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1. INTRODUCTION

This is the first year-end report on the Heavy-Ion Fusion program at
the Lawrence Berkeley Laboratory and is in response to the request for a
"final report" as stated in the directiv; of March 4, 1977, from Dr. C.
Martin Stickley to LBL Director Dr. Andrew Sessler. This has been an
unusual year in that direct ERDA funding became available only late in
March, 1977, so that we are reporting on a program which has grown almost
from a standing start to its present level in a matter of six months. The
LBL directorate made available discretionary funds to allow preliminary
planning efforts to get under way in this promising new area. Part of these
early efforts included preparation of a study proposal "Heavy-Ion Fusion -
Propésa] for a Program at Lawfence Berkeley Laboratory, (September, 1976)"
which included not just the topics later funded and.reported on herein,
but also proposed activities in other areas such as ion-ion and ion-gas
1nteract{ons,.ion-matter energy loss, cryogenic acceleration systems, etc.,
all of which will have bearing on the design of an ultimate system.

In choosing the direction of our research and development program we
tried first to single out those features that presented essentially new
problems in accelerator design as opposed to thosé that we felt more com-
'fortable about handling in a straightforward way. Among the latter are
repetition rate, power conversion efficiency, creation of medajou]e beams,
and experience in engineering, estimating, meeting construction schedules,
operating with high availability and having adequate control systems for
the large scale igniter system that will be required. At least some of
these features will present new challenges to other proposed igniter tech-

‘nologies e.g., lasers, REBs, ion diodes. The essentially novel prob]ems



facing the accelerator scientist 'we identified as the need for (a) large charge
per pulse (or high current) and (b) high beam-power onvtarget. The
required currents are one to two orders of magnitude beyond our present
exberience for heavy ions, and the power much more than that; the power
in particular presents a new (but visible) frontier because accelerators for
experiments usually seek to provide the lowest possible power for users.

lWe have been addressing these problems on three fronts:

e First, an intensive theoretical program was ]aunched to try to under-
stand the conditions for safe propagation of intense beam currents in
focussing systems, such as continuous and interrupted solenoid lens Systems,
and quadrupole strong-focussing systémso Analytic methods have Ted to

significant advances in-understanding of the new problems; with computational

techniques a large amount of new information has been generated on space-
charge~-dominated transport phenomena; also, at this time a new LBL particle

numerical simulation code is almost ready to give new results. In the

last few months a rewarding exchange has taken place with a group at'the
Naval Research Laboratory, who haVe adapted existing ﬁumerica] simulation
codes there to study this problem,

s Second, because the Bevalac is an operating heavy ion linac and synchrotron
facility with an ongoing R & D effort and in expectation of fmminent up-
grading to bring it up to a uranium-ion capabi]ity,_it was a natural choice
to make an addition to these activities to examine low-B rf accelerating
structures and ion sources suitable for HIF. These studies have shown
that the requirements for an rf injeétor for HIDE are just a short step
away from those now being designed for the SuperHilac third injector which
is soon to be constructed. The multi-aperture ion-source work has progressed

to the point of demonstrating currents of heavy ions suitable for HIDE,

but not yet for a power plant,



L

e Third, an experimental prpgram on intense beam propagation was.
c]ear]y'of high priorityo Experimenté scaled in'partie]e mass, for
example, electron table-top devices, even proton‘mode1s,were rejected
because of the Targe extrapolation factors in favor of proceeding directly
to heavy ions. While multi-ampere beams of gaseous ions, e.g. Xe, have
been produced at LBL with CTR sources, we have Choseh.for the moment to

' e . +
construct a large aperture contact-ionization source of cstl

which should
be free of troublesome gas-load prob]ems} A drift tube system ehp]oying

pulse-power units is planned to accelerate a beam of about one ampere to

‘2-3 MV (total charge zv211C); A quadrupole transport system of some 24

magnets (12 periods) will be installed to study tranSport characteristics
(such as emittance degradation). We have arranged to borrow much of the
required equipment but have started to install the added power Supp]y

facilities needed to supply the electrical requirements. Other experiments

. to take place in the future w111 1nvo]ve instability studies, beam bunch1nq

and neutralization.

