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I. INTROD

‘Following the ERDA Summer Study of Heavy Ions
for Inertial Fusion (LBL-5534) an Ad Hoc Heavy Ion
Fusion Coordinéting Committee was formed. Its
first meeting, 24 March 1977, was attended by
R. Bangerter (LLL), D. Berley (NSF), M, Cooper
(ERDA/ASGA), D. Keefe (LBL), R. Martin (ANL),

A. Maschke (BNL), D, Sutter (ERDA/HEP) and L. Teng
(FNAL)., It was generally agreed that a one-week
workshop would be useful in about six months,., . BNL
was suggested as a site. At the time, the feeling
was that this workshop would focus on parameters
appropriate to an accelerator/target experiment.
At a meeting of the HIF 10 man working group in.
June, at ERDA Headquarters, Les Levine suggested
that there be no classified discussions at the
workshop. Because the principal purpose of the
workshop was to be accelerator design, and since

a number of our European colleagues were planning
to attend, this suggestion was unanimously approved.
At this same meeting, the acronym HIDE (Heavy Ion
Demonstration Experiment) was introduced. At the
time, the suggested parameters were 25 kJ of 5 GeV
heavy ions, (U, say) delivered in about 1 ns (15
TW). Fifty million dollars was mentioned as a
ball-part cost. Subsequent discussion indicated
that since much of the cost of the facility was
related to the very low energy portion, it would
not cost much more to go to 100 kJ and 50 TW.,

The first meeting of the Workshop Organizing
Committee met at BNL on 18 August 1977, 1In at-
tendance were A, Maschke (BNL), R. Martin (ANL),
L. Teng (FNAL), L, Smith (LBL) (for D. Keefe),

W. Herrmannsfeldt (SLAC), D. Tidman (U. Maryland),
R. Bangerter (LLL) and D, Sutter (DOE). L. Levine
and T, Godlove (NRL) were unable to participate.
The two principal goals of the workshop were
established to be 1) keep workers in the field
abreast of developments and 2) define a variety
of HIDE concepts that can then be studied in more
detail during the following year. The general
. structurc of the workshop was outlined, and

A. Maschke was designated as Workshop Chairman.
The Workshop itself was organized into working
groups, each with a chairman, and are listed here.

Working GCroups (Chairman)

1. Atomic/Molecular
(R. Poe, U. C. Riverside)
2, Plasma and Neutralization Effects

(D. Tidman, U. Maryland)

Reactor
(J. Maniscalco, LLL)

- viii -
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4. Ion Sources/Preaccelerators
(E. Parker, ANL/D, Clark, LBL)
5. Low B Linacs

(R. Kustom, ANL/J. Staples, LBL)

High Currént Beam Transpott
(L. Smith, LBL)

7. Vacuum Systems
. (H. Halama, BNL)
‘8, Systems/Cost

(P. Grand, BNL)

HIDE Working Groups

Induction Linac
(F. Mills, FNAL/B. Richter, SLAC)

Synchrotrons
(M. Barton, BNL)

'RF Linac/Accumulators
(D. Young, FNAL)

A final meeting of the Organizing Committee
and Working Group Chairman was held on the Sunday
afternoon preceding the Workshop., Burt Richter
suggested that the HIDE goals should be upgraded
to that which might be satisfactory for a power
plant scenario. As a result, the HIDE parameters
were taken to be 1 MJ and 100 TW. The problem
of determining what a first.step should be was
not addressed at this stage. During the course
of the Workshop the idea developed of building

“ a low B linac and accumulator (energy around 1

GeV) which would serve as injector into a section
of induction linac. This would test the basic
features of all three of the HIDE scenarios,
prior to a commitment to a full scale HIDE.

'



Il. OVERVIEW

Three different types of accelerator systems
were studied as candidates for a power plant
ignition system. These were the Induction Linac,
the RF Linac/Accumulators, and the Synchrotron/
Storage Ring Systems. Technically feasible solu-
tions were outlined for all three, with various
scenarios involving differing amounts of '"uncer-
tainty" factor. None of the scenarios involved
technical problems that could not be overcome by
increasing the cost of the system.

