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Foreword 

"Nothing happens unless first a dream." 
-Carl Sandburg 

The Exploratory Studies Group is dedicated to advanced investigation of 
accelerators and radiation, primarily in the area of charged-particle beams 
and photon beams. Its primary mission is to explore the next steps in the 
development of particle accelerators and storage rings, which are important 
both for high-energy physics and for the wide range of disciplines now 
turning to synchrotron-radiation sources and free-electron lasers. Our 
research is therefore deeply committed to LBL's institutional goal of becom
ing a center for the generation and use of coherent and incoherent electro
magnetic radiation of exceptional brightness, as well as for generic research 
on the future development of accelerators. 

A significant fraction of our effort is dedicated to general accelerator
physics research for facilities on the immediate horizon, but a vital part of 
our activities comprises research into exotic possibilities for charged-particle 
production, accumulation, acceleration, and storage. During this report 
period, we were proncipally involved in four general areas of study: 

(a) Accelerator-physics research for the Advanced Light Source, the 1-2 
GeV synchrotron radiation source now under construction at LBL. 

(b) In collaboration with the Stanford Linear Accelerator Center, both 
the conceptual and the detailed design of PEP-II, an energy-asymmetric 
electron-positron collider, based on the PEP ring at SLAC and d esigned to 
serve as a B-meson factory. 

(c) Studies of ultraviolet and infrared free-electron lasers based on linear 
accelerators and storage rings, in particular the conceptual design of an 
infrared free-electron laser for the proposed Chemical Dynamics Research 
Laboratory at LBL. 

(d) Generic high-energy accelerator-physics and photon-beam research 
directed far into the future to envision facilities that would employ new 
techniques of particle-beam acceleration and storage and photon-beam 
generation. 

In the context of category (d), we are carrying out a variety of studies. The 
subjects include next-generation TeV-scale linear colliders; facilities that would 
allow fundamental particle-physics research at lower energies (high-luminosity 
meson factories, for example); topics in beam-plasma physics; systems and 
components for high-brightness particle beams; fundamental limits on accelera
tion and beam luminosity; and techniques for generating and detecting 
femtosecond x-ray pulses. Theoretical studies in nonlinear dynamics and 
mathematical physics are a common thread through all these areas. 

In addition, we are deeply committed to the education and training of 
physicists who will playa crucial role in accelerator-related sciences, and we 
continue our international involvement in accelerator research through 
collaborative and advisory interaction with other institutions and laborato
ries around the world. The following pages provide a flavor of our multifac
eted activities during 1990 and 1991. 

Swapan Chattopadhyay 
Group Leader, Exploratory Studies 
March 1992 
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5. 
EXPLORATORY 
STUDIES 

T HE TWO MAJOR ACCELERATOR-BASED INITIATIVES launched in 
1989 with the support of the Exploratory Studies Group continued their 
progress. PEP-II, a proposed energy-asymmetric B-meson "factory" based on 
the PEP (Positron-Electron Project) ring at the Stanford Linear Accelerator 
Center (SLAC), has been the subject of ongoing research, design, and devel
opment and has stimulated great interest in the worldwide high-energy 
physics community. Meanwhile, our ongoing research into free-electron la
sers and high-brightness electron and photon sources is coming to fruition in 
the proposed Chemical Dynamics Research Laboratory initiative, which fea
tures a high-performance infrared free-electron laser (IRFEL). 

Other topics of special relevance to various research communities are 
important in our work. We continue to search for and explore techniques for 
generating ultrashort bursts of x-rays lasting tens to hundreds of 
femtoseconds. Members of our group have played major roles in the initial 
commissioning of the Advanced Light Source injection complex (see Chapter 
3 of the AFRO Summary of Activities), and we are studying ideas for an ex
perimental facility that would use the ALS linac during the considerable 
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EXPLORATORY STUDIES 

spans of time between the ALS injection cycles. Work continues in accelera
tor theory and nonlinear dynamics. The Collider Physics section has contin
ued its long-range Two-Beam Accelerator research. And the Beam Control 
Electronics section, in addition to contributing to and supervising the multi
laboratory B-factory rf and feedback design efforts, worked on beam-cooling 
improvements for the Tevatron's antiproton source and is supporting the rf, 
impedance, and feedback aspects of the ALS. 

In recent years the high-energy physics community has become increasingly inter
ested in "B factories, " which would produce B13 pairs for fundamental studies of 
charge-parity (CP) violation and rare B-meson decays. Several schemes for copious 
B13 production in electron-positron collisions have been advanced in the literature. In 
collaboration with the Stanford Linear Accelerator Center (SLAC), Lawrence 
Livermore National Laboratory (LLNL), and the California Institute of Technology, 
we are designing a facility based on one of the most promising schemes: PEP-II, a 
collideI' with one high-energy ring and one low-energy ring, built in the PEP tunnel 
at SLAC and re-using many PEP components. Such a collider would be scientifically 
and economically attractive. 

During 1990 and 1991 the collaboration continued refining the design of a B 
factory in which a 9-GeY electron beam in PEP collides with a 3.l-GeY 
positron beam circulating in a new storage ring. The new low-energy ring 
will be the same circumference as PEP and will be mounted above it in the 
existing tunnel, as shown in Figure 5-1. Using the same circumference 
permits equal numbers of bunches in the two rings, even if a gap in the 
bunch train is left in the high-energy ring to combat ion trapping. Moreover, 
a large low-energy ring provides a long luminosity lifetime (the relative loss 
in luminosity from beam-beam collisions scales inversely with ring circum
ference). The chosen energy combination reaches the Upsilon (4S) resonance, 
at which BE pairs are produced in the abundance required for the study of 
CP violation. The challenge in the design of a B factory is to reach an initial 
luminosity of 3 x 1033 cm-2 S- 1, more than an order of magnitude beyond the 
luminosities achieved to date in electron-positron colliders. 