We have benefitted by interaction with visiting scientists from other
laboratories -- D. Tidman (University of Maryland) spent two months here,
I. Hofmann (Max Planck Institute for Plasma Physics, Garching) will be with
us for e year and W. Herrmannsfeldt (SLAC) is'participating in the program
on a 50% basis. In addition, V.K. Neil (LLL) and R. Cooper (LASL) are
participating in the theoretical studies.

A workshop on Low-g High Intensity Accelerating Structures was held
at LBL on June 1-3, ]977;.the program and list of attendees is included

as Section 6.
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2. THEORETICAL AND DESIGN STUDIES

2.1 Transport of Intense Beams'w

An extended study was made of the transport of intense beams. The
work falls into two categories; ffrst, a survey of the properties of matched
beams as given by numerical integration of the Kapchinskij-Vladimirsky
envelope equations(])ahd second, .a stability ana]ysis‘of such beams under
the influence of both linear and non-linear fluctuations in the self-induced
electric fields.(2)

For the calculation of matched beéms we fo]iowed a scaling procedure
similar to that suggested at the first HIF WOrkshop(3) and established the
relation of the numerical coefficients in the scaling relations to the degree
of modification of beam dimensions and oscillation frequencies due to space.
charge forces. These results alone would indicate that transport is quite
feasible in the multi-GeV, kilo-ampere range under consideration, but that
vacuum transport at D.C. source energies may be restricted to a few amperes.
The stability calculations, however, indicate some serious restrictions.

For transport systems composed of quadrupoles or discrete solenoids, we
find that as the current increases a series of short ranges of instability
appear and above a certain critical current the motion is unstable for all

currents. For reasons we do not yet understand, this extended range of in-

stability begins at a current such that the individual betatron frequency

'I).VG.Ro Lambertson, L.J. Laslett, and L. Smith, IEEE Trans. on Nucl. Science, N.S. 24,
June 1977, p. 993. v
2) L. Smith, S. Chattopadhyay, L.J. Laslett, LBL-6771, HIFAN Notes 13, 14, and 15.

Sept. 1977.
3) E.D. Courant, ERDA Summer Study of Heavy Ions for Inertial Fusion, Final

Report, December 1976, p. 72.



is depressedvto about 40% of the zero intensity value, independent of that
value and of the type of focuﬁfng system. B

The theoretical ana]ysié ié.reétricted to the rather‘unrea]istic '
Kapchinskij-Vladimirsky distribution function in transversé phase space.
We are developing a numericé] Simu]ation code to permit a broader study at
LBL; 1in the meantine, Irving'Haber, at the Naval Résearch Laboratory; has
verified éome of our results with his codes and we anticipaté a confihued
collaboration with him while using our more modest code for orientation

purposes.

2.2 . Cesium Ion Beam Propagation Exper1ment Des1g¥i

The design of the cesium gun and a transport syﬁtem wh1ch should a]]ow
us to 1nvest1gate exper1menta]]y both stable and poss1b1y unstab]e beam
propagatlon has been comp]eted. The gun des1gn was done by W1111am Herrmannsfe]dt,
of SLAC, using his EGUN code, and the feasibility of match1ng and transport1ng
the beam from the gun uéing a set of quadrupolés a]ready on hand was examined
at LBL with the help of the TRANSPORT. The transportable current appears
to be restricted to about 1 émpere‘at é MeV, as is the.gun, but the planned
quadrupole system is flexible enough to permit operation in both wﬁat_we
currently believe to‘be stabie and unstable coﬁfigurations thué aT]owing

experimental examination of instabilities for a real beam.



2.3 _Longitudjna] Bunching

Understanding and contro]lofathe lbngifudina] behavior of an intense
beam bunch in the presénce_of an externa]]y}app1ied'accelerating'fie]ds,
its own space-charge field, and fields generated'by interaction of the
beam with the surrounding sfructures‘is 6f great importance ih both circular
and linear high current acce]eratqrs. Developmént df a cqmputér program to
exp]ore'this behavior by direct integration of the V]asqv équation in the .
two-dimensional longitudinal phase space'wasvbegUn'some time ago in
collaboration with LASL with the original goal of studying the design of
an accumulator ring for high power pu]ses at LAMPF. In recent months this
program has been modified and applied to studies bf']ongitudinal motion in
induction Tinacs. Early runs in te§t_si;yétions have led to improvements
and the program yields reéu]ts of the expected character for such problems.

