5
¥ loa
0 R
. . P nanratate g1 tae oftbe NG atey taagt
where x. = initial petairon amplilude Vit Gt rects jeates
J
1L mgy supseqnintly Lo onpecessary o cednce
' somewhat the nunber of particles ner ring ane

-
incroase 'he pamher af rings.

Frons eqn,

S LONGITUDINAL MOTTON GURING LOMPRESSTON

Tne react (ye impedancs dus te the

Inngitdinal spare charge fornes i9:
Faor & cracsings, the ampiitude qr-ath increases

hy v 4: 7 e
A J(p\]/«m . =y
1z =L
\"/ tinal
ifown calculate the relative emittance @ low-up, B
.
35%uming that tne betatran amplitudes ar added .
Iinearly, we find: .
R Ar . —
Far integer resonance: = = 90 R . -~
‘0 . -
1 >\‘\
- ar g - -
far 5 -integer resonanie: — = 26 . -
o] -
t1, f. Bovet et al., A Selection of Formulae -
and bata Useful for tne Design ot AG IS : . . R LT
Syncnrotrons, CERN/MPS-SI/Int. DL 70/4,

<0 FACTOR Vs NUMBER OF COMPLETED REVOLUTIONS

(1379). FiG 2 CASE 8 Buh®
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AP & valae g o saw-tnoth form and not sinusoidal. e bunch 1S
N ) sxtracted befare reacning the quarter wavelengtn
" At bevs - 1 v point tn allow further rot tion and compression
; in the external transfer Tine to the target.
ﬁ fat 10 GeVy - - .

- \ . when the 2F wavetorm is of a saw-tooth form,
T egasvialent qeaqtyye dndor Lince valaes are:

the namber of rotations of the hunch in the ring

durang a Quarter uloa synchrolran period g

Tase K At 1 Tane
glven Ly ”q:
- ~boAani mH mi' I Y .
ot Aty - y["l n lapipt] o,
T Farae vl oo of S and Lodre a conseqguencs

whyre b 15 Lhe hernonio numier gt tne saw-toutn
fothe Tow a-v

. Ta estimte the magnitudes .
wAve [ = ono oot huncies

ot the dan,

i'oeal ospare mnarae forceg he .
pace 1 | L vy 'S gamna transition, and

SEOrg e T Ceuac s e gL gmed 1D Ay g ,

cApIpi e the prac momentum spreard 4l the

parabaiie f e gzt diroectian a0

Quarter synchrolean point,
LAl Ine mascrum oaevgy dqain ar (085 Der tura 19

/ e peac saltams of e qaw-looth «aveform
i B A TR A Cley . ;
SE for the rotation as qiven cwhen Loe space charqe

Tarces e compens abeal sepdarately) by V:
wnere s halt o time duration ot the bunen, o The

ENerqy gainsiingses ger turn for the three

-1y Shohovdn ) . 12)
referency do5inng are: 1

Love B, woere [[ 15 tne roat oeray of the don.

{ )
ase CaAse LASe L . . ; 2 ]
Vore oraportional toonog (ap/o)’ vy Soyp -
- 1onhil mH 1.133 mH 1,325 mi
1 W.EJ:IW]; K.“IKIOIQ ’ﬁi?lJ Perametlors for tne Lhree eoterence og.06 are:
{min) 71.4 ns 2.7 ns 7513 ns
p}kr(macj 1, oy £3.07 MeV
Tase A Tane Taae
Toe Aacimum levels are acnievd just prior
te wiectina,  The forees vary linearly along tnoe n A 5 o
axtent of the hanch, Heing zero at the center. fo 16h 7 ariz 16A.7 <z 147 .8 «Hz
The eneray qaing wili differ from tne ahove ij oy S wHe /85,7 kHz
values tor hancn shapes atner tnan paravalic znvi Yy 5.54 [ G0y
th. sariatice sita pasition will then bhecoms AD/p td(])“u td(lJ‘z szlu“j
nor-tieear, n 35.1 103.7
oV 2], 7 Mey £]1.69 Mey £],13 MeV
For rapid suncn compression it is necessary n 33 68 102
to compensate for tne longitudinal space charge
furces and to provide adaitional focusing
fields, A closed carve in {ap/p, @) space Hore n i the act.al numher of punch
containing all tne Deam particles may pe made to rotetinng in the storage ring and is given
rotate and - eacih 3 mininum phase ~xtent after a ppraxinately by
guirter of a syncnrotron period. For a linear
rretatina, the RF voltage waveform must be of a n o= Zuq cas™ {L—l ~ U_])/q
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where

is the nuach ~ompression tactor 7, and {1

is the ralin of Lhe pean 3p/p afler and Detor

n
o

NelllielaiNel} ceofactor o T tor ap po= o2 10 ]
The voaiue boADnLp PO R NI
poaute iant Sf e naaanain Al iowed gt

Peannter Tih w0 e tan redsan:
AT AN L - aF
Gyt e
! TEIT et e emp e e e g
L R TR N L
T . toAD L o0 1T antee Lhat
e R L N TR B e IS LR LI B R
T U targe! station, e
' Sre Glyen baroroane
st an erlorag, troanster e o1 et
1. fhee carcamference 3t e no i tne
Menlgn nore s inere. ang o to o2t
AR PT T (RIS ©one
Laemal o Plirattally . at Tarped
2HACe TAArge 0 eV £ 1 L oVim
LolIper < 3t 1an
drtis, P Ly PO PR
compre L
WITEY Y et Ty LY G Dl carreSonnd To the
Part iy des 27 tene U330 1) neqn of the
At o NG -RoInt St ompeesS L 1 fae
5LOrage Cing tne ratc 1
COAMPresSsSian torces oo tne Space CNArae * e
T s S
“atn s, A, P
Ten g sety r The g a Tharde Compensatlon
T A s erpct eotatton of the
PAER TuToar Tay Ar1ae 1P S nungn
il s d e i e parannbie formg
z E TR e UMD N S
ToerT oLt L. T Ut cwegind 1L Appears
T cnapte oo e longitudingl
T T ‘ LI LRSS e
e el T ot e et nangel e
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oy inductance af the dom

12

EODREE gt e

Charme Careen o ace. PRy wog o anTtes g

total Ll ar LU TET mH
Sopneande o esten tor Yo W owan g nase !

Porr e o et o VETon e UMD Wit g
Mas 10 v ol e oo a1t ot B T et
R R A T LR T B R L At
A0 e e e W, b e e
fanped,  Fereats Vb LN enGae T
TP P T AU (A RN AR
[ TR et oy e L
e T o Shre Deoappreeyale Ty
FELE IS TETE A B [ABAN B Patbay o pacbe
The v oqet

RO Lot ar L B N L TR
DR L IR C A IPT RSP VR TR KTRIPS S B TR KATON NN AVTRETUN
ML, e e, 0t i D S g atanty oy
[T EoR R IR LA TANCI I S A IS R IRLNI FEENU T T

RIS T IR IR Lot te
GO e ot e ndy ronteal e g,

[ S R I IR REE T S AT onag HE
aystems ot 4 Doy Deae Lot e fae b Ty
cttectg ; RTINS0 RV I T S S I3
My e ey o, Leonamigues and o
danpran ¢ e g modes,s e bimat to o
restactian e ” s g feofareaard ayaten g0 Gt
Dy e sy Teano st BeraLe o the
Dean o nean cuevent B g aay e, the gain cay
AV e L veddmed TG B S e s inn pengeet

Tavine oy aiiy

witeogt ot PF s patens and e

SLorage riaga vty et pesande Ly s, 1t tnere.