In principle, all of the relevant parameters-the ratio of the cross sections 
of the two beams, the beam current, the beam-beam tune shift, the beam 
energy, and the vertical beta function at the interaction point-are adjustable. 
In practice, however, the beam-beam tune shift cannot be increased beyond a 
certain value, which has been determined experimentally in many colliders 
to lie in the range of 0.02-0.06. Similarly, a collision energy at the Upsilon 
(4S) resonance implies that the product of the beam energies must be 28 
Gey2. Thus, only three parameters-the beam-size ratio, the beam current, 
and the vertical beta function at the interaction point-are fully at the 
disposal of the accelerator designer. 

The chosen luminosity, 3 x 1033 cm-2 S-1, has been shown to be adequate 
for beginning the study of the key physics issue, CP violation. However, if 
more-detailed measurements are subsequently desired, additional develop
ment work should permit the design to reach even higher luminosities. 
Given the limitations caused by the beam-beam interaction-which we take 
for our design to correspond to a maximum tune shift of 0.03-a great 
increase in luminosity implies that the high-current beam must be separated 
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Figure 5-1. The proposed asymmetric 
B factory, PEP-II, would be built in the 
Positron-Electron Project tunnel and 
would use a substantial amount of the 
existing hardware for the PEP collider. 
(Artist's impression courtesy SLAC) 
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into a large number of individual bunches (1658 in 
our design). This approach involves a design in 
which the single-bunch parameters (emittances, 
bunch lengths, currents, tune shifts, etc.) are well 
within present practice for colliders. Our choice 
does not exacerbate problems with coupled-bunch 
instabilities, yet avoids problems from single
bunch effects. 

Since the beginning of the conceptual-design 
phase of the project, a number of design issues 
have been clarified, and most of the design choices 
have been made. Particular topics that have been 
investigated include: 

• Heat load on the vacuum chamber wall from the synchrotron radiation, 
which can reach 10 kW 1m at maximum beam current in the high-energy 
ring. 

• Gas load from the synchrotron-radiation photodesorption in the high
energy ring. 

• Damping of the higher-order-mode impedance of the rf sys tem, which 
drives strong coupled-bunch instabilities. 

• Separation of the closely spaced beam bunches near the interaction point 
while minimizing detector backgrounds. 

5-3 



EXPLORATORY STUDIES 

For PEP to serve as the high-energy 
ring, several of its systems must be 
significantly upgraded to deal with the 
issues listed above. Foremost among 
these are the rf and vacuum systems. 
The rf system for the B factory will 
consist of 20 single-cell cavities, opera t
ing at a frequency of 476 MHz in order 
to phase-lock the storage ring rf system 
to tha t of the 2856-MHz injector (the 
"two-mile linac" also used to inject the 
Stanford Linear Collider). This choice 
of frequency minimizes injection phase 
errors, which contribute significantly to 
the power demands of the multibunch 
feedback system. The cavity design 
itself is aimed at minimizing the 
higher-order-mode impedance contri
bution of the rf system. 

To handle the high synchrotron 
radia tion power and to minimize 
photo desorption of gas, copper was 
chosen as the vacuum-chamber mate
rial. A number of experimental studies 
confirmed that a desorption coefficient 
of roughly 2 x 10-6 will be achievable 
for copper after proper pretrea tment 
and conditioning with a beam. A 
copper chamber has the additional 
benefit of being self-shielding against 
the synchrotron radiation produced by 
the beam . 

After a number of detailed studies, 
we have decided to utilize a conven
tional "flat-beam" configura tion for the 
rings. This choice was dictated prima
rily by the desire to reduce the synchro
tron radiation produced near the 
interaction point to a more-manageable 
level. With optics designed to focus a 
round beam at the interaction point, 
approximately 750 kW of synchrotron 
radiation would be produced in this 
region; the use of flat-beam optics 
reduces this by about an order of 
magnitude. Furthermore, using flat 
beams makes it possible to lower the 
vertical beta functions at the interaction 
point by a factor of 2 compared to the 
round-beam case, and thus to retain 
essentially a constant luminosity at a 
given beam current. (There is some 
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B Decays al1d CPT Symmetry 

Judging particle interactions by the standards of the familiar, 
macroscopic world, one would think that if a process and the 
participating objects were replaced either by their antima tter 
equivalents or by versions of themselves as seen in a mirror, the rate 
of the process would remain the same. It seems equally intuitive that 
reversing a process would yield the original participants, much as 
though one were running a movie in reverse and watching the actors 
run backwards in their own footprints. 

But on the scale of subatomic particles and the quarks that make 
them up-a scale where the "weak interaction" becomes the 
strongest of forces-the first two rules, called "conservation of 
parity" and "charge conjugation," are not necessarily obeyed. Not 
even CP symmetry, which combines both rules, necessarily holds 
true. The remaining variable is time; we are left with CPT 
symmetry-a scheme in which C, P, and CP symmetry violations 
can occur, but only if the arrow of time is allowed to take a different 
course when reversed, going back to a different beginning. 

Thus far, CP violation has been observed through asymmetries in 
the decay modes of the neutral K meson and its antiparticle. The KO 
and j(0 contain an unusual quark, the "strange" quark, which is not 
found in the group of quarks that make up ordinary matter. The K 
decays in a wide variety of fashions (it is axiomatic that every decay 
mode not expliCitly forbidden must eventually occur) . In a few of 
these modes, the KO decays a few tenths of a percent differently than 
the i(o, a sign of CP violation. But studies of the K system have left a 
grea t many questions unanswered about the mechanisms and 
magnitude of CP violation. 