'It is expected that the‘program will become‘incréasing]y‘usefu] as design

studies for HIDE and for full-scale systems become more specific.

- Analytic studies, based on simplifying assumptions, have a]so_been
made 6f a variety of problems connected with longitudinal behavior
of an intense beam bunch in an inductfon linac. Among the topics considered
are contrd],of bunch length and velocity spfead during injection; discrete
kick effects; longitudinal space»charge_]imits; control of bunch length during
main acceleration and strategy for optimiiing its variation; tolerances at
injection and during acceleration; beam chopping; and post-accelération

bunch compression.



2.4 'Uesign Studies

In recent months considerab]e effert has gone into consideration of
thevrange of possib]e'construetion'prejects ]eediné tbLexperimental demon-
stratiohs relevant to the.establishment of confidence that'a o
plant based on heavy-ion fusion can’ be constructed. - This proposed program
(HIDE = Heavy lIon Demonstratioh'Experimeht) is gehera]]y'eefined as in
the cost range up to $100 million and the time range ef e 4»years. Results
from several parts of the ongoing HIF program at LBL (eggo,'source'development,
]0w-ve]ocity'aCée]eration design studies, induction linac sysfem studies)
will have a d1rect bearing on the selection and des1gn of the HIDE system,

In addition, a preliminary conceptual complete system des1gn emp]oy1ng an.
-induction linac, and a parametr1c study of synchrotron-system‘des1gn features,
are under way for the present]y'avhi]able suggested pellet target requirements
for such experimentso It a}so appears desirable to consider whether a program
based on use or modffication Of any existing accelerator installation

could yeild significant results with comparabie or lesser total cost

and/or elapsed time, but such possibilities have received only very preliminary
study thus far. Accumulation of relevant engineering cost data for general
accelerator system e]ements has been an important activity in recent months.

Results of work on HIDE at LBL will be presented and considered at
the BNL HIDE workshop October 17 - 21, 1977

The progress in understanding the parametric and conceptual design
features of an induction linac system has been documented in reports presented
at the Proton Lihac Conference (Chalk River; Nov., 1976) by Keefe(]), at
the IUPAP Xth International Conference on High Energy Accelerators (Serpukhov,

July, 1977) by Faltens and Keefe(z) and at the Second International Conference

1) D. Keefe, Proc. Proton Linac Conference, Chalk River, 1976 to be published.

2) A. Faltens, D. Keefe, Applications of Induct1on Linac Technology to Heavy Ion
Fusion, LBL-6453, Proc. Xth Int. Conf. on High Energy Accelerators (Serpukhov,
July 1977) to be published..



on Electron and Ion Beam Fusion.(Cornell; Octobek 1977) by Faltens, Judd,

and Keefe.(B) A1l these Eeports stress.the'importahce of having a good
understanding of the.beam-transpert phenomena and how it influences the
design. The latter two reports seek to compareeand contrast this particu-
lar approach with other accelerator and pulse bower systems, e.g., resonant
versus non-resonant cavities for supplying energy to the beam, and to show
that the induction linac is simply another way:of'using pulse-power units
packaged in a different way. The last report emphasizes that the induction
linac uses series rather than para]]el‘elements,and relies on beam coupling
rather than conductive-coup]ing to create a system with very large equfvalent
voltage and correspondingly small charge, thus relieving many of the formidable

switch problems.

(3) A. Faltens, D. Judd, and D. Keefe, Acceleration Systems for Heavy-Ion Beams
for Inertial Confinement Fusion, LBL-6768; to be published in the
Proceedings of the Corne]] ‘meeting. _
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3. EXPERIMENTAL iNVESTIGATIONS

3.1 Large-Aperture Pulsed ]-ampere Cesium Source

We have begun the devé]dpment and construction of a ]afge aperture
(10 inches diameter) pulsed heavy ion source. This source is designed to
produce 2 microsecond bursts of 500 keV Cs+] ions with a current in the

1 ions are produced by directing bursts of neutral Cs

one-ampere range. Cs+
atoms onto an iridium hot plate. This development is well underway.