T4 wleGodte LTy abT e Than apace o e 55,
Thers s pr e - T a0t For the reference Caae &
AT o, tne e ablest s Gircamterence ang
Laraqoat 2F cogpeetent o

corttance dilation in the Lunch

et badingy

ampressinn 14 yery important to evaluate since

1otne reterence cas€s tnere 1s no o allowdance at
21 far oany diLtinon, Tne moct likely cause of

satttance dilotion 1s the etfect of tne

variatinon af tne 1nngitudinal space cnarge

forces acrass Lhe transverse dimensions of the

beam, In the derivation of the jongituginal

spach charge farces 1t nas been assumed that the
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parameter a, is a constant w-gual to ?. The Since tne space charge forces are larger
exact e«pressionig for a depend on the chamber than tne < w-tooth compressiun forces there must
dimensions ang Af the transverse density be a pronounceg effect on the bunch compression.

distridution in the peam.

qumerical simylation 1s required to evaluate

For a circular veam Contered in a circalar the problem. A realistic simulation must
cnamber witn @ unitorn transyerse density incluge both lrngitudingl and transverse
Jistributinn: aatinns, ine bt present il s oanknown it

rerlistic -0 tracking programs can be deve loped.

i
)
where D 15 the chamber riydiys, a the bheam radiss T
il rotns andivaidaal partocle radius., . . \
ThyoLarae tran s erse and i tudingl spac-
. . i charge turces are present 1o the Heam daring
Forog parak,lic density distrinhationg, the
e Hunadn WMOresL 1. N the retersanc
farmuia s moditied tn: R
storade v some i lation an tne
2 Py 4 t e e 1 a1t [ oMt
2 < roansg s Dot eI e b L ancee Mot
q -2} 2. tl_;/{f ¢_l r BRI !
a \a ’ 3 fneref v Lo e e
Foroan »lliptical neam a0 an =iliptical caamhor,
Wb tne wiliptical contours confocal, gt TovoEbne e AL an et
g form Drangyerae densily tistribution: DLTars b b esaaedg ot fateen
reaondn e s A rismintch o an tegnatap to tne
. ”] vy celernis ooan Tane, Tor the T s
EIRP . ! D . ,
G2 s " 7N — - a IS RRTESIR TS AR R TT A S D ENIST LN PUIN | I SAVIICIP RVIEN
R LIRS o A
. Innoame T e TR e ool g gt
probab i that A Dirqees cnattance caLld oe
& 4 <
2 :
PSP o f- S - = . tolerate l In The Larget cnavber oo ths
’ g 1 g
RIS | a. case. FTittance lation ot tne eder oohac
Deer oot iragted [ L the votamates oo 0rode
. 3 V; MG A L T Sneeet Dy e icoal
—_ - - = = N
a , . . N Sima et
. : . - a
Z | I /
Ty, v Are DArticieo Leanayer e o 2o ridnates .
- I W gLl o te longituditagl
Ca, . AL) Are SeMI-ares AT ne he gk
l 7 ST e LGt D spen Led Bendase ot the
alliptical crose-seclinn, n.y )
varieron bt Sonnibudingl space coarge
I bj) Are SEml-odkes 3t Tae Jnamber R
] ; Farse sor eos e Lransyverse dimensinng of
ailiptical cross-section,
Tre et ot s aul pussabile to have
SedCl T oapensiton ot tne Iangitudingl
A1) three pxpressinng for g ondicats b Lar e . .
g tarcesy oo i ream particles, It odg
variatinn of thoe Jongitudini’ space cnarge
1mportarl Looevilyate the mannitude of the
forces acroas 3 transyerse saclinn of hean. o
drlatien seciuss tnere are restrictions an:
cxample, 1r tne TIrst e-prassion, 2an,  iii., | \ _
AD/D 1 e Cransfer 1iae (transport
varies from .
i THrcL ity tor apfp > £ 1) and ap/p at
b : . . .
P 0 e s trifectoon o tne starage ring (longitudinal
astabi ity conaidergtions),  Longitadinag)
te g o= S . Loros motian 19 gepandent on tne transverse and
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longitudinal peam distributions and a
realistic numerical simulation of bunch
compressicn must include poth ltongituginal

and transverse motinns,

4. it is desirabl2 to restrict the maximum
asmertum spread in the storage ring (to

-9
£ 1o« 1)

Jusl prior to extractionj in
order L3 limit the size nf the RF system far
Hunin commression and Lo 1imit the
teaanvarse emittance Jilution at transfer to
thie Gedir §ine.

53 1t appears to be advantageous for the RF
system desiqn to nave two RF systems, ane to
compansate tor the langitudinal space charge

foarces and one o provide the bunch

rotationfcompression., 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.

5} The effects of non-linesr transverse
densaty distributions have not been

considered but could be important.

7, Tne compression leads to a larqe
variation of the Yt function along the
nunch which will contribute to the dilution

of tne longitudinal emittance.



OESTGN STUDY OF AN ACCELFRATOR FurR HEAVY [on FiuLloy

T. Katayama, A. Nodo, N.

Tokuda and Y, Hi<an

Institute for Huclear Study, University ot Toxyo,
1okyo, JAPAN

ABSTRALT

Design nf 2 demnnstration accelerator for
heavy ion fusion hased on 4 synchrotron systen
is hriefly descrifned, nwe propns - cameles
system of injector linac, rapid cycling
synchrotron and five accumaletinn rings can
oroduce 4 peak covrrent 1.4 KA, peak power 32 Td
and total energy 0.3 M2, Investigations a¥f the
intrapeam scattering give a lifetime of the haam

lgnger cthan the fusion cycle time of | sec.

T, INTRODUCTIDN

in recent yvears interest in high enerqy
neavy i0ns nas heen growing in various fialds ot
science and applications. In Japan an
accelerator comalex responding to these demands
has been oroposed at (NS, University of Tocyo:
this is called the HUMATRON'® 2} and it shauld
provide heavy 1ons up to urdanium in an energy
range of 0.1 =~ 1.2 GeV per nucieon. Tne main
feature of the accelerator 15 to provide a high
intensity heavy ion peam v the use of two
synchrotrons and an injection wethod which
combines the rechnigues of multiturn injection

and &F staciina,

Here we will present the design of the
demonstration syn:arotron-based accelerator
complex for fusion power generation: 1t is not
directly aimed at producing practical fusion
power plant, but is a rirst steo to show the

fessinility of heavy ion fusion,

General requirements for the accelerator are

given in Tanle 1.

2. OUTLINE QF THE ACCELERATOR
The accelerator consists of two ion sources

followed by + MV Cockcroft-Walton generators,

WiderGe linacs, Alvarez linacs, rapid cycling

Tahle 1 aeneral Requirements for the

Jemonstration Accelerator

Tatal ensrgy

Peal Power 32T
Beam pulse width 1o ns
wumber of particles 1t
Paak Current 1.h kKA
fnergy depositinn 6.8 Ml/g

Repetition rate ! Hz

synchrotron and five accumulation/compression
rings, from wnich 20 beam hunches are estracted
simultaneously and are carried to a reactor
chamher Iocited at the center of the
accumulators.  Total beam intensity is 1 x

]OIJ
to 32 TW total prak power, 300 <J total energy

within a time af D ns, which corresponds

and 1.6 %A peak current. Tnroughout the design
of the accelerator, xenon ions have been assumed
because their intensity and charanteristics at
the ion source stage are well understood at

present.

3. INJECTOR LIENAC

"~om the point of view of dcceleration
efficiency, high charge state of the ion is
preferable. However, since the available
intensity of vigh charge state ions is low, in
the present paper a Xe2+ Deam is assumed at
the ion source stage.