The B meson, which contains a different unusual quark ("bottom" 
as opposed to "strange"), is predicted by the Standard Model of 
Particles and Interactions to have asymmetries as great as 30% in 
some rare decay modes. This makes it a very promising candidate 
for CP-violati0E- studies. However, the branching fraction- the 
proportion of BB pairs that will not only decay through the lIDusual 
modes but also violate CP symmetry in doing so-is only about 10-4 
to 10-5 Therefore, about 107 to 108 BB pairs will have to be produced 
in order to get good CP-violation statistics. This requirement, 
implying the need for a great many e+e- collisions, brings us to the 
luminosity frontier of accelerator p hysics, whose techn ica l 
challenges are described elsewhere in this chapter. 

The ultimate goal of this research is to enhance the Standard 
Model-today's partial theory of the building blocks of nature and 
how they interact-or replace it with a new, more-satisfactory 
theory. In either case, CP violation will have to be better quantified, 
and its origins will have to be explained. The present Standard 
Model does not disallow CP violation but does not explain it either. 
These studies also have ramifications beyond particle physics. 

In 1967, not long after the discovery of CP violation, Andrei 
Sakharov pointed out that it might explain one of the longstanding 
riddles of cosmology: why the universe was not born with equal, 
evenly distributed quantities of matter and antimatter that would 
aImihilate each other whenever they interacted. For some reason, the 
laws of nature appear to prefer matter over antimatter-a 
phenomenon that makes possible the physical universe we see every 
day. Such will be the implications of the research at PEP-II. 



Figure 5-2. An S-bend design for 
a head-on collision configuration 
was chosen for the interaction 
region of the initial PEP-based B 
factory. This layout does not rule 
out a possible future upgrade in 
which flattened beams would 
cross "crabwise" at a finite angle. 

Chemical 
Dynamics Research 
Laboratory 

Chemical Dynamics Research Laboratory 

suggestion from simulations that round beams may permit a greater beam
beam tune shift. However, it does not seem likely that such a tune-shift 
increase would permit a reduction in beam current sufficient to obtain a 
reasonable decrease in the synchrotron-radiation power near the IP.) 

For the initial collider configuration, we intend to employ head-on 
collisions, using the S-bend geometry illustrated schematically in Figure 5-2. 
An alternative scheme, involving a non-zero collision angle along with tilted 
bunches ("crab crossing"), offers the potential advantage of reduced back
ground at higher luminosities, but will require significant R&D effort to 
verify its performance. Although we do not think it prudent to adopt this 
scheme immediately, the possible benefits have convinced us to retain crab 
crossing as a possibility for a future upgrade. 

At present, most of the problems have been addressed in a satisfactory 
manner and technical solutions are in hand. We are now involved in the 
detailed engineering design of the various components. A conceptual design 
report was submitted to the Department of Energy in February 1991 and was 
successfully reviewed that March. 

LEB exit 
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XBL 9110·6812 

r Interaction 
region 

HEB exit 
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The Chemical Dynamics Research Laboratory (CDRL) is a key new facility in the 
multi-laboratory Combustion Dynamics Initiative (CDI). The COl is being put 
forward by the DOE's Division of Chemical Sciences to provide a foundation in 
chemistry and combustion science and technology for enhancing energy and envi
ronmental efficiency, securing future energy supplies, and enhancing environmental 
quality--all key parts of the National Energy Strategy. The focus of the COl is on 
cleaner, more efficient combustion of fossil fuels. They account for more than 90 
percent of u.s. energy consumption, a situation that will continue well into the next 
century. Even an increase in combustion efficiency or pollution reduction of a few 
percent would have tremendous payback. Such improvements might be achieved by 
starting with a systematic understanding of the fundamental chemistry of combus
tion and related industrial processes. 
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EXPLORA TORY STUDIES 

The research proposed for the CDRL (sidebar) is aimed at gaining a rigorous, 
molecular-level understanding of the chemistry of the combustion process. This 
understanding will lead to enhanced combustion efficiency and reduced production 
of pollutants. Success in these areas is of critical importance to the nation's environ
mental quality and economic competitiveness. 

The CDRL is proposed for LBL with significant participation by Sandia Na
tional Laboratories (SNL). Because of the complementary research capabilities of the 
two laboratories, this partnership will enable progress that would be beyond the 
reach of either laboratory acting alone. SNL researchers will be responsible for the 
construction and operation of some of the experimental equipment, and will playa 
key role in the scientific program and the transfer of combustion technology to 
industry. 

Research in combustion and reaction dynamics is generally dependent upon 
advanced technologies and techniques. At LBL, a national user facility called 
the CDRL will bring the key technologies together for the first time. At its 
heart is the infrared free-electron laser (lRFEL), which has been the subject of 
a great deal of work by our group. The IRFEL, together with two ALS 
beamlines, various optical lasers, and state-of-the-art molecular-beam 
machines, will enable research that will have a great impact on our under
standing of chemical dynamics and combustion chemistry. 

The IRFEL will be installed in a new building adjacent to the ALS (Figure 
5-3) so that photon beams from both facilities can be delivered to the experi
mental stations. The ALS beamlines have been another area of study and 
development by our group, in collaboration with the ALS staff and the 
Center for X-Ray Optics. Advanced optical lasers are being designed by 
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Figure 5-3. The four-story CDRL 
building will be located adjacent 
to the ALS so that the IRFEL and 
conventional-laser beams can be 
brought together with UV and 
soft-x-ray beams from the ALS. 
The CDRL main experimental 
hall, on the first fioor, will be 
served by one bending-magnet 
beamline and one insertion
device beamline from the ALS. 
The upper stories will provide 
office space for CDRL users; the 
large IRFEL will be built in a 
radiation-shielded vault in the 
basement. 