Consider the Induction Linac scenario. A
technically conservative, albeit expensive, solu-
tion to the "ion source" problem, which requires
10's of amperes for several microseconds, is to
use an rf linac and accumulator. A more attrac-
tive solution is under study at LBL involving
direct extraction and drift tube acceleration of
such beams. Since a system like this has not

been built and operated, a relatively high uncer- -

tainty factor is associated with both its cost
and performance. The other area of the. Induction
Linac scenario which merits a high uncertainty
factor is the cost. The largest induction linacs
built to date have been only a few mcgavolts.
What will happen to the cost as one scales to
systems hundred of times larger has not yet been
exhibited.

The Linac/Accumulator scenario involves a
different class of uncertainty factors.. For in-
stance, the body of data on the cost of linac
cavities and rf systems is quite extensive. Al-
though the. linear accelerator under consideration
is an order of magnitude longer than any similar
one now in existence, it is doubtful that a dra-
matic reduction in cost/MV will be achieved. A
principal uncertainty in the Linac/Accumulator
scenario is the satisfactory preservation of the
ion source brightness through the early stages of

acceleration, Typical uncertainties are an order
of a factor of two. Doubling the number of accu-
mulators would compensate this. Another area of
uncertainty, not related to the first, involves
filling the horizontal and vertical acceptances
of the accumulator rings without substantial
losses of beam. Here again, the uncertainty is
an order of a factor of two between what is an-
ticipated versus what is assured. The relatively
short time that the beam resides in the accumulator
makes this scenario relatively insensitive ‘to
uncertainty in beam-gas and beam-beam cross
sections,

The Synchrotron or. Synchrotron/Storage Ring
scenario has its principal uncertainty factors
in the area of vacuum and beam-beam cross section
uncertainties. The vacuum requirements have been
met for storage rings, but not in a ‘rapid cycling
synchrotron. On the other hand, synchrotron mag-
net and rf technology is very highly developed,
and reliable cost and component performance esti-
mates can be made. Since the synchrotron relies
on an rf linac for its injector, it shares this
technology with the other scenarios. Because
synchrotrons tend to be cheaper/volt than linacs,
scenarios with multiple synchrotrons in parallel
are likely to be favored. The linac injector will
typically have no trouble filling more than one
synchrotron. Intensity related vacuum breakdown,
and beam-beam scattering losses, if they turn out
to be bothersome, are all alleviated by adding
more synchrotrons.

In sketching out the three accelerator sce-
narios, no account was taken of the possibility
that space-charge neutralization might be used to
enhance the performance of the various schemes.
Any advances made in this area would introduce
substantial improvements in all of the scenarios.

‘A. W. Maschke

- ix -



HI. Reviews of Current
1. Egk HEAVY ION FUSION PROGRAM

A. W. Maschke
INTRODUCTION

A principal attraction of Heavy Ion Fusion
is that existing accelerator technology and theory
is sufficiently advanced to allow one to commence
the design of a machine capable of igniting thermo-
nuclear explosions, There are, however, a number
of features which are not found in existing ac-
celerators built for other purposes. The main
thrust of the BNL Heavy Ion Fusion program has
been to explore these fcatures.

LONGITUDINAL BUNCHING

In a conventional accelerator the bunch
length has not been of much concern. For fusion
application, we want to bunch the beam as tightly
as possible, There are a number of questions
that arise:

1. If the bunching occurs rapidly, can we tol-
erate space charge forces in excess of the conven-
tional space charge limit? Tests done with 200
MeV protons circulating in the BNL AGS indicated
that we could obtain space charge tune shifts in
excess of an integer. - This confirms results in
computer simulations that indicate tune shifts on
the order of v/2 should be allowed in a transient
condition. ’

2. What sort of bunching factors might one be
able to obtain in a circular machine? Typical
accelerators operate with bunching factors of
about 10, By bunching factor we mean the dis-
tance between bunches divided by the length of
the bunch. Experiments were done with 6 GeV
protons on a flat top of the AGS magnet cycle,

in order to obtain as large a bunching factor as
possible. We were able to measure a bunch length
(FWHM) of < 3 ns, at a 220 ns separation, If all
twelve beams were combined, this represents a
power in excess of 1 TW. The bunch length measure-

ments were limited by the bandwidth of our detection

system, We anticipate better results will be
obtained when the present deficiencles have been
corrected. .