The Xe2+ beam is accelerated by the 1 My
Cockcroft-Walton and is injected into the first
n-3r mode Widerge linac. Tie expected intensity
from tnis injecter systen is 5 particle mA3),
and two such systems are fuoncled o obtain an
intensity of 10 particle mA. Kinetic encrgy and
velocity at the input of the first Wideroe linac

are T, - 15,15 keV and ¢ = 0.57~,



respectively, and Lne str,ed o of L widerie intannit,y  eoqiiced by the funian prodraen

Tinac is almost tae same o0 S ane an e tae say 1 7 }J- particlag/o, L mchrotron

the NUMATRGL prajec Afior ancelergtson by 4o spnuld neoa vapid oy Vi gae with @ repetition
keV per nmirloee G b R vetle nfohu

Tinacs, the xenun neam is <ivaaped by @ oqv,

stripper to the cauililaian charae stats o g - Tne required pear oL eront Seam bhe i paees
4. The fraction 1 the egurlineiow cnarge sials lirw is given by

at this stripping vnergy is estomited Lo be . Howoe o B
O.E"". The resulting 7 parlicie mh bean s ’ ﬁ_“;:, s ‘

accelerated to 20 MoV pev g leon by the ro2- . . .
whicn is nhlainng vnilly Ly he present
and n-» mode Wideros s and Lhe Alvare, . .
tecanigiee af neasy dor Tin.aos.
Tinac., The total Tenata of Jinars is anout 5

) From considiergations of magnetic rigivity and
Ptothe dneensity of s Gt othe ion saurae . .
artainable maxinmm fi=1d in narnal bending
stage were syufficient iy hign, say 7 particl: me, . . i
- magnels, the pacar-ters qgiven in Tanhle 7 grn
the injector system winld e moch simpler, i
sertatile foe the present desian,

e AF voltars ceasired for tne acceleration

4. RAPID CYCLING

et the beyn g Jiven oy

(&3]
o
o
(a)
D
a
I
B
=
e

as follows:

a+ . L Vosin - e
T. e Deam i, injcten cay o f vosing, = 7w

-
[

20 MeViu g oanndd e arcalarat poup Ly .
U In the prasent design, tne maxitum 5 i 1727
argundg The HeVe,

? N .
srs/miesec ann tne stanle phase angle ds

ks <0 at VY 3e 5.4 MY /tuen.  This (ng < 2F
o Tue gutput intensity af Lre synoarots o, s0 that V 15 5,8 MV/tusn 115t Normnus 2r

vo tage ts upolied by 50 Cavaties, eacn of

sould amomant to |l

wnich has 2 accelerating gaps #itn a g3 voltage

peEr SEeCOTa.
af R4 %V, Tne revoiut,on frequency of .he bean

. charaes from 136.2 xHz at anjection to 3465 <dz

Linaz hear i< injertec int

Gobae synearatroan Ly
. at eJectio nat tne RF fraguency ratis i
the multitirn injoction metnos, 370 tures toeJection, so thet tne RF fraguency -atis is
. . X tne myderate value 2.5,
borizontelly v 5 tarns vorticaliy.,  fccuming ¢ CRA 5

the dilution factar Lo 5e 7, tar aenitiances

e 10 The vacuum pressure required to a,sure &7
are 100- s

after tne m. IUitarn injoec
-8 peroent sarvivzal rate of the acculerated peam is

m radoin horizontal onass < cane

)
. L7 ox 10 £y e 6 CNArae e N
©oranin Lhe verticel one . 6 E torr, taxing tnc cnarge exchange

cross section dus to callision, of the Xe heam

. B -16 v :
N : . N vt a8 vz L 2 10 C 1 0
Tne space charge 1iRiL in the ring i< sinply witn Ngas to oe : x lg cmo at 12i
tav/u and 1.7 o« B0 em at 20 Mevje."

givern by
Jsing 2 vailows type vacuum chamber of 0,12 mn

fo= igéi (453; r:173 [ triic« stainless steel, and a dry pumping system,
e 5 ) tnis vacuum pressure is easily obtained without
where b is a burching factor, rp is the edcy current effects the heam.
classicai proton radius 1.533 x 107 m and «
is an emittance. If we take the ».nching factor 42 will consider the transverse coherant
as 10, the space cnarge lirit at injectio. resistive wall instanility, TC'. -.hich is most
energy is calculateg to be 2 x 1012 severe for the acceleration of high inftensity

particles/piise., In order to attain the heavy ian beams. Tne TCI limit *, given Dys)



Teb.z 72 Synchratron Parameters

Vesign <inetin energy

at ingection ES TR AV
at ~jection 1R MoV fi

; . . 17 .
Intensity {5pane sox 1" iens fpulse

charge Timit)

Repatition Rate Aoty
Radius of curvalace R
Average radius Fibom
Circumferenco 329,00
Focusing structare [

anpee af baloatrin escillatans

per tirn
Transition kinetic epercy N0 ey
Humser of cells ni
Length nf the anit el [P
Length of the sendina magnet R
“agnetic ficld stronath or the

hending magnes,

at ingectinn .09 G

at ejection
May oo tine deviveiive of the

waqnetic (ield

Momenturs compactin faclor PRV N
Momentun spread of the beam
at injection 4o h)_q
at ojection 1,00 x 1”-4

Revelutinn freguency

at ingection 129.2 wHz
at ejection 36,5 wH2
Required energy gain per turn 2.7 MW
Harmonic aumber 1
HF frequency

at dinjection 7,77 MHz

at ejection AL93 MMz
Aurher nf accelerating ste.riors 50
number of RF cavities per station 14
Total numser 2f accelerating gaps 10
" .Y
YAC UM pressdre 5 2 17 Torr
. F
2R .
N < /_? _ v ] (n-v)n + - l Ap (4)
- p
q Ty r
7| P
170

where ZT is tne transverse impeaance of the

ring and ZrJ is the vacuum impedance 120n_

307

? . .
N o= I/ytz - V/y", and is a chromalicity
ine momentum spread of the injected bheam is

TRsumest e by 0T e et ]

chromaticity of around

3y ; :
"<7]ETHT> = -H, the

inteasity Timt is 5.6 IJ] parbticles, which
io much amillor tnan tne space charge lmit,
dowever, the grouth Lime of this instability 1s
anout 1) ms evon whep X ]U]/ particles are
injected into tue synchraotron.,  This qrowth !ine
Jusb equais the o oleretion time, ana so the
TEL will he well rovrected by sailable srevtupole

and octupole magnet s,

Lue Lo adianal ic damping during
aceeleration, e nomentum <presd and emitlances

al thee Final energy 4re bo2h o« 10

~& -F
10 Mmerad (horizonlal, and 18~ x |0 Me v arl
fverticaly, respectivelv,
Most pasainetsrs of the synchrolron gre given

in fable ¥

RTI0L AND G S5O0 RIS

Ten puls Lrore Dedim are

of tne soyncare
staced i cach aocamulalion ring, wnose
digmeter is teice oy darqge as thal of the
injector synchrotron.  Twn pulses are injected
in separate longitodinal spaces, and RF stacking
is repealed five times.  Tne space charge [imit

. A3

culated te bo h o5 1)

of eacn ring is ¢
particles, assumiag tnat hunching faclor during
7 oslatzing process o b in tie ring, and lne
emittance in 1/.7x 7 10 merad.  Tns limit
is large enougi corpdred wita 10 pulses from the
synchrotran, 7 x ]u17 nacticlos,

The RF stacking process in the accumulation
ring is similar to thel which is used for the
157 at CEF®) ana for TARN at 1ns.”t B 1he

ontline nf the TF stac<ing process is as follows.

The heam from the synchrotron bucket 1s
tra: sferred intn the accumulation ring bucket
with syncarcnizat on of the RF systems. Al er

capture of the beam, the PF frequency is varied
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for changing the eguilivrium orhit, Tne rate nf
momentum change for the ynchroneas perticlas in

given by:

oldt 1 s .,
o Ty ev >m¢S s (5

wiheee Loia bolal o enerygy per onacleon.

o
Lssuming the momentum difference botweern Lhe
Prjection orbit Lne Lop of tne slacdmd ornat Ly
b2 7?2, and the RE stacking time Lo e b e, Lhe
required @F voltage i 400 kv DQuring tnis
process the PE freguency must be ooinaed af the

rate:

N C
had

Ir

W fs 15 a revolation freguency and iy

e
nfs . Substituting numerical parameters, we
ot tin the sweop range at 2F fraquency as 57,6

K.

ITn the final dDuntn compres,ion progess, the
("\

required RF ynltage 15 '
. Ngh or g
R P
ﬂy‘RAﬁn A¢MIN(A¢U‘A$HINJ

HWnere Aémi is qiven by the ~elation

n

her
8yry = 3p A
For the puronse of reducing the RF vnltage,
the harmonic namber nf thne accumulation ring i
deterrnined at 20, Substituting af - 17 ns,

A -3 . 3 .
L A S ) R BEP 10", A¢O = 7, ue
nhtain Vv = 78,6 MY /turn, which will be suppliedq

by Hu BF cavities with 240 accelerating gaps.
Tacn gap produces a potential difference ot 120
¥ anicn is within present TF technique. Tha
compression time is estimated to he 5.8 us which

~orrespnnds to 7.9 revolutions in the ring.