IRFEL Design Progress 

Figure 5-4. The room-temperature 
IRFEL design uses 1300-MHz 
side-coupled standing-wave 
linacs. Two sections of standing
wave L-band linac accelerate 
electrons up to 50 MeV. The 
sequence of a thermionic gun, two 
low-frequency bunchers, and an 
L-band buncher establishes a 
micropulse width that can be 
varied in the 10-20 ps range. The 
system operates in a pulsed mode, 
with a macropulse duration of 100 
Ils, repeating at a rate of 60 Hz. 
Coherent infrared radiation is 
produced with a variable-gap 
undulator and an 8.2-m-long 
optical cavity with a broadly 
tunable outcoupling scheme. 

Gun and 
Injector 

Chemical Dynamics Research Laboratory 

colleagues from both the University of California at Berkeley Chemistry 
Department and Sandia National Laboratories. These collaborators have 
been deeply involved in the design of experimental facilities and in the 
development of the research program. 

A conceptual design of a room-temperature IRFEL was completed in Febru
ary 1990. The FEL can operate in synchronization with the ALS and produce 
intense (up to 100 !lJ per micropulse), narrow-band « 0.1 %) radiation with 
wavelengths tunable in the 3-50!lm range. The design, shown in Figure 5-4, 
uses two sections of standing-wave L-band linac to accelerate electrons up to 
50 MeV. The sequence of a thermionic gun, two low-frequency bundlers, and 
an L-band buncher establishes a micropulse width that can be varied in the 
10-20 ps range. The system operates in a pulsed mode, with a macropulse 
duration of 100 !lsec, repeating at a rate of 60 Hz. Infrared radiation is 
produced with a variable-gap undulator and an 8.2-m-Iong optical cavity 
with a broadly tunable outcoupling scheme. 

Particular attention was paid to stability and tunability, which are crucial 
for the users' needs. A detailed analysis of the response of the electron beam 
fluctuation on the FEL characteristics was carried out through analytic 
calculation and numerical simulation. Also studied were various sources of 
fluctuations in the gun, bunchers, and accelerating sections, as well as 
feedback and feedforward schemes to reduce these fluctuations . Our studies 
show that the FEL spectrum can be stabilized to about 0.1 % using this 
approach. 

A standing-wave structure was chosen for the linac because of the need 
for electron-beam stability. Spectral stability could be further improved to 
about 0.01 % by introducing a grating into the optical cavity, but at the price 
of reduced tunability. Various schemes to couple out the optical beam over 
the entire wavelength range were evaluated. Hole coupling with metallic 
optical components appears to be the most promising of these approaches in 
terms of power handling and bandwidth capability. With a new computer 
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code, the performance of the hole
coupling resonator was analyzed. 

An alternate technical approach 
has been explored that takes advantage 
of recent developments in the technol
ogy of superconducting rf linacs. An 
FEL based on superconducting acceler
ating cavities could be operated in the 
continuous-wave (cw) mode instead of 
in a pulsed mode, providing an oppor
tunity to reduce the wavelength 
fluctuations to 0.01 % and to operate 
with significantly increased average 
output power. 

A preliminary design has been 
developed using 500-MHz rf cavities 
operating at 4 K, as shown in Figure 
5-5. The gun and low-frequency 
bunchers are similar to those in the 
room-temperature design, but the three 
L-band accelerating structures are 
replaced with superconducting struc
tures. The accelerating gradient is 5 
MV 1m, so a single pass will accelerate 
the beam to -30 MeV, corresponding to 
an infrared wavelength of 10 !J.m. A 
recirculation loop (sidebar) could be 
used to further accelerate the beam to 
50 MeV, needed to reach 3 !J.m. Such a 
structure could be operated with a 
continuous-wave (cw) electron beam 
rather than a pulsed beam, which 
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Research Prospects 

The CDRL, with its IRFEL and advanced lasers, will complement the 
ALS, which upon completion will be the world's brightest source of 
soft x-rays for basic and applied research. Collaborative CDRL 
researchers from industry, universities, and national laboratories will 
use the unique features of ALS x-ray beams-high spectral 
brightness and very short pulse length (nominally tens of 
picoseconds). Undulators in the storage ring will provide somewhat 
spatially coherent radiation-sometimes referred to as "laserlike"
that is broadly tunable across the soft-x-ray to ultraviolet regions of 
the electromagnetic spectrum. 

The CDRL experimental systems will be used by collaborative 
researchers for dynamic, spectroscopic, and structural studies of 
highly reactive molecules. Many of these are created during the 
early stages of combustion. These studies will take place in an 
experimental hall where light from the IRFEL, the ALS, and 
advanced conventional lasers (Figure 5-6) can be directed into 
experiment stations to study the dynamics of fast-moving chemical 
processes in detail. Such fundamental knowledge-which is beyond 
the reach of existing experimental facilities-is crucial for improving 
the efficiency of combustion and controlling the formation of 
pollutants. 

Other tBL divisions/ the University of California at Berkeley, and 
Sandia National Laboratory-Livermore are prominent among . the 
organizations whose scientists are developing the CDRL research 
program. Research results will feed directly .into U.S. industries 
concerned with cleaner combustion, alternative fyel supplies, 
reduced pollution, and improved industrial processes. Many regions 
of the nation face significant economic curtailment during the 
c,oming decades if air pollution from mobile and stationary sources is 
not controlled more effectively. The CDRL can provide a foundation 
of fundamental understanding that will enable long-term success in 
solving tbese problems. 
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Figure 5-5. This IRFEL, based on 
SOD-MHz niobium-titanium 
superconducting linacs, is being 
studied. A superconducting linac 
would allow continuous rather 
than pulsed beams and would 
lend itself to various recirculator 
options. 