VERY LOW VELOCITY ACCELERATION
Conventional heavy ion accelerators have not

required high currents. Consequently, we have co-
commenced the construction of a short ¢ meter),

Laboratory Programs

high current low B linac to accelerate Xe1+ from
750 keV to 1.1 MeV. We have already operated the
duoplasmatron source with Xenon, and obtained
currents in the_5-10 mA range. The dominant
species was Xg' =, at an energy of 750 keV. A
surplus rf transmitter, obtained from LBL, has
been modified to provide power at 16.6 MHz for
the strucuture. The velocity, of 0,0036, makes
this the lowest B structure ever built. Operation
is expected in November., A feature of the design
is the easily removable drift tube assemblies.
The internal features can be modified without
major cavity alterations. The focusing is done
externally by a pulsed triplet.

SPACE CHARGE NEUTRALIZATION

Existing accelerators all operate on the
principle that space charge forces- are unneutra-
lized. However, for the Heavy Ion Fusion program,
considerable advantage could be obtained if space
charge forces could be reduced or eliminated.
Three places are of special concern:

1. Transport to the final focus,
2. longitudinal compression,.and
3. accumulation in a circular ring.

The BNL neutralizing studies are directed
toward a theoretical and experimental under-
standing of these phenomena, so that one will"

be able to incorporate the advantages of neutra-
lization into future HIF accelerator designs.



2. ARGONNE HEAVY ION FUSIOﬁ_PROGRAM
R. L. Martin
SUMMARY

The experimental part of Argonne's heavy ion
fusion program is directed toward demonstrating
the first, and in many ways most difficult, sec-
tion of a viable accelerator facility for heavy
ion fusion. This includes a high current, high
brightness, singly charged xenon source, a dc pre-
accelerator at the highest practical voltage, and
a low beta linac of special design. The latter
would demonstrate rf capture with its attendant
inefficiencies and accelerate ions to a velocity
acceptable to more conventional rf linac struc-
tures such as the m-3m Wideroe. .The initial goals
of this Erogram»are for a source current of 100
mA of Xe 1, a preaccelerator voltage of 1.5 MV, .
and less than 50% loss in rf capture into the low
beta linac. If reliable operation of such a.sys-
tem is demonstrated, we believe that one of the
major uncertainties in the heavy ion fusion con-
cepl will have been overcome.

Beyond this initial program, we have proposed
that a linear accelerator with a voltage gain up
to 200 MV as a minimum’should be constructed and’
would form the initial stage of an operational
heavy ion fusion facility irrespective of what
type of acceleration to high energies (synchrotron,
conventional rf linac, or linear induction accel-
erator) were employed beyond this point. 1In
order to maximize beam current .in any desired
charge state, the source should produce singly
charged ions with stripping to the desired charge
state at the appropriate energy. Such a procedure
is consistent with. the Argonne program.

An cxperimental program with heavy ion beams
as they become available at Argonne is planned to
investigate space charge limited transport, neu-
tralization, and vacuum questions.

'Conceptual design studies and systems analy-
'sis continue. The program's current emphasis is
on rapid cycling synchrotrons.

ION SOURCES AND COLUMNS

A high brightness xetl ion source was deliv-
ered to Argonne in September by Hughes Research
Laboratories. The source uses a low voltage
Penning ion discharge and has a single aperture
Pierce extraction electrode configuration. It
delivers a beam of 2.5 mA of Xetl at 80 kevV. in a
very narrow beam. The source is being mounted on
a test stand for beam experiments on transmission
of space charge limited beams, neutralization, and
studies on vacuum effects.