In addition to this we have set up a smaller test system to test
components which may ihf]uenée the design of the large ion source and
also to obtain early information about‘unﬁsua] difficu]ties that might
not have been anticipated for the big source. In this test we have in-
stalled and tested a puff valve using Xe gas and nude ionization gauge
detectors. Hot tuhgsten wire detectors have now been insta]]ed.in the
vsystem and tests with cesium vapor are underway.‘

Concurrently an eight-inch diameter iridium plate and a 250 kV sub-
microsecond Mafx generator have been adapted for use in the test tank.
This will permit application of voltages and fields in the presence'of Cs
ions and vapor comparable with those expected in the large aperture source.

Installation of 3 MVA of 480-volt power is 50% complete. This'power

will be utilized to power quadrupoles in the beam transport system.
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3.2 High-Voltage Marx Generator Modules (500 kV)

The high voltage supply to be used with a drift tube accelerator
initié]]y will be a Marx generator, with a design goal of producing a
2 usec puise° This unit was constructed by connecting two exiSiing 250 kV
Marx generators in tandem, and placing them into a much larger oil tank.
The Marx generators had previously been used to generate a sub-microsecond
pulse, and had to be modified to extend their output pulse duration and
improve their voltage-holding ability for longer times. These modifications
consisted of increasing the charging and triggering resistor-string values
by about a factor of_ten,.increasing their dissipation rdtfngs by typically
a factor of two, and enclosing the Marx generator within "corona rings" .
to shield the interior. The effect of these changes was to extend the RC
decay time of the Marx.

To generate aﬁ appfoximate]y'square voltage pulse, the 105& is
connected to the H.V. terminal throdgh a resiétor, and a crowbar spark
gap to ground. The pulse duration is determined by the time at which the
crowbar is fired. The entire system was tested in September to 400 kV with
variable pulse length ranging from one to ten microseconds. Work is continuing
to extend its operating range and to better damp the Marx oscillations. The
“next major phase of thiﬁ work will be to connect the Marx to the anode of the
1arge'CesiQm source énd to incorporate the filament isolation transformer and
Marx into a common container., As fime allows, a Marx generator design
specifically for the needs of HIF is being pursued, with the goal of making

a more compact system and the ability to make bipolar pulses.
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3.3 Tests and Development of "Conventional Duoplasmatron and Multi-Aperture

Heavy Ion Sources

.The goal of the program of ion source deve]opment_for an rf linéc has
been to pfoduce currents of up to 100 mA of the heavief'gaseous ions such
as argon and xenon, of good emittance (.02wcm mr, normalized) and charge
state ]+.' Existing facilities and hardware utilized included the 400 kv
Bevatron injector, the 750 kV injector for the 50 MeV ESCAR Tinac, the
100 kV Bevatron test stand, and existing duop]asmatron.and multi-aperture
sources. We have also benefitted from the experience of the CTR source
groups at LBL and LLL, particularly those of K. Ehlers and J. Osher.
At the Bevatron injector beams of 30 mA of neon and 25 A of xenon
~ were accelerated through the low gradient column to 470 kV, using the
Bevatron duop]asmatron source. The beams were pulsed with 0.5 ms Quration at 2/sec.
No beam emittance or charge state‘measurements were made in this set-up.
The 750 kV'injector with its high gradient co]umn was used to acce]erate
neon to 500 kV, using the standard duoplasmatron. 15 mA was measured, with
an emittance of .02 - .057 cm mr., normalized, with mainly 1% charge state.
The transmission was not optimum for Ne]+, but only for Ne3*.and above, because of
column quadrupole strength Timitation. Ne3+ was about 1% of the total beam.
Recent development had centered on a multi-aperture serce. Since the
requirement of 100 mA of Xe]+ corresponds to a proton current of 1.1 amps, the high
dutput current capability of the multi-aperture source (teﬁs‘of amperes of
protons) matched the requirement.betier than a sing]e—aberture duop]asmatroh
or PIG source. A source previously used by the‘LBL CTR group was kindly

loaned to us and was modified by adding an accel.-decel. extraction system

like that used by Osher. 13 circular holes of 2 mm dia. within a 1.5 cm diameter

. : .. +
are used in the extraction aperture plates. The predicted current is 10 mA Xe1