Figure 5-6. A key to the scientific 
potential of the CDRL is the 
unprecedented integration of several 
technologies over a wide spectral range. 
Tunability, synchronization 
capabilities, and time resolution on the 
order of picoseconds are among the 
other important features of the 
proposed facilities. 
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An Advanced IRFEL Option 

We have speculated extensively on future possibilities that could be 
implemented either in a CDRL upgrade or in some other facility. 
One of them isa recirculating, superconducting accelerator. 

In the present design, as in nearly all linacs, the electron beam 
makes a single pass through the accelerating cavities. But a number 
of laboratories have been examining superconducting, reCirculating 
linacs. (The concept is, in fact, at the heart of the Continuous Electron 
Beam Accelerator Facility, which is being built in Newport News, 
Virginia.) Although complicated and not without technical risk, 
recirculating linacs offer great promise for achieving high beam 
energies and intensities in relatively short accelerators. 

With an extra, in-phase pass through the accelerating cavities, the 
beam could reach an energy of 50 MeV, grt:;atly extending the short
wavelength capability of the IRFEL. In another operational mode, the 
recirculated beam could instead be introduced into the cavities 180· 
out of phase with the rf. This would decelerate the beam, putting its 
power back into the rf cavities in a sort of flywheel effect for use on 
the next pulse. The electron beam, and hence the optical beam, 
would be quite powerful. 

Our work on the recirculation scheme is only beginning to " 
address sud:t important issues as isochronous beam transport and 
safe dumping of energetic, intense beams. Nor has it examined in 
detail the physical logistics of building the system (with, possibly, a 
longer lasing cavity) in the CDRL shielding vault. However, these 
speculative, long-range studies point the way to the future of the 
CDRL and help uS"avoid inadvertently making decisions (such as the 
placement of thick concrete shielding walls) that would lock out 
future options. 

implies a time-averaged optical power 
in excess of 600 W. We continue to 
study the technological and scientific 
implications of operation at this high 
power. Table 5-1 compares this option 
with the room-temperature design. 
Note especially the tremendous 
increase in average optical power, 
achieved without sacrificing beam 
quality. 
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Table 5-1. Proposed IRFEL Characteristics 

Accelerator 
Type 
RF frequency (MHz) 
Maximum energy (MeV) 

General properties 
Wavelength A (11m) 
Linewidth 
Bandwidth stability OA/A 
Intensity stability 01/1 
A verage power (W) 

Micropulse 
Energy (11J) 
Duration (ps) 
Repetition rate (MHz) 

Macropulse 
Energy (J) 
Duration (ms) 
Repetition rate (Hz) 

Room Temp 

SW side-coupled 
1300 
56 

3-50 
transform-limited 
10-3 

0.1 
.s:20 

100 at 50 MeV 
10-25 
36.6 

0.36 
0.1 
60 

Superconducting 

seA 
500 
- 50 

3-50 
transform-limited 
10-4 

.s: 0.1 

.s: 600 

50-100 at 50 MeV 
",,30 
6.1-12.3 

> 10 
flexible to cw 

In the ALS, the site of photon-beam generation is an electron storage ring with a 
predicted useful beam lifetime of several hours. The injection linac will be idle for 
several-hour stretches between injection cycles. A variety of interesting experiments, 
including plasma focusing, tests of accelerator structures, and generation of 
"chirped" photon pulses, could be conducted with that high-quality 50-MeV electron 
beam. We have proposed an initiative that would use the linac's "dead time" for a 
highly productive and cost-effective program in beam physics with minimal disrup
tion to ALS operations. Currently, both the facility itself and the possible research 
program are being examined in more detail in the wake of encouraging comments 
from LBL's 1991 DOE High Energy Physics Review. 

Figure 5-7 shows the proposed facility. Most of the focusing magnets for the 
beamline, which takes a 180 · bend into the new cave, appear to be already on 
hand, left over from decommissioned caves at the SuperHILAC: An effort is 
underway to evaluate the supply of salvaged magnets for appropriateness. 

We anticipate that most experiments would be entirely transparent to 
ALS operations, involving no changes in the electron-gun and linac settings. 
Some special experiments might call for temporarily changing the relative 

* A heavy-ion linear accelerator at LBL that formerly supported its own experimental program 
in nuclear chemistry but is now used only as an injector for the Bevatron. For more information 
see Chapter 7, "Bevalac Operations," of the AFRO Summary of Activities. 
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Figure 5-7. Because the ALS is 
based on a storage ring, the 
injector linac will be idle much of 
the time. This affords a highly 
cost-effective opportunity to 
develop a facility for beam
physics research. 
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amplitude and phase settings of the two linac tanks; others might require the 
gun pulser and the grid voltage to be turned up to their maximum capacity 
in terms of charge extraction and pulse-train length. The linac would remain 
under the overall control of the ALS throughout. 

Many interesting experiments could be performed with this conveniently 
available, short-pulsed, low-emittance electron beam. These four candidates 
appear especially attractive. 

Beam-Structure Interaction Studies. Several kinds of special-purpose 
structures interrupt the smooth beam pipe of an accelerator, including rf 
cavities, pickups and monitoring devices, and beam-manipulation devices 
such as kickers. These structures interact with the electron beam electromag
netically, limiting the maximum current which can be stored. Usually, 
elec tromagnetic characterization of such devices can be performed only 
through indirect stra tegies such as launching microwaves down the device 
or running rf along a wire stretched through it. The new facility would make 
it easy to measure a test object's response to an actual electron beam. 

FEL Beam-Conditioning Cavities. The gain of a free-electron laser is 
limited by the energy spread and emittance, in three dimensions, of an 
electron beam. In principle, special rf cavities could be built that would 
couple these parameters, allowing one to respond to changes in the other 
and preserving the best possible combination. The facility would allow us to 
examine various candidates for beam-conditioning cavities and determine 
whether the idea can be realized in practice. (See "Beam Conditioning" in the 
Collider Physics section of this chapter.) 