The source was also tested at Hughes for pro-
duction of a Bit beam and can also produce an Hg+
beam. The use of Hg+1 appears feasible with suf-
ficient case; the practical use of Bitl appears
extremely difficult.

Hughes Research Laboratories is presently
scaling this source to a current of 100 mA at a
constant current density of 15 mA/cm®. This
work is being carried out in collaboration with -
a high gradient column design at ANL for 1.5 MV
voltage in the preaccelerator. The high current
source and column should be available for instal-
lation into the Dynamitron by late spring of next .
year. Success with this source and column in the
preaccelerator will stimulate efforts to achieve
even higher voltages.

DYNAMITRON

A 4 MV Dynamitron dc accelerator was obtained
from the Goddard Space Flight Center in Maryland.
The accelerator has been installed at Argonne;
and voltage tests, both dc and pulsed, to 2.5 Mv
have been carried out successfully. The Dynamit-
ron is now being disassembled for modification of
its final configuration, The latter imcludes an
extension of 3 ft to the pressure vessel and in-
stallation of a quick opening flange. The flange
is on: the opposite end to the normal flange and
provides rapid access to the source and column
which will be mounted to accelerate to the oppo-
site direction from the rectifier stack. This
procedure allows a large aperture, high gradient
column design not constrained by the rectifier
stack. Additional modifications to the Dynamitron
include replacement of the rectifier tubes (~ 100)
with solid state rectifiers, recoupling the recti-
fiers for full wave rectification, strengthening
of the coupling between the dees and the rectifier
ring, and enlargement of the source terminal. As
a full wave rectifier configuration, the maximum
voltage will be 2 MV, beyond which the system has
already been tested, and will have double the cur-
rent carrying capacicy. .Tests indlcace that the
latter should exceed 50 mA and with some further
modifications to the rf power supply may prove
adequate for the 100 m& currents desired. If such
modifications should prove too extensive, a Radi-
alivn Dyrtamics, Inc. oscillator capable of the.re-
quired power is already available.

The modifications to the Dynamitron should be
complete in January so that testing can resume.
The high current xenon source and high gradient
column are expected to be .available in. late spring
of 1978. :

LOW BETA LINAC

An rf linac to accelerate the Xetl beam above
the 1.5 MV of the Dynamitron is being designed.
The design is dominated by the need for strong
quadrupoles to contain the high ion current at.
this relatively low voltage. Two low power models .
of 12.5 MHz cavities have been completed and test- *
ed. These include a l/4 wavelength tolded line
resonator and a spiral resonator. The mechanical
stability of the latter was inadequate. The prop-
erties of the folded line resonator were quite o
satisfactory. However, construction cost esti-
mates from vendors were considered too high so
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that we are presently studying modifications that
would reduce the cost.

Two other types of rf cavities are being
investigated. These are the capacitively loaded
coaxial line and the lumped inductor. Modelling
and testing at high power will be carried out.
After settling on an optimum design for the cav-
ities of the low beta linac, as many complete
cavities-(with rf power for acceleration) will be
constructed as our funding will allow.

CONCEPTUAL DESIGN STUDIES

Studies directed toward accelerator configu-
rations for 100 KJ systems have shown that the
initial goals for pellet experiments with lower
beam energies have introduced some new problems
not inherent in higher power systems. These are
a result of the assumption of smaller pellet size,
requiring faster beam deposition and lower ion
energy. Problems of longitudinal beam compression
are thus more severe, and beam transport problems
at the lower ion energies indicate the need for
more beams than for higher power systems rather
than fewer. 1In addition, 1 MJ systems utilizing
rapid cycling synchrotrons may prove economically
competitive with the lower energy systems. '

For the above reasons, Argonne's program has
concentrated most recently on rapid cycling syn-
chrotrons for the ion beam fusion program. Activ-
ities include studies of the influence of B on
the bunching factor, longitudinal bunching re-
quirements, and on magnets for rapid cycling
synchrotrons. On the latter, a particularly
attractive design is one employing two separate
apertures with ac magnetic fields switching be-
tween the two. Both are linked by a dc biasing
magnetic field. If ac coupling to the dc coil
can be eliminated, the latter could be made super-
conducting. A model of -this magnet is being
tested to determine its properties.