In arder to affora spaces for cavities and
equipment for tne extraction channels, the cell

number of tne magnetic focusing structure is

chosen Lo ne 12% and each cell has 2 long

straight section.

an

Tae vacuum pressure recuired to assure 8U

1

parcent survival rate is 1.5 x 167 7 torr, On

thrn nther nand, the 1-fetime due to intraoean

. 4+
scattering of the Xe Leam at the 2 x 10

intensi®y 15 1,52 «nr in tnp designed

10
accelerator.

In Table 3, major parameters of the

acrumatalinn ring are qiven.

fanle

Accumilation/Zonpression Ring Parameters

Kanetic wnergy 9f Xenon inn

intensity i

Doprtiton rate

Facretic Ficold Benoing Tagnot

2adius of Darvaturs

Averange radius

Sircumference

Humbor of celids

fecusing structure

Hevolution fregaency

fransitinn kinetic energy

Humuer of betatron oscillations
per rovolution

Required energy gain per turn

Momenturm compaction faclor

Mamentam spread of the stacked
e

Harmouin numher

R.F. trequency

Numoer ot RUFL cavities

Total nuaber of qgaps

Final hancn length

Buriching time

Vacuum pressure

Number of exlraction channels

Momentum Spread after compression

(full width)
Emittance after compressinn
(Horizontal)
(Vertical)

150 Mev/u

13
< 1y jons/pulse

n o= 33 m

Ro= 149 m

C = 8/9.6L m
128

Fouu

173.25 kHz
9.61 GeY

~ .75

28.6 MV/turn
9.57 % 1073
§.52 x 1074

h =20

3.465 MHz

60

240

20 ns

5.8 us

= 2.9 revolutions
Torr

20

1.33%

1.5 x 10-10

357 x 1078 m rad

187 x 1970 m rad



The intensiciy 1imit due to the transverse
coherent resistive wall instability is & x
IU]] particle if we introduce a chromaticity
of -6. The e-folding growth time of the
instability for the intensity of 2 x 10]3 is
ms, a factor 3 less than the accumulaticn tim
From the point of view of TCI, the mrmentum
spread of the stacked beam should be large to
give larger tune spread for Landau damping.

is clear from equation (7), large momentum

soread requires enarmous 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'vpole magnets, will ve useful,

6. CONCLYSION

The goal of our design for a heavy ion
fusion accelerator is achieved by a massive
system which consists ¢r § acccumulation ring
each with 20 beam lines, and a rapid cycling

synchrotron. For further progress of the

design, detailed investigation of the technigues

for surmounting the transverse resistive wall
instability s necessary.
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INTEGER RESONANCE CROSSING It H.I. ACCUMULATOR RING

J.

Le Duff

Ruther ford Laboratory

1. INTRODUCTION

Tne R.F. Liniac scheme requires current
multiplication in order to reach the necessary
amount of peak power on the target. As partl of
this muitiplication, a complementary accumulator
ring i3 filled up to its current limitulion
within the usual Laslett tune-shift limit av =
0.25. However, duri-j compression Lhe Lune con
spread over, at least, one integer. Tne
compression time is of Lhe order of several tons
of revolutions: (the revolution period is of the

order of 5 us).

Experimentaliy, un existing circular
machines, relatively tast crossing of ia)
integer resonances has been achieved, which is
not true for integer resonancas.,  However, in the
case of a hedavy ion accumalator ring there dn
concern with relatively fast crossing of such
reconances daring th compression tima («
frarlion of « synchrotron oscillution period),

the beam beiny ejected after this operation,

In what folluss, two simple approaches are
considered for the transient particle dynamics
when the operating tune is very close to an
integer resonance and assuming dipole defects

are distriputed around the ring.

2. INTEGER RESONANCE BFHAVIOR IN CASE OF STATIL
TUNE (v k)

Let's ascume a single defect corresponding

415

to a field error == = IU_A over a magnelic leaglh
of 6 meters. For % = k, a particle imitially
moving on the reference closed orbit (exis of

the magnetic structure) will get, et each
revolution, the same angular kick at a constant
hetatron phase. Obviously the amplitude of the
induced hetatron mation will increase linecarly

with the numnor of revolutions

whe e (12 a5 15 the integrated ficle errav, n the
number of revolutions, By the envelope tunction
K

"% v
X

» the bending radius.

Using previous numbers with, in addition,
g, = 10 meters and o = 50 weters, one ne
x 1ets

o= 2 (g
n t)

!
Anoamplituoe growth of 1 ca s then aptaine

atbor M revnlbions,

Asnume now that N ogipole defects are
randomly aistributed wround the circamference.
Considaring only the bDending magnols i< error

sourtes, a realislic valne s i L0, With nn

correllat ion hetween errors, tnic leaids tn:

% - ——— ()}

which now corresponds te an amplitude groute ot

7o arter 10O turns,

inie i cortainly ungoceptabla.  Hoavever, in
the absence of npon-Tineagrities, tne fune wiil

vary acrnss the integer during compression which
increases the sparce charge forces progressively,

ndsy i tne objyect of the next Section.

3. THTLGHR RESOMANCE CROSSING: VARIABLE TURE

Yeing Lno smootic approximation for the
optics, the particle motion in the transverse

plane can he written as follows:

fn’

wacre Fla) reprosents the gipole defacts

distrihuted along the circumference,

Fleg) = I/



As usual, let's taxe the main component of

its Fourier expansion:

2

gx., uz(e)-x = R” Fk cos (ke + 1) o

dez
where k is the integer cluse to the tune. One
will assume that k is different from a multiple
of 7. where M is the periodicity of the
magrnetic structure, Then the envelope tfunction

gy is not expected to change when v varios,

Assuming also thal v varies slowly, wne can
get the adiabatic solution for the hornogencous
aquation {absence of defects), through the

W.K.B. approximation:

x(e} = Ax (o) + Bx,(s) ,

where:
x;(e) = v(e)_lld cos iy  v(e) ve
x,(0) = \:(e)']’v2 sin{f ® (o) de

[n the presence of defects, tne general
solution can be obtained by using the methoda ot
leads to:

variation of parameters, which

(A 2

e R Fk x?(e) cos ke
dB 4

W - R F‘< x](e) cos ke

the
part

o K where vy 18
non integer
of the tune at e
= 0.

i11) av << X total tune varia-

tion (0 g8 <),
it comes out that:
RZFk ca )
A{e) = - I sin { (v * k)o - ag“ " cos ke.de
Vg
P ! !
ROF, o |
Ble) = — { cos ((vo+ k)o - ae“ . cos ke.de ,
LI { .

o]
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and x{e, = A’w).x](e) + B{e) xz(e)

It looks reaiistic to integrate for A and 8 un
to infinity, bhecause as soon as the tune has
moved away from the integer the amplitudes will

stop growing.

The fast varying terms 1a the previous
equdtions can be neqlected, xeeping in mind thal
fteet will nappen before the

haltf ot the

integer is crossed:

RF,
Al ) ——75 Sin (aaz)dg
Lk
0
P, ,
B(.) N {a6° Jda
Lk
0

According to the well known Fresnel's
integrals, after 1 wnile the amylitude of the

partizle motion becormes:

which is inverscly proportinonal Lo tne sgudare

root of the crossing speed.

For comparison let's consider the case a = 0

and v = k. From previous equations one aets:

Ale) = 0
RYF,
3(g) = —— o
2 k
. RF
1 k
x(8) = > i

showing that the amplitude is now increasing

lingarly with o.

From the first section, and assuming

R = 1.5 x ., one can roughly deduce:
F,ooo2.8 x 107 ()

The variable tune case then gives:


http://ke.de

oy Lo

For a total tune shift of 0.7 over 100 turns

one gets:
- -2
xo= 4.5 x WY oam

which looks guite reasonable.

However in practice, the non-linearities of

the space charge forces may keep the tune or the

312

irteger, 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 or closed

orb1t correction. A crossing time less than 1

ms is required to answar our present worry.

I would like to thank G. Leleux, J.l.