Chirped Radiation. Today, the shortness of synchrotron photon pulses is 
limited by, and comparable w ith, the shortness of electron pulses. An idea 
has evolved in our group for chirping' conveniently long (lO-ps) electron
beam bunches to produce photon pulses that are much shorter. To chirp the 
elec tron bunch, that is, to give it a systematic energy tilt in phase space of 
5-10%, we would "slide" it along the rf waveform of the linac by differen
tially phasing the two sections of the linac. Then photons would be pro
duced, either magnetically in an undulator or through Compton scattering 
against a powerful laser beam. Since the head and tail of the bunch would 
have different energies, they would radiate at different wavelengths. A 
spectroscopic grating could then be used to select only one narrow slice from 
this band of wavelengths. Because the photons would come from a pulse 
rather than a continuous beam, a narrow slice of wavelengths would also 
mean a narrow slice of time. Applications include the many potential uses of 
sub-picosecond x-ray bursts, as well as, possibly, diagnostics for linear 
electron colliders. 

Plasma Focus. When a relativistic electron beam passes through a 
plasma, electromagnetic interactions focus the beam. To date, most work 
with the plasma-focus concept has involved thin "lenses." Continuous 
plasma focusing holds the promise of overcoming the so-called Oide limit-a 
fundamental limit of focusability arising from statistical emission of high
energy photons in a sharp focusing bend . Our plans for the proposed facility 
include a proof-of-principle test of an idea from our group's Collider Physics 
section. The idea is a long, continuous plasma focus in which diaphragms 

, A term for a small, rapid change in energy during a pulse, historically based in radio 
transmission of Morse code. 
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Accelerator Physics 
for the ALS 

Beam Lifetime 

Figure 5-8. A combination of 
several resonance effects limits 
the dynamic aperture of the ALS 
storage ring for off-momentum 
particles. This reduces the beam 
lifetime, as shown in this plot of 
beam current vs. time for various 
degradations (1.5%, 2.5%, and 
3.5%) of the energy aperture of the 
storage ring. The plot assumes a 
1-cm (worst-case) gap at the 
insertion devices and realistic 
errors in magnetic fields. 

Accelerator Physics for the ALS 

and differential pumping combine to taper the plasma density. The density 
would be tapered from about 1 x 1010 to 5 X 1012 cm-3 over a length of 0.5 m. 
We hypothesize that, at 5 MeV, such a device could focus a beam with a 
3-mm cross section into a 400-l1m spot. 

Members of the Exploratory Studies Group have been involved in the Advanced 
Light Source from the outset, focusing primarily on the immediate needs of the 
project but also investigating many basic physics issues involving high-brightness 
electron storage rings with numerous insertion devices. Much of this research is 
highly generic and is relevant, for the most part, to any third-generation source, as 
well as to storage-ring-based free-electron lasers and to compact damping rings 
envisioned for high-energJj linear colliders. 

One of the significant achievement of the ALS-support effort came out of a 
detailed study of beam lifetime in the ALS ring. This study, which included 
computer simulations, revealed that one particular loss process-a version of 
Touschek scattering-will be especially important among the factors that limit 
beam lifetime. In this process, the interaction of various resonances was seen 
to reduce the dynamic aperture* of the ring for off-momentum particles when 
synchrotron oscillations were taken into account. As shown in Figure 5-8, this 
will make the beam lifetime slightly lower than expected. We expect that small 
adjustments of the overall tune of the storage ring might partially compensate 
for this effect; we are now exploring this possibility in greater depth. 
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* The dynamic aperture is the area within which the particles exhibit stable betatron and 
synchrotron oscillations; the beam can be contained magnetically within it. Particles that go 
beyond the dynamic aperture are lost due to various nonlinear, dynamic processes. 
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We modeled the behavior of the ALS to first order, and the information was 
applied by the ALS project in the development of the control system, which 
is now being implemented and used for commissioning. Figure 5-9 shows 
the usage scenario for the latest version of our accelerator analysis and 
simulation code TRACy2 . The code provides an efficient, integrated environ
ment in which physicists can develop model-based control algorithms. 

Off-line 
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On-line 
simulation 

Input file 
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CJ· ·CJ~ CJ 
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IBM; OS/2 
Dedicated 
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IBM with OS/2 as 
operator consoles 

XBL 905-5850 

Members of our group working on the ALS project have been closely in
volved in the commissioning of the 50-MeV injection linac and the l.5-GeV 
booster synchrotron. Linac commissioning is well under way; the present 
efforts are directed toward maximizing the intensity and the phase and 
energy stability of the beam. The beam supplied by the linac has been 
circulated for many thousands of turns in the booster without acceleration. 
Soon we will begin commissioning the booster with rt, learning how to ramp 
up the magnetic fields and the rf power to accelerate the beam instead of 
merely storing it at the injection energy. 

In 1990 and 1991, we continued our theoretical investigation of nonlinear dynamics, 
exploring the outer limits of perturbation theory as applied to nonlinear dynamical 
maps. In particular, we have showed how to obtain invariants beyond "islands" by 
renormalizing the tune in phase space. The method is similar in its general spirit and 
goals to work by R. Warnock (S LAC), and to some extent, the work of F. Will eke 
(DESY) and F. Schmidt (CERN) . We collaborated with J. Irwin (SLAC) to complete 
the nonlinear map pictu re by providing a prescription to analyze any map dominated 
by a single resonance. The method uses a rather unconventional "co-moving" map 
technique. The technique, which involves fitted maps on an action-angle grid, has 
been successfully combined with canonical transformations written with specially 
created Lie polynomials. Two versions of the symplectic Lie fac torization have been 
implemented for use in symplectic tracking, with applications to the SSe. In 
addition, these codes provide tools for produCing exactly symplectic and invertible 
canonical transformations. 
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Figure 5-9. The accelerator 
analysis and simulation code 
TRACy2 can be used as an 
integrated environment for 
developing model-based control 
algorithms. Off-line activities can 
be performed under the VMS 
operating system on a V AX 
computer or under 05/2 on an 
IBM desktop computer. Then, 
given a control system using IBM 
computers like that of the ALS, 
testing with actual accelerator 
hardware can be performed. 
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Code Development 

Nonlinear Dynamics and Mathematical Physics 

We performed a first-order linear calculation of equilibrium emittances of an 
electron beam in a storage ring in the GEMINI and FUTAGO nonlinear dynamics 
codes, which we had developed previously. The method relies heavily on the 
modern differential-algebraic approach and is fully three-dimensional plus 
one-half: These tracking codes can be used separately or together, as shown 
in Figure 5-10. 