3. LAWRENCE BERKELEY -
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D. Keefe

The LBL>directorate in 1976 made available
discretionary funds to allow preliminary planning
efforts to get under way in this promising new
area. Direct ERDA funding started late in March
of 1977. Part of the earlier efforts included
preparation of a study proposal '"Heavy-Ion Fusion-
Proposal for a Program at Lawrence Berkeley Labo-
ratory, (September, 1976)" which included not just
the topics later funded and reported on here, but
also proposed activities in other areas such as
ion-ion and ion-gas interactions, ion-matter energy
loss, cryogenic acceleration systems, etc., all of
which will have bearing on the design of an ulti-
mate system.

In choosing the present direction of our
research and development program we tried first to
single out those features that presented essen-
tially new problems in accelerator design as op-
posed to those that we felt more comfortable about
handling in a straightforward way. Among the
latter are repetition rate, power conversion .effi-
ciency, creation of megajoule beams, and experi-
ence in engineering, estimating, meeting construc-
tion 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 technologies
e.g., lasers, REBs, ion diodes. The essentially
novel problems facing the accelerator scientist
we identified as the need for (a) large charge per
pulse (or high current) and (b) high beam-power
on target. The required currents are one to two
orders of magnitude beyond our present experience
for heavy ions, and the power much more than that;
the power in particular presents a new (but visi-
ble) frontier because accelerators for experi-
ments usually seek to provide the lowest possible
power for users.

We have been addressing these problems on
three fronts:

1) An intensive theoretical program was launched
to try to understand the conditions for safe prop-
agation of intense beam currents in focussing sys-
tems, such as continuous and interrupted solenoid
lens systems, and quadrupole strong-focussing sys-
tems. Analytic methods have led 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 Labora-
tory, who have adapted existing numerical simu-
lation codes there to study this problem.

2) Because the Bevalac is an operating heavy
ion linac and synchrotron facility with an ongoing

R & D effort and in expectation of imminent up-
grading to bring it up to a uranium-ion capability,
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 injector 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. '

3) An experimental program on intense beam prop-
agation was clearly of high priority. Experiments
scaled in particle mass, for example, electron
table-top devices, even proton models, were re-
jected because of the large extrapolation factors
in favor of proceeding directly to heavy ions.
While multi-ampeve beams of gaseous ions, e.g.,
Xe, have been produced at LBL with CTR sources, we
have chosen for the moment to construct a_large
aperture contact-ionization source of ¢etl which
should be free of troublesowe gas=load problems.

A drift tube system employing pulse-power units is
planned to accelerate a beam of about one ampere
to 2-3 MV (total charge ® 2uC). A quadrupole
transport system of some 24 magnets (12 periods)
will be installed to study transport characteris-
tics (such as emittance degradation). We have
arranged to borrow much of the required equipment
but have started to install the added power supply
facilities needed to supply the electrical re-
quirements. Other experiments to take place in
the future will involve instability studies, beam
bunching and neutralization.

We have benefitted by interaction with vis-
iting scientists from other laboratories ==«
Dis Tidman (University of Maryland) spent two months
here, I. Hofmann (Max Planck Institulte for Plasma
Physics, Garching) will be with us for a year and
W. Herrmannsfeldt (SLAC) is participating in the
program on-a 507 basis. In addition, V. K. Neil,
(LLL) and R, Cooper (LASL) are participating in
the theoretical studies.

A workshop on Low-g High Intensity Acceler-
ating Structures was held at LBL on June 1-3,
1977.