Development has been aimed at transporting the beam 1.3 meters to a Faraday
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cup using a magnetic quadrupole triplet, and understanding the effect of
various source parameters upon beam intenﬁity, divergence and transport.
Typical‘source operating parameters for good transmission are: +20 kV on
source, +10 kV on extractor (accelc-acce]o), arc pulse 1 ms wide, 2/sec.
Langmuir probe measurements shdw the plasma to be uniform to 5% across

_ the apertures. Beam current is 5 mA at the source and 1.5 mA focused into
1+

a 4 cm dia. cup 1.3 m downstream, expected to be mostly Xe The intensity

of the low divergence beam is expected to be about 10 mA. Tests with a
biased mesh in the beam gave no improvement in transmission, indicating space
charge neutralization is probably adequate. Gas pressure measurements

along the beam line show pressures in the 10'5

0

torr range, giving a calculated
10% loss due to charge exchange to Xe~. Future meaSurements are planned on
beam divergence, emittance, and charge state distribution. A beam profile
monitor and more pumping will be added. A test on krypton using a MATS source
was done by Osher at Livermore., A 25 aperture accel.-decel. extraction system
was used. A d.c. current of 75 mA at 20 kV was measured calorimetrically
at 1.1 meters from the source. The emittance appeared to be comparable to
the .02m c¢cm mr required. The beam current scaled approximately as V3/2 over
the range 10-20 kV, This excellent space-charge neutralized transport comes
close to meeting the summer study goal.

Also under study is the désign of a new type of structuke for a high
gradient column. In seeking a simple, low-cost design the insulators are
made of two flat plates rather than a series of ciréu]ar rings. A preliminary

test is planned using lucite instead of ceramic and a ceramic version would

be constructed later if first results are promising.
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4, CONCEPTUAL AND TECHNICAL DEVELOPMENT

4.1 Low-Velocity rf Acce]eratingistructures

A major effort has been underway for some time on optimizing a Widerde

5 for the Bevalac

Injector of the GSI w-3m type for the acceleration of U+
Improvement Program. Several minor changes in previously published structures
havé raised the designed saturation Qutpdt current to 8'emA'for both Xe+3 and
U+5, corresponding to particle currents of 2.7 and 1.6 pmA, respectively.
We will soon do modeling on a (one-seventh) scale model of the rf structure
to determine its rf characteristics, and a prototype qdadrupo]e is. being
asSemb]ed‘for testing.
The conceptual design efforts have been broadened to include the para-
meter ranges suited to HIF needs. In particular, it now seems clear how to
extend the present design to lower frequency in a straightforward way to
meet the particle-current requirements for HIDE. This extended design is consistent
with sources under development at present.
Theoretical investigations on the dynamics of a high-intensity -
beam in generalized rf structures continues using envelope integrations,
linearized paraxial equations, and macroparticle methods, all giving com-
parable results. A couple of machines of the Sloan-Lawrence family have
been worked on in some detail, including those which operate on a positive

stable phase with no quadrupole focussing in the structure, but the energy

spread at the exit is much larger than previously quoted requirements.
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4.2 Induction Cavitx,Loaded.with Mixed Iron and Ferrite

Modeling tests of an ifon/ferrite mixed material induction cavity have
been carried out at low voltage, and a high-voltage test stand is under construction.
Initial low voltage test resuTts afe promising. The ferrite exhibits its
effectiveness in shorfening the pu]se rise time while the iron is useful
in extending the pulse duration. With a proper mixing of iron and ferrite in
a given geometry it may be possible td tailor the pulse shape as desired.
As the conceptual study of the LIA system progresses, various high voltage
elements will be built and tested in order to define desirable pulse-length and

voltage combinations.