With applications to compact storage rings and fringe-field-dominated 
transport lines in mind, we developed a new beam dynamics code, COSY 

INFINITY, based on an updated and enhanced differential-algebra package. 
Unlike previous codes, COSY INFINITY can compute maps of any order and 
account for arbitrary electromagnetic fields; in particular, fringing-field 
effects can be determined and the true Hamiltonian can be used. 

Most of the existing tracking codes have been written for modeling of 
large accelerators that have separated-function bend magnets. These codes 
use particle-dynamics approximations that render them inappropriate for 
tracking in compact storage rings such as the SXLS at Brookhaven National 
Laboratory. These compact rings are becoming increasingly important, 
largely because of the widespread scientific and industrial interest in syn
chrotron radia tion. To better accommodate compact storage rings and fringe
field-dominated transport lines, we have developed new tools for studying 
the dynamics of these systems. This effort has resulted in a new tracking 
code called KRACKPOT. 

Essentially a "kick" code based on the symplectic-integrator concept of 
Forest and Ruth rather than on maps, KRACKPOT includes a tracker linked to 
the differential-algebra package. KRACKPOT can generate arbitrary-order 
Taylor series or Lie polynomial maps from which information such as tunes, 
chromaticity, and geometric tune shifts with betatron amplitude can be 
extracted. One of KRACKPOT'S primary advantages over existing codes is the 
way it properly addresses isomagnetic combined-function bend magnets that 
have nonlinearities of arbitrary order. The code is being upgraded to include 
the effects of nonisomagnetic fringe fields. 
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Figure 5-10. The GEMINI and 
FUTAGO programs can be used 
independently or together. The 
diagram at left shows their 
relationship; the diagram at right 
illustrates the interworkings of 
the various components of GEMINI. 
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* In this context, it is common to speak in terms of the x, y, and z spatial dimensions, plus 
momentum in each of those directions. 

5-15 



EXPLORATORY STUDIES 

Of the many ideas that have been proposed for the electron-positron colliders of the 
next century, the two-beam accelerator, or TBA, appears to be one of the more 
promising. Conceived at LBL, it is now being investigated, in several configurations, 
for research programs at many of the world's accelerator laboratories. 

The TBA leaps a hurdle in the development of linear accelerators: the difficulty 
of efficiently producing extremely high-power microwave energy. Figure 5-11 
illustrates the concept. The first of the two beams is a "drive" beam, generated by an 
induction linac, that has high current but relatively low energy (perhaps 3 kA, 10 
MeV in a full-scale TBA). This beam is passed through either an undulator-based 
free-electron laser (FEL) or a relativistic klystron (RK) , generating microwave power 
on the order of 1 G W per meter of length. The power is applied to an adjacent high
gradient acceleration structure, which accelerates a second electron beam to high 
energy. 

Today, the TBA technology is in the early stages of development. Designs are 
being developed and evaluated by LBL researchers while in collaboration with 
colleagues from LLNL and SLAC, the basic components of a TBA are being devel
oped and tested. We have continued work on the relativistic klystron (RK) as a power 
source for the TBA and on high-gradient linac structures. 

The latest of several high-gradient acceleration structures is the 10-cm-long, 
34-cavity unit that was fabricated to LBL specifications by the Haimson 
Research Corporation. We are preparing to test it at the Massachusetts 
Institute of Technology, using as the power source an FEL that has already 
produced 50 MW. These tests will probe the breakdown threshold of the 
high-gradient acceleration structure at 33.31 GHz and at power levels of 20-
50 MW. Acceleration gradients of 200-300 MeV 1m are expected. 
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High-Gradient 
Accelerator Structure 

Figure 5-11. As shown in the TBA 
sketch above, a high-current, low
energy drive beam is used for 
generating rf power that is 
applied to a high-gradient 
acceleration structure, where a 
low-current load beam is 
accelerated to high energy. The 
diagram at left shows the 
progress of the drive beam 
through the rf generating devices 
(FEL wigglers in this example) 
and the reacceleration units that 
replenish the drive beam in 
between. 
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All of the TBA/ RK work performed thus far has used longitudinal bunching 
of the drive beam. This is adequate for low energies, but at moderate ener
gies (greater than 3 MeV or so) it becomes less effective. To extend our work 
to higher energies, we experimented with a transverse chopper cavity or 
"choppertron," also built according to our designs by Haimson Research. We 
demonstrated in 1991 that the choppertron works-the peak power was 
hundreds of megawatts-but the pulses were short. We determined that the 
problem is a beam break-up mode generated in the output structure. The 
solution apparently lies in lengthening the beam pulse and thus reducing the 
peak current; we plan to accomplish this with a new rf extraction structure, 
which has been fabricated and will be tested in 1992. 

Although in recent years we have focused primarily upon the RK as a source 
of rf power, the FEL, explored in our original TBA research, remains a 
proven candidate with great potential. We are developing a new idea, called 
the "standing-wave FEL," in which the radiation is trapped in a standing
wave rf cavity and beat-coupled to a nearby high-gradient acceleration 
structure. 