4.  THE LAWRENCE LIVERMORE LABORATORY PROGRAM
IN HEAVY ION FUsION <

R. Bangerter

The Lawrence Livermore Laboratory is involved
in three areas of research in heavy ion fusion:

L. Target design.
2. Combustion chamber design.

3. Ion beam propagation studies in the
combustion chamber environment.

Through the laser fusion program, the Labora-
tory is also involved in all other aspects of in-
ertial confinement fusion, such as target fabri-
cation, diagnostics, and systems studies.

There have been two significant developments
in target design since the 1976 Summer Study. The
first is the evolution of new target designs with
low power and energy requirements. These new
designs increase our confidence that beam powers
of ~ 100 TW and beam energies of ~ 1 MJ are suffi-
cient to drive a fusion reactor.

The second development is the design of tar-
gets having calculated energy gains of 500-1000.
For a given input energy a high gain relaxes the
requirements on target fabrication costs, accel-
erator efficiency and repetition rate.

Several combustion chamber designs are being
investigated. The most promising is the "lithium
waterfall' approach. 1In this approach a thick
(2 50 cm) liquid lithium waterfall protects the
chamber wall from neutrons, x-rays, blast and pel-
let debris while also serving as a breeding blan-
ket for tritium.

The beam transport group at Livermore has
extensive experimental and theoretical experience
in the propagation of intense electron beams. The
computer programs for electron beam propagation

- are being modified to calculate ion beam propa-

gation. Preliminary results indicate that stable
propagation of ion beams over distances of the
order of 10 m (the probable radius of a combustion
chamber) are possible at pressures ~ 1 Torr. Some
earlier calculations indicated much lower pres-
sures were required. These low pressures would
have excluded the lithium waterfall combustion
chamber design.

In case combustion chamber pressures 10'3
Torr are required, we are studying the possibility
of replacing the liquid lithium waterfall with a
wall of small falling balls made of a lithium
containing ceramic. We are also studying other
fluid wall materials such as graphite. In ad-
dition to providing low chamber pressures, gas
cooled ceramic or graphite systems may prove more
environmentally acceptable than liquid lithium
systems.



V. HIDE Working G.-r<~>ups:
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Mark Q. Barton

The one week duration of the Workshop proved
far short of the time necessary to develop a de-
tailed ion source to target scenario for a demon-
stration facility, Nonetheless, the Workshop
proved useful for establishing constraints and
for raising questions about the viability or cost
effectiveness of this approach,

A point of discussion early in the week con-
cerned the number of beams on target. Cost esti-
mation schemes, particularly at Argonne, have in-
dicated the desirability of a very large number
(perhaps 100) of beams. There was, however, in
the group, a sizable contingent who found this
large number objectionabie. Their reasons are
traced to the following arguments:

1.. The large number, in fact, may not be
technically feasible. *

2. Detailed designs of the transport systems
for such beams have not been done. When
they are completed, they may show that
the assumptions in. ¢ost estimation
argumonts may have to be modified and a
lower number of beams will result,

3. It may be that target people will impose,
in the future, an upper limit as well
as a lower limit on the acceptable
number of beams on target,

There is no compelling reason to believe that
any of these arguments are true. Nonetheless,
there was a.sufficiently strong intuitive feeling
by enough people in the group to steer the dis-
cussion towards a system with a small number of
beams. Certainly these questions should be ad-
dressed directly before any significant effort is
spent on any system contingent on a large number
of beams.

Once the decision was made to concentrate on
a small number of beams, "the transmittable power
per beam line restricts the options to:

1, highest energy consistent with suitable
range

2, highest feasible atomic number

~ QA SYNCHROTRON BASED SYSTEM —
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lowest possible charge state,

Unfo?tunately all these constraints point to

high cost,

For example, a ring of about 100 m ra-

dius with 1 Tesla fields could hold 1 MJ of 4%

bismuth (A = 209) Lous of 33 GeV each.