Laclare and M.P. Level for useful discussions.
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LIFETIME OF 10N BEAM IN AN ACCUMULATION RING

T. Katayama, A. Noda anc N. Tokuda

University of "ohyo

Beam loss due to charge exchange processes

such as

(n+1)+ n-1)+

AT e AL

-
may be a severe ohstacle to accumulating intense

ion beams in a storage ring. Here, the loss

. ; . a+
rate is estimated for a ring where Xe  ions

are suppnsed to pe accumulated.

Tne loss rate is given vy

SR )
T MabY em® cm . (2)

defined in Tanle 1, where
listed.

The symbols are
machine paramcticrs dre also The density

of ions in tne ring is

_ N ] (3)

on the assumption that the beam is completely
Jebunched. The beam is to be stored in the ring
as shown in Fig. 1. Then the cross section of

the beam is
S = mab + bax
p *

where a and b are obtained from the beam

emittance « and the average betatron amplitude

function, 8,

a= ¢ B
The beam spread due

ae (7)

The dispersion function is approximately

n = §2/R

Then the beam cross section is numerically
catculated with values listed in Table 1, and
the density is

Table 1 List of Symbols and Machine Paraweters
N number of ions in |
the ring 2 x 1ob3
nan density of ions
R mean radius of the ring 140 m
S cross section of
Lhe beam
Vem velocity of ions in the
center of mass frame
a loss rate
8 ratio of ion velocity to that of light
0.507 {150 MeV/u}(~ 19.5 GeV)
0,204 { 70 MeV/u)(~ 7.6 GeV)
8 average betatron
amp litude function 13.7 m
y V1 - 67
¢'p momentum difference
n hetween colliding ians
P total momentum spread 2.5 x 1073
D
ey emittance in the
horizontal direction 35 x 1070
m-rad
cy emittance in the 6
vertical direction 18 x 107
m-rad
n dispersion function
5] collision angle in the
faboratory frame
Cem Cross section of the
electron transfer 19 2
process 1 x 10 m
Tife time
a Axp a
fal /-
Fig. 1. The beam profile in the accumulation ring.




13

=2t x 103 h

n =
lah

The specg of the in the center of mass

frame is given by

2 ‘g 6'pre . . . 8\? .
Ecm = (7T) (:ysm 3> (i

As the momenta of

100

ions are considgered Lo be
distrivuted as shown in Fig. 7, the typical
momentum Jdifference petwesn the ions which will
collide wath cach ctner, as

i
x

- P - QP ’a 1
Y T

where 8'p/p 15 determined so tnal the areas of
tne paralielougram and tne rectangle are equal,
Then the first-ters of eg. (10} is 1.%9 x IJ_E
for 150 MeV/u and 6.50 x 107" for 20 Mev/u,

The maximum collision angle in the lahoratary ¢

evaluated by

and Lhe second Lerm is numericaliy lose x 1o 7
4

for 160 MeY/a and 5.63 x 107 for 70 Mevia.

Then the velncity in the cn frame i

3.27 x 100 (wfs) (150 Mey/ul (i3)

e Lad x 107 mfs) (20 Hevia) (1a)

for

AL experimental data of cross seclions
and

xed*t,

the electron transfer processes are scarce

there are no data for ><ed+

+ xe™t s xe®t «
50 a theoretically predicted value is adopted.

Macek estimated the cross .ectian for

XeS+ + Xe8+ > Xeg+ + XP7+
e
than 10 lbcr?.(])

such a small cross section is due to a 4d

at much smaller

n It s supposed that

10

closed outer shell configuration of a
Xe8+ion. In our case of XeA+, however, four
electrons remain in the outer shell, so the
cross section should be larger. According to
papers poresented at previous Heavy I[on Fusion
Worksnops the cross sections for the
electron transfer process of variaus—ions are
estimated to be of the order of Io_lbcmz.
Therefore, a value of 1 x 10_15cm2 is

adopted here.
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; I
al | { |
< ! I o
! ] [ I w
[ |
v S S
a | Axpl a |l
I o
X
. ,
‘ ' t T i !
Now the Toss rate can be nume=icaily
calculated, ang
JUann/ 5 (1-0 MeV/u) i 15)
.
V0,249 57 R0 Moy (15
The Tife time, the inverse of the los< rale, is
1.7 < (Ve Mevial {17
3.02 s { 20 MeV/u) ey

These lifetimes are Inng enougn in a hedvy
ion fusion driver complex which includes an
3 : . 13,
accumulation ring where about 107 ions are

(
stured. 3

References:
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(2) Proceedings of the Heavy lon Fusion
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Heavy ion Fusion Workshop, Argonna, 1978.

(3) T. Katayama and A. Noda. These Proceedings.
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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

D

part of some accelerator schemes to drive pellet fusion . The insta-
bility considered has been observed in many high intensity proton machines.

In the CERN 25 GeV Proton Synchrotron (PS), it can occur near transition

2)

energy as well as during debunching at high energy 3). In the

30 GeV intersecting storage rings (ISR) similar effects happen to the
newly injected beam 4 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 bty RF activity
observed on beam curreunt pick-up electrodes at frequencies in the, sav,

0.3-2 Gdz region. The picture is consistent with the assumption
(first maae 1in the classical paper by Nielsen, Symon and Sessler 3 ang

generalized by many subsequent workers) that a longitudinal density

ein(S/R-ut)

modulation * = X develops on the beam and self-amplifies

o
via the interaction with structures surrounding the beam.

2. ASSUMPTIONS FOR SCALING

For the present purpose I st='1 take three sets of observation

as established:

1) The instability threshold is described by the "Keil-Schnell”
6)

selfbunching criterion with local values for momentum spread

2.3,7
and beam current 27

(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, describing the coupling of the beam to its
environment at a frequency near n times the particle revolution
frequency is Zp/ni=20 2 with a real part Ap/no= 2-15 2

both in ISR and PS for the 0.5-2 CHz 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;/n is of vital importance for our scaling
two commants are in order : R, has been estimated from measurements 8)
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, to the extent that

Landau damping tends to reduce transverse growth.

Values obtained in this way are Rp/n = 2-5 Ohm in PS ard
2-15 " in ISR (f = 0.1-2 GHz). 1In the ISR, Z, seems to be inductive
rather than capacitive as expected for perfect walls. This permits some
cross checks on Ry from the longitudinal growth rate (see following
section). Further checks aie possible observing that the "imperfect
wall contribution" Z,. to Z, is a physical impedance. iiencc transformations
can be used which relate R, X, and 7 and permit e.g. to calculate
R.(.) if Z_.(.) is known over a large enough irequency range. From these

checks one might speculate that Ry becomes comparable in magnitude to Tn

at frequencies around a GHz.

3. SCALING RELATICHLS

a)  Threshold current ) ("Keil-schnell™ :
T p - . 2N
1<F —-) v v = (H
Zn/u ("’ RNt Fq
where : F is a form factor depending on the nature of the

impedance and the sign of r. As a rule of thumb F™ 1;

2 ?
rosy o - is the
transition

the storage ring (machine constant at fixed energy

"

off{ energyv” function of

depending on the distance {re= transition vnergy).

2":R <En’ > ds

zZ = ——— ——— 1is the coupling impedance defined

0 In

n

by the longitudimal electric ficld [, ¢ exp “in(s/R- .t)"
y S

induced by a beam current In exp {in(s/R - .t}  and

surmed over one turn and averaged over the beam cross

section.

13
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tp is the beam momentum spread (full width at half
P/ FuN .
maximum)

2 =v/ec, vy = (1-2*Y % are the usual relativistic factors

c
L s —— = 980 ‘v is the "proton rest voltage' and
A, q are the mass number and the charge state of the

ion (4 =238, q =1 for U,30).