The work done on the TBA since we first conceived of it 10 years ago has 
validated the basic concept and the use of either an RK or an FEL as the 
source of rf power. However, there remains a vast amount of research and 
development before the concept can be put to use in high-energy physics. 
Here are some of the planned near-term investigations. 

• Re-acceleration of the "spent" drive beam (useful for economic reasons) 
will be examined in a planned experiment at LLNL; preliminary work 
was done in 1990. 

• There is much theoretical and experimental work to be done in extrac
tion of microwaves from the power source. A demonstration of repeated 
extraction is being studied at LLNL. A Department of Energy Small 
Business Incentive Research contract is enabling DULY Associates to 
participate in the theoretical study. 

• Sensitivity studies to determine the importance of various parameters 
will be important. A great deal of theoretical work has been done; 
coming years will see more studies on real apparatus. 

• Economic issues will be significant in the eventual decision on whether 
to build a full-scale TBA and also in the technological choices within 
such a project. LLNL, with DOE support, is working on these issues. 

Additionally, a collaboration with the Japanese high-energy physics 
laboratory KEK is under way, using an FEL from which up to 30 MW of rf 
power has been extracted at 8.6 GHz. 

The gain of a free-electron laser or other resonant electron-beam device is 
limited by the energy spread and emittance of a three-dimensional beam. 
The electron-beam emittance must be less than the wavelength of the radia
tion from the device, reduced by 2rr. In principle, special cavities could be 
built that would use the TM210 mode to couple the energy spread and the 
emittance, allowing one to respond to changes in the other and preserving 
the best possible combination. We have analyzed this idea with a simple 
numerical model for beam transport, assuming ideal rf cavities. We have also 
analyzed an FEL to evaluate its performance with reduced axial-velocity 
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spread ; these studies lead us to expect distinct improvements from beam 
conditioning. Experiments to test the feasibility of a beam-conditioning 
cavity are being planned for the ALS Beam Physics Facility (described in a 
previous section of this chapter) or the Accelerator Test Facility at 
Brookhaven National Laboratory. Such a facility would allow us to examine 
various candidates for beam-conditioning cavities and determine whether 
the idea can be realized in practice. 

As greater demands are made on the performance of accelerators-such as increased 
luminosity, as in the proposed B factory PEP-II, or lower emittance, as in the ALS
it becomes ever more important to understand potentially disruptive rf phenomena 
within the beam chamber and to perform various rf "gymnastics" to monitor and 
control the beam. This is the work of the Beam Control Electronics group within 
Exploratory Studies . We have recently contributed to the B factory by leading the 
design of rf and feedback systems, and have also continued our history of contribu
tion to the Tevatron by designing a beam-cooling upgrade for its antiproton source. 

The major rf-design challenge posed by PEP-II is control of coupled-bunch 
motions. In each of the three directions (horizontal, vertical, and longitudi
nal) these motions have 1658 modes that may be driven strongly by the 
higher-order resonant modes of the rf cavities. Each higher-order cavity 
mode can drive a hundred or so of these motions at a growth rate thousands 
of times stronger than would be tolerable. The first step toward stabilization 
is to reduce the shunt impedances of the higher-order modes by as much as a 
factor of 500. Control of the remaining instabilities will then be within the 
reach of a practical feedback system. To reduce the shunt impedance of the 
higher-order modes, we attach waveguides to the cavity to couple these 
modes to an external resistor. 

Figure 5-12 shows a possible design for such a cavity, designed and 
analyzed with the aid of the MAFIA code and Kroll-Yu processing of the 
output. Tests conducted with a simple pillbox cavity were encouraging. A 
low-power test cavity is now being designed so that we can make measure
ments. The experiments will examine which modes are damped and whether 
there is interference with the fundamental mode. Waveguide-load designs 
for removing and dissipating the higher-order-mode power will be studied 
as well. 

Coupled-bunch modes that fall within the width of the fundamental 
resonance give rise to an additional driving impedance. This problem, 
endemic to large-circumference rings, must be addressed with active rf 
feedback around the cavity and its driver, a problem that we are now 
studying in collaboration with SLAC and LLNL. It appears that the problem 
of suppressing coupled-bunch modes, although difficult, can indeed be 
solved. 
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Figure 5-12. This design for the 
B-factory rf cavities is being built in low
power prototype form. 

Fermilab Antiproton 
Cooling System 

XBL 917-6775 

The latest achievement in our ongoing collaboration with Fermilab is the 
design of a biplanar electrode system for cooling the beam of the antiproton 
source. (LBL was involved in the initial design of pickup and kicker elec
trodes for the source and has been continually engaged in analyzing the 
performance of the cooling system and seeking ways of improving it.) 
Earlier, we demonstrated that, for power-limited cooling systems, it is more 
efficient and cost-effective to double the number of cooling electrodes than to 
double the operating frequency. 

Building upon that finding, we developed biplanar electrodes that could 
effectively double the number of electrodes without using any more space. 
This scheme, with the existing 2-4 GHz electronics, should yield better 
results than would a system with uniplanar electrodes and completely 
reworked 4-8 GHz electronics. Calculations indicate that the resulting 
performance would exceed the needs of any anticipated upgrade to the 
Tevatron complex, including the proposed new main injector. 

In the past year, we confirmed the validity of our beam-cooling calcula
tions by comparison with newly available cooling data from Fermilab. We 
also refined the prototype design and modified it so that its action would 
follow the contour of the beam envelope. Currently we are beginning to 
make detailed design drawings and cost estimates. (Performance measure
ments on a prototype were successful enough to indicate that we were ready 
to design a production model.) We will soon build an eight-element proto
type module and measure its performance. Full production awaits a go
ahead decision by Fermilab. 
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