4;3 Conceptual -Engineering and Cost Study for Induction Linac System:

These efforts have concentrated on an examble power-plant igniter

4 ions, and more recently on a

with a 10 MJ beam energy using 40 GeV ut
system for HIDE. .The engineering solutions are rather different for these
two cases since for HiDE cost optimization is not as critical a factor and
the repetition rate and power budget need not be as tightly constrained.
The most interesting design questions center on integrating the magnef
transport and the pulsed accelerating systems. Different ferromagnetic
loading materials are appropfiate at different points along the accelerator
and cost information is being‘deve]oped to détermine optimum choices. Our
thinking has changed 1ate]yvon the optimum use of ferrite because of the
discovery that the cost of ferrite in large quantities is likely to be
vvery much less than we had earlier assumed. In particular, for the large

quantities needed for a demonstration plant estimates a factor of one-tenth

less seem realistic.
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5. AGENDA OF RECORD, HIF MEETING

JUNE 1-3, 1677

TOPIC: LOW B HIGH-INTENSITY ACCELERATING;STRUCTURES

LOCATION: Building 71 (SuperHILAC), Room 290, Lawrence Berkeley Laboratory.

WEDNESDAY, JUNE 1

Chairman: D. Keefe

1:30
2:00
2:30
3:00
3:30
4:00
4:20
4:40

- DISCUSSION - ELECTROSTATIC ACCELERATORS,

COLUMNS AND ION SOURCES

THURSDAY, JUNE 2

Chairman: H. Grunder

8:30

10:30
11:00
12:15

1:30
12:00

FRIDAY, JUNE 3

8:30
8:45
9:30
0:00
0:30

I
1

PARTICLE DYNAMICS CALCULATIORS FOR SPACE-

'LBL PROGRAM OUTLINE . . . . . R, . D. Keefe/F. Selph
ANL PROGRAM OUTLINE . . . . « . . . . . . .. R._Martin |
BNL PROGRAM OUTLINE . . . . . . . . . ... .A. Maschke
BREAK | o o

CALCULATIONS WITH THE EGUN CODE . . . . . . . W. Herrmannsfeldt
ELECTRON NEUTRALIZATION . . . « . « « . . . . S. Humphries |
COLLECTIVE ACCELERATION OF HEAVY IONS . . . . H. Kim

Staples/R. Kustom

_ CHARGE-DOMINATED LINACS . . . . . . . . . L.
BREAK | |

‘DISCUSSION - ACCELERATING STRUCTURES (HARDNARE)
LUNCH (Lower deck reserved at LBL Cafeteria.)

APF STRUCTURES FOR HEAVY IONS . . . . . . . . D.
WORKSHOP SESSIONS -

MEET IN ROOM 290

D. Swenson

Grunder, et.al.

TOUR OF SUPERHILAC . . . . . . . . .. ... H
THIRD INJECTOR PLAHS . . . . . . . . ... . .3d.
WIDERCE LINACS AT GSI . . . . .. ... .. .D.

CONCLUSIONS - Reported by Chairmen of Horkshops
T. Khoe - Linac Structures
H. Lancaster - RF Power Supply Considerations

D. Clark - Ion Sources

Staples

Boehnea
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D. Boehne
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Los Alamoé Scientific Laboratory

J. Stovall
-D. Swenson

-

LaWrencé Be§ﬁe]ey Laboratdry

. Chupp
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L.J. Laslett
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L. Smith
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. Yourd
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Lawrence Livermore Laboratory
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V.K. Neil
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6. HEAVY TON FUSICN NOTES
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7. ILLUSTRATIONS

Figures 1 and 2: The set-up to test the cesium puff-valve and voltage

gradient Timits.

Figures 3 and 4: The former Astron-injector source box now being modified

for the 500 kV pulsed cesium source.

Figures 5 and 6: Views of the 500 kV Tong-pulse Marx generator which

utilizes components from the former ERA injector impulse Marx generators

Figure 7: Schematic of pulse-power, non-resonant accelerating gap:

Tests with mixed iron and ferrite have been made.

Figure 8 and 9: Multi-aperture "conventional" Xenon source. There are

13 aperture holes each 2 mm in diameter.
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Figure 3
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