If (1) 1s violated for anvy mode number n, the corresponding beam

density modulation will sclf a=plifv. The e-foldinr “ime for conditlions
S,F

Gy
for ahove the threstold {17 1s ohtained " Y7, nevin: thar 1) = s oo, 0
and so.ving
( - P i+ 1 2a/n
n. -n. Yo o= nt . —— - == (G
rev rev T0 0 Tp(Alq)

wiere ~rev = fc/R 1s the (angular) particle revelution frequency. Foer

protons conditions near thresheld and more details are descrihed,

e.g. in ref. 9),

We shall be interested in cases where :n = Rn + 1 Xn is such
that Xr >> Rn. Then (see ref. 5) foo the "good” sign of Xn and
(capacitive Kn below, inductive above transition™ we {ind from ()

1 " 1 \ Rn/n

—tn . —— » 2a)

ks Y rev 2 -y U (Alg) 2y x./n (a

p 2 X,
And for the "bad" sign (''megative mass region' '))
' Y 1 \

14 ro1 / “n a

T " Yrey V n (25

¢ Domrt vy U (A

P :
- ; Co 3) . -int
% Following bad tradition we use the theorists (e ! )

. . .t . .
rather than enuincers (e ) convenrion. Hence capacitive

impedance means positive a(l) et
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For coasting proton beams, the threshold and growth rate condi-
tions are discussed in 1iteratu:e9)_The generelization to bunched beams
is done - somewhat in an ad hoc manner - in referenccs 2, 3, 7 and this
bunched beam theory seems to fit with observation 2’3’4). The genera-
lization to heavy ions can be readily done following e,g. Hereward's
"old fashioned" derivation 10). He observes that threshold corresponds
to conditions where the RF potential ("'self b: :ket") 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.

. I[MPEDANCES I AN HIS

Relations to estimate Zn/n for many structure- are compiled
in reference 11. Two things are important for our scaling, namely
the ~ dependence of the impedances ard the cut off wave number beyond

which the beam ceases to cuuple to the walls.

In the long wavelength limit (see below) the basic contribution

te Z. namely the impedance of a beam (radius b) in a perfectly conducting

ool champer (radius h) 1is
R L S

- :;?~— )i (3}

h
b
tote the difference between high energy protons (8y? >> 1) and heavy

ioas (7 < 1).

Additional contributions to Z,, due imperfect walls (cavities,
cross section variations, ferrite structures, etc.) are similar in proton

and heav lon storage rings up to the cut off wave number which can be
. ., storage ring circumference
c 2 = x chamber half height

siown <o pe of order (Appendix) n

For above this cut off the beam fails to couple to the wall.
In the o ¢ off region (say, up to 2 nc) the growth rate is roughly cons~-
tant (Fi . 1) for constant wall impedance Zp/n rather than to increase

linearlv with frequency as suggested by (2).
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5. SCALI1NG

We conclude from section 4 that the HIS will be dominated by
the large capacitive impedance (3). [?his was first pointed ocut to me
by Graham Reesj 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 Rn/n = 2 2 (optimistic ?) or

Rn/n = 15 { (pessimistic ?) . With the parameters of Table 1 we find

T = 800 us — =2
n
R

T = 100 us L
n

at the cut off n_ = & = 2,5 x 10°.

It is possible in principle to reduce 1/7 « Kn‘ © by
increasing the capacitive space charge impedance (increase of h). This
would however further complicate the RF manipulations requirc: for
controlled beam bunching because the external RF has to counteract
space charge.

It might also be argued that Z/f rather than Z/n should be
kept constant scaling wall imperfections between rachines of similar si:.o.

This would improve the HIS growth times by 2 - 3.

6. HOW MAXNY E-FQO) . INGS ARE TOLERABLE ?

For a perfect coasting bzam the initial perturbation is the

. 2 .. . .
Schottky noise ) due to the finite particle number. The corresponding

current may be written in terms of the average beam current I, as

= 2
In < €49 frev Io

where  we assume hizh mode number such that a o ﬁg 1.
"Catastrophic' growth has occurred when this cuirrent beconmes comparablce

to the DC component i.e. when

t/
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From which one obtains:

r =k ~ 1
t/7 5 Zn(IO/Z e q frev) 17 in HIS

This would suggest that, say, 15 growth periods are acceptable.

Cn the other hand assume that a 1 per mille high frequency
modulation remains as a memory of the linac bunch structure., Then,

av

in 13° ~ 7 e-foldings lead to large blow-up, t/T 5 may be acceptable.

As a result with "pessimistic scaling” one expects deterioration
of the HIS bean after, say, 1 ms. With "optimistic scaling' the corres-
ponding time is ® 10 ms. Beam may be required in an HIS for several ms.
Assume for instance Ngp = 5 rings with § = 60 turn injection in each
ring ‘rom the same linac. Then, the first ring has to hold beam for
at least t, X ., ¥ S ™ 2 ms before all rings can simultaneously eject

ev © "SR
onto the pellet.

COLCLTUSICH

Longitudinal scability in a HIS is an important and challenging
problem with possible repercussion ~n parameters like the number of rings,
the aperture of the vacuum chamber (cost 1), the ion charge state, the

storage tize, etc.

~ beam environment with a low resistance 1s important to permit

[2]

afe beam storage for several milliseconds. Care has to be taken about

avizies, ferrite structures, ceramics etc. to keep their coupling

n

resistance R_/un 1s low as a few Chms even for singly charged 1ions.

For higher charge states t*e tolerable impedances are lower (in proportion

to the sguare of the ion charge if the same numu.:r of ions 1s used).

Impedance values of a few Ohms are at l2ast as good as those

obtained (after work ') in PS and in ISR where on/n is estimated to

)

e zbout 20U . and R/n of the order of 2-~157 over the frequency r: ige

oy
it

of concern.

There are interesting cifferences between the HIS and the

rn

cion of spa.e ~..rcoe forces 1s ineffestive

Tie 1-02 cancell

a
in & HIS frypically ° =2 0.3). Hence the capacitive impedance due to


http://ar.or.-s

space charge (direct and images on perfect walls) is large, tvpically

1,5 k.: compared to a few Obms in ISR and PS at high energy .

To the extent that this impedance cannot be compensated by

inductive walls (a difficult task for 1500 ) a "typical' HIS beam will
alvavs 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 sterage time. On the positive side, the
freque-.cy band of importance, is, say, 1 CHz in a HIS rather than 20 GHz
more in PS and ISR, because due to Lorentz contraction the cut off wave-

is -times shorter in high energy proton machines. The smaller

cv tand might make it easler to improve the effective coupling

ruilstance and/or ievice feedback stabilization.

or


http://-tir.es

Ps
(at high
energy)
Circumierence/2-R (m) 100
Relativistic ¢ 1
factors ¢ 20
Beam Curreat 1 (A) 1
Revolution =, (KHz) 475
Frequency rev
r g o Y Und
"?er:, Pt (Ce) 20
parameter q
0ff{ enercy -2 -f
functicn Py ! 1/38
Hal{ heiznt of
tecm chamber b (r2) 35
Cuﬁt oLt n = vR/h 6 10"
mode numher ¢
Space charze 377 A . by -
impedance ooyt N2 toen h) ) !
. . no, . -
wall 1mpedance ey (683} 2-15
X
= @) 20
n
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TABLE 1

Assumed Parameters

ISR

(injected
pulse’

BIS

(typical)

1/100

30

1,2 x 10°

100
0.3

60

140

20

[3=]

-15

<< 1500
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APPENDTIX

Coupling impedance of a beam in a circular tube

The fields can readily be obtained e.g. from the static field of
a 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

Z 0 -
2o s 20 - 210 D s el ) (A1)

KL(:;.W) - r}(l(":wl
IO(}:W) + TII(XN)

w
<
£
lm

-
w
~
~
2

2,5 —§ (wall "surface impedance')
¢ /wall

n beam radius (b)
orbit radius (R)

x = b chamber half height (h)
W orbit radius (R)

For low modes (xw < 1) this yields

Zn _iZ oy, 1y, EsR
n 8y =g 54 n h

The factor % rather than % as assumed above comes from the fact

that we average over a uniform beam. For the central fiele in a uniform

beam or the averace over a Gaussian beam !

" 1s more realistic.
,If one wants to work in terms of the central field one can still use (aAl)

but replace the term 2I,(%) in front of the innermost bracket by x:{
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Zs R
Note that for x, << 1 the wall impedance Zw = ; simply adds to Z.

The behaviour over a wider frequency range is illustrated in Fig. 1

where R,/n and the ''growth rate"
Rn/n
— X
2V Xn/n

are drawn from (Al) assuming parameters such that the wall imperfections
give Zw/n = 15 {0 independent of frequency and space charge yields

Za/n
culate the surface impedance required for perfect compensation and the

i 1.5 kQ for low modes. Equation (Al) can also bte used to cal-

"residual' impedance Z, (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

Keil and Zotterlﬁ).
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Chamber
Zs/n=158 x h/R

(surface impedance) ——__T

Rn/n | xRn
) 2+ Xn Rn/n 2b 2h
(‘Q') 1/2 / L
101-1 Beam A
Zsc/n=15kQ
(space-charge impedance) h/b=25
5+0.5 x Rn/(2V xn Yo 1/¢
x=yR/b
0.5 1
1 —r — ;T
———
1=xe 2 3 4 Xw=yR/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 1n 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 partizle 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)max = .25; that is, this
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
mP = proton mass e = proton charge
c = gpeed of light B = v/c

Ap/p = momentum spread

I = electrical ring current

YA = capacitive longitudinal impedance
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N = no. particles on target

Iav = electrical current on target averaged over pulse shape
Nbun = number of bunches per ring

lb = length of bunch on target

NR = number of storage rings

C = ring circumference

E = energy on target

T = kinetic energy per beam ion

Zr = resistive longitudinal impedance

Zr’ = resistive longitudinal impedance per meter

U’ = normalized capacitive longitudinal impedance

v’ = normalized resistive longitudinal impedance

n = number of instability density osciliations per turn
ZO =120 =©

R = ring radius BF = bunching factor
Eop = transverse geometri:al emittance (area/m) in ring
Av = allowed tune shift

w, = particle revolution frequency = BC/R

AQr = real frequency shift

Aﬂi = instability growth rate

T = instabilitv rise time

AQ = AQr + iAszi

z = x+iy = normalized AQ

f(z) = normalized longitudinal distribution function

ID'(z) = normalized dispersion integral

ISci = space~charge limited ring instantaneous electrical current
n_. = space-charge limit number of iomns

£ = frequency of the instability

w = 2nf

= wavelength of the instability

AQ = g - nw
r o

s 1
Normalization Definitions

e 1. 1 1
c

1 .
BZ (Ap/p)2 o (Zr + lzc)

V' + iy’ =

__ 210
nwo(Ap/p)
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Relations

Space charge limit

= T P 2.3
= e s AV e . E . .
Tsc 15e By e Esr By BF
- Bege 1
Isc1 27R nsc BF
Mode number n = 2nR « f/c = 2mR/A

Ring and target energy balance

C =
NRB qensc Iavlb

Compression factor = 49

m C

T S N S
Note: 353 * e = T.5347 = 10-18

C = 49 1b % Nbun/BF

By Ref. 2,
7 o~
hc/n ZO/B
The dynamics of growth may be obtained from the dispersion relation.

The time-dependent factor is exp (-i + Af + t) and A is decomposed into its

real and imaginary parts.

AQ = AQ_ 4+ i aR,
r i

Two significant properties of the distribution function are:

a). i f£(z)dz = [° f(x) + dx = 1
real axis —w
. . 1 1
b). f is nonzero on approximately - §-< x < 3

The dynamical theory shows that the normalized dispersion integral

f 1 df

— . 5 . du

1 = - 1
ID (2) 1 u-z du

r2al axis
determines U', V' through the dispersion relation

(v' + iu') - ID' = 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 Zr’ Ap/p and the growth rate Aﬂi, one must

choose an f. Simplest is the step function:

f(x) =1 - %_i X i_%
f(x) =0 elsewhere.
-1
The derivative of f is equal to * the unit delta function at x = +5 and we find
-1
LI -

Iy z2 - 1/4

[ 1Y = : 2 2 1
V' + i0' = -2xy + i (x° - y© - ZO

Assume, for the momern that U' is a given number. Then,

x=ivl;2+—i—+ u'

V' o= 2y4/y? + %—+ U’

where we choose the sign to give growing waves. This expression may be sub-
stituted into the above normalization definition to express Zr in terms of y

and hence the growth rate. The value of U' is determined in t2rms of Zc/n

by the same definition. Numerical values below show U >> %3 so %—can be dropped.

Then, Ap/p cancels out, and one finds a quadratic equation for w = y2 as:

Al
w2 + U'w - (7?92 =0
with roots
1
(U|2 + Vv?_)/2

= _ L
v, = - U L

=

Root w_ may be discarded as negative. One notes that V'2 << y'? pecause Zr << Z.
The latter inequality is clearly true with the assumption ZC = nZO/B z_lOG. Thus,

we find:k

1
y = F‘w+=%."_
Ul
or
m c Z
- Lo AL L Tk o
Zr = (8nm q = I n) R AS
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This expression may be derived directlv from a &-function distribution taken

. . . .1
for f. The result, in different notation, is:

1,
3
—en moz n 1z,

T R

1

Put pn+-1, E+Am c2, 1 -+1, erqe, Z,+Z +iZ , w +Bc/R to obtain
p o i ¢ r’ "o

bR =

nc q e 1 2, Zr ]%
y v L e = . = 4
27R 2n A c ( . n )[

Assume Zr << ZC and expand the sum in the root; the imaginary part is

=~

Z \s
Ll a. e g, s,
A = oy (ZW A mc cl !l) (Z /m)
P c
which can be solved for Zr as above. A useful form for systems wcrk approximates:
1 1
— = L c ‘I__
o A 8 A I

and reads:

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
Ring Group Summary3 because the charge balance equation is strictly kept at the

sacrifice of a variation in Egp? and BF = .5 was chesen instead of BF = 1.

The rise time T has been taken as .0l. Note that the factor Yz in the denominator

of ZC/n makes the crucial difference between Isabelle and the rings considered

here.



Table of Heavy Ion Fusion Parameters, MKSA Units

Case A B C
E 1. x 10% 3. x 106 1. x 107
Y 1.25 x 1015 1.875 x 1015 .625 x 1016
T 0.5 x 1010 1. x 1010 1. x 10i0
T o 1. x 10 0.75 x 10% 1.43 x 10%
¥ 1.0226 1.0451 1.0451
0.2089 0.2906 0.2906
gy 0.2136 0.3037 0.3037
BF .5 .5 .5
L 1.25 3.485 6.10
49t 61.40 170.8 298.8
N 4 3 9
Nbun 2 2
N 20 6 18
(N, Imin 17 6 12
(&p/p)min +2. « 107" +2.x 107" +2 x 107
€y 5.478 x 107° 5.313 x 107° 5.911 x 107°
n . 3.1335 x lol* 6.2386 x 1014 6.9401 x 101*
C 614.0 683.2 1195.2
R 97.72 108.73 190.2
(I, )peak 10.25 25.51 16.22
U 30. 28. 18.
n(2.5 GHz) 5117 5693 9950
Z_ 1024.7 612.7 1344.2
z_/n 0.2002 0.1076 0.1350
1.6688 0.8968 1.1247

Z‘
r
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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) is prevented by limited
ring bending magnet strength, injection problems, and economic need of a large
BF. Alsc, 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 Zr needs to be determined for candidate rings

via a theoretical and experimental program.
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YUMATRON and TARN

T. Katayz-a, A. Noda and Y. Hirao

institute for RBuclear Study, Universitv of Tokvo,
Tokyo, JAPAN

~BSTRACT

Gener:l descriptions of the NUMATRON design and related techaical
developments at INS, University o: Tokyo, are reported. A test ac-
cumulation ring for NUMATRON proje ¢, TARN, was -onstructed for integrating
various technical developments. ERecent results of injection tesc using

this ring are also described.
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1. INTRODUCT.ON

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'>?) 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
NUMATRON, TARN, which is a test facility not only for studying multiturn
irjection and RF stacking but also for integrating various tecinical
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,
three Wideroe linacs, two Alvarez linacs and two synchrotrons (Fig.l).

Two identi~ 1 preaccelerators are arranged symmetrically in order :o
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 accelerared o a constantvelocity. After passing through the
buncher section, ions are injected into a row of three Widerce linacs of
a resonant frequency of 25 MHz. The first and the second are operated in
~-3~ mode and the third in ©-7 mode. The las: 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
obrain an efficient acceleration. The injector linac specifications are

shown in Table 1.



Operation Mode

Synchrotron Phase (deg.)

T/A (MeV/u)
VCC )

€
L (m)

AT/ (L-g) (MeV/m)
Zopg (MQ/m)

Power Luss (MW)
Q-magnet Scquence
G (kG/em)

cosu

Aperture (nmd)

Admittance (mm mrad)

Table 1
Widerse 1

=37, 38 gaps
-30.0
0.015 - 0.146
0.562 ~ 1.768
0.0294 (v7™)
5.5
0.85
67.8
0.076
FDFD
10.0 - 3.18
0.849
20, 25, 30
114 =

Vidorde 2
~=37, 20 paps
-30.0
0.146 - 0.305
1.768 = 2.557
0.0294 (u™h
5.4
1.00

Tue Tnjector Linac Specificatiens

Widerte 3

m-7, 36 gaps
-30.0
0.305 ~ 1.102
2.557 - 4.861
0.0672 (u'h
8.0
1.49
47.6

0.494
FFDD
3.50 - 1.83

0.572
35
127 =«

Alvarez 1

2m, 46 gaps

~-25.84

7.5
0.988
41.8 - 43.4
0.206
FFDD
4.00 - 3.30
0.906
40
248

120 - 1.603
.861 - 5.859
L0672 (Ut

Alvarez 2

2n, 108 gaps

-25.84

1.600 - 10.023
5.854 - 14.553
0.193 (u*sh

32.1
1.36
43.3 - 31.6

1.903
FFDD
3.30 -~ 1.33

0.906
40
203

9c¢e
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Fig. 1 Layout of NUMATRON

Final stage of the accelerator complex is composed of two synchrotrons.
The first syachrotron 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.3)
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 secnond
rin . where uranium ions are accelerated up to the maximum energv of 1270
MeV/u. The transition energy of the second synchrotron is 4.33 fieV and no
ions are accelerated through the transition energy. The overation
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 heams to the extraction
erergies. 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 = 47,0 kG, s—l, and then the
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required RF peak voltage is around Beam Spill Out (U32*, 1300 Mev/u)

i

2C kV for the synchronous phase

~ Injection
angle of 30°. On the other hand, Toors,

AN

Acceleration
280 SYNCHROTRON

stripping

the energy spread of the ac-

is 200 keV for the stacked

Fast Bjectlon (U%6*, 250 Mev/u) i

number of 50, and the required
peak RF voltage is determined so ////r“\\\\ Stacking
g -

cumulated beam in the first ring {

C

Operation J
)
A

that the separatrix well covers the ,‘ . I}
15T SYNCHROTRON
energy spread of the beam, namely J

80 kV. el

The required vacuum in the L————————J—__
first ring is 2 x 107'! torr for Lizac
a survival rate of 90 % after an 0 100 200 (as)

injection period of 1 sec, whereas

in the second ring, 1 x 10_9 Fig.2 Operation Scheme of the
torr suffices to achieve the Accelerator Complex
above survival rate because of its

high energy operation. The output intensity of uranium is typically
estimated at 10° particles per second, whereas for ions lighter than

Z ~ 20, it may be 10'! 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
against 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.



Table 2

A. Particle, Energy and Intensity

Particle Max. Energy (GeV/u)

U92+
Rr35+
Ne30+

B. Injector

Cockcroft-Walton (500 KV)
Widerde (m-3m)

Widerpoe (m-3m)

Stripping

Wideroce (m)

Alvarez

Stripping

Alvarez

C. 1st Synchrotron

Injection Energy

Maximum Energy

Repetition Rate of RF Stacki
Momentum Spread of Stacked B
Useful Aperture rad
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Numatron Parameters

1.27
1.47
1.81

T/A(MeV)

0.0147
0.146
0.305
1.10
1.60

10.0

ng
eam
ial

vertical

Vacuum
Space Charge Limit
Number of Particles/sec

D. 2nd Synchrotron

Guide Field (Bpay!
Quadrupole Field (dB/dr)gax
Repetition Rate

Magnetic Radius

Average Radius

Circumference

Number of Normal Periods
Number of Long Straight Sect
Focusing Structure

Useful Aperture

Number of Betatron Oscillati

ions

radial

vertical

ons

Phase Advance per Normal Period

Vacuum

Freq.
(MHz)

25
25
25
100

100

Intensity (pps)

+ 10°
n 10i %

v

10t1%

*Space Charge Limit

B(v/c)

0.006
0.018
0.026
0.048
0.0*

0.140

0

£(q/A)

.029u™h

0.067(u'*™h

0

2

193¢y

10 MeV/u
250 MeV/u
100

* 0.7 %
18 cm

5 ¢cm

107" torr

18.0 kG
1.38 kG/cm
1 Hz

9.55 m
33.6 m
211.2 m
24

8

FODO

9 cm

3.5 cm
6.25

70°

107% torr
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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 1%t 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
1.332 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
such as N*F is 10'° particles.
The lifctime 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 ~3x10" '’
cm?, the required pressure

in the ring is 1 x 107'% torr

for a survival rate of 907 during a stacking time of 1 sec.

Sections,

IE g

(ave4

— ™ ]
s n
H T T
17 |
1
™
Y L]
@Al w2 ks
o

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
Quadrupole magnet. ST Steering magnet.
KM : Kicker magnet. S : Slit system.

EM : Emittance monitor. P : Profile
monitor. VP PumpZng system.

In followine

the design and performance of the rine are descrihed.
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Table 3. Parameter List of the TARN

General
Beam energy (for N5H 8.56 MeV/u
Magnetic field B = 8.574 kG
Bending radius p=1.333m
Mean orbit radius R =5.06m
Revolution frequency fo = 1.259 MHz
Betatron v values Vg = 2.250
v, = 2,200
Vacuum pressure 1 x 16—10 torr
Injection scheme Multiturn injection
Magnet and Lattice
Number of normal cells 8
Number of superperiods 8
Number of long straight sections 8
Periodic structure QF B Qp O
Bending magnets
Number 8
Gap 70 mm
Pole width 258 mm
Good field aperture 40 X 170 mm?
Quadrupole magnets
Number 16
Length 0.20 n
Field gradient kg = 0.240 kG/cm
kp = 0.435 kG/cm
Momentum compaction factor Maximum = 1.70 m
Minimum = 1.01 m
Average = 1.41 m
Betatron amplitude function (x) ()
Maximum = 4.94 m 5.5l m
Minimum = 1.08 m 1.18 m
RF Stacking System
Frequency 8.81 =z
Harmonic number 7
Maximum accelerating voltage 1.1 kV
Number of cavities 1
Total RF power 1.3 kw
Stacking parameter
Momentum spread of the stacked beam 2.469 ¥
Momentum difference between the injection orbit and stack top 6.289 ¥%
Repetition rate 50 Hz

Maximum RF stacking number 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,

(b)

Fig. 4 a) Total view of the TARN. b) Vacuum system,
arranged tentatively before the installation into the

magnet gaps.

respectively,
determined by
considering *he
synchroniz n
between the .F system
of the TARN with 2
harmonic number 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 bheam into

2

account, The aperture of the hending magnet is 70 (height) x 258 (widtl) mm
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including the thick-

263 2198 - ] \,

ness of the vacuum
chamber wall, 4 mm,

and spaces for heat

N
.\
AU T ¥

LT

]/‘j(‘j/\‘
X1

insulation elements

and distributed ion

[/~

pumps. The radius of

the inscribed circle

of the quadrupole

T

\\I/\.//“\ v
27N
7o

magnet is 65 mm.

The bending magnet

\\
o
v

~

Y./
/.

is a window-frame

i/

5/

type, which has merits

Fig.5 The work lines of the TARN. A and B of compactness of the

represent the cases of the ideal and real magnets structure and good
. . 1

systems, respectively. Other lines ( L v R )

represent the work lines with corrections.

In order to avoid the sagitta due to the small radius of curvature,

field uniformity.

1.333 m, the magnet is fan~shaped. The edges of