With modest

bunching, and eight. extraction points, this ring

. could provide 160 TW for a total 1 MJ.
would be near its limit at 20 TW.

Each beam
Any reduction

in energy, atomic number or increase in charge
state makes it impossible to transport the re-
quired power to target in eight or fewer beams.

Even though such a ring could contain the
requisite stored energy, (without bunching) it

could not be used as a. synchrotron.

This is a

result of space charge constraints very similar

to what occurs in the beam transport.

If one in-

jects into this ring at a lower energy than 35 GeV,
the space charge limit is exceeded at injection,
The only possible resolutions are to:

10

2.

3,

use a lowef.charge state

use another ring which 1s rapidly cycled
to fill this ring

us¢ geveral simultaneously pnlsed syns=
chrotrons to fill the big ring.

These arguments are based on the very simple
space charge limit

_ 2mAv 7&:)‘ 2
N = Br \ 2 .en By
. P q

where N is the numbef of stored particles, Av is
the acceptable betatron oscillation tune shift
usually taken as 0,2 - 0,25, B the rf bunching

factor, rp is the classical radius of the proton,

A the atomic weight of the ion and q its charge -

. state,

Ten 15 the normalized emittance as deter~

mined by the target and we have assumed 207 mm

mrad,

B and ¥ are the usual relativistic factors.

If we multiply the number of particles N, by the
energy per particle, we can determine how many

megajoules can be stored,

In Table IV-A-1/1, we

show some simple results of this formula for
charge states 1, 2 and 4 for an atomic number of
about 200 (gold, bismuth, mercury, etc,) at 35 GeV.
The first column gives the energy that can be

stored in a full energy ring.

The second column

gives the energy that can be stored at 35 GeV in a
ring used as a# synchrotron so that N is space
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charge limited at an injection energy of 2 GeV,
Except for q = 1, the entries in this column fall
short of the 1 MJ requirement and the\final col-
umn shows the number of synchrotron oy rapid
cycles to develop the full 1 MJ,
incidentally, that the rapid cycling/synchrotron
may be even further limited. The rgpid cycling
automatically implies an unfavorable bunching
factor which further limits the number of particles
which can be stored,

w
.

TABLE IV-A-1/1. Implications of Space Charge

Limits.

i
35 GeV IONS AT A ~ 200 4.
BUNCHING FACTOR = 2
4v = 0.25

E =20x 10~ mrad

STORED
ENERGY
35 GeV

STORED*
ENERGY
2-35 GeV

NUMBER OF
ACCELERATION
CYCLES REQUIRED

CHARGE
STATE

~ 1M ’ 1
~ 0.12 MJ ~ 8
~ 0.033 ~ 30

1 > 8 M
~ 2 M
4 ~ 0.5 MJ

From this table we see that one clear scenar-
io would use a single synchrotron ring designed
for charge state- 1, This ring fits all space
charge criteria, etc, but other details were not
examined. It looks surprisingly like the synchro-
tron option developed by Teng at the Berkeley study
a year ago.

Another option might be to use eight inde- 6.
pendent synchrotrons each operating in charge
state 2, This has the additional advantage that
one of the ‘rings capable of storing ~ 100 kJ could
be built as a preliminary experiment,

A number of areas were explicitly identified
as needing further work. These are described
below: '

1. Cross sections for ioun-iun charge exchange
scattering and beam-gas stripping rcactions.
There were some discussions about these sub-
jects during the Workshop although no new
calculations were done as part of this group
effort,

It is clear that a synchrotron with its rela-
tively slow acceleration process is much more
sensitive to these effects than linear ac-
celerators of either the rf or induction
types. Even with optimistic guesses as to
cross sections, vacuum requirements may be as
low as 10-1l Torr and acceleration and stor-
age times should be limited to a fractionm of
a second, Clearly these-cross sections must
be experimentally determined and their impli-
cations explicitly folded into any design
which is seriously considered.

2, Instabilities, A variety of coherent

instabilities has plagued circular acceler-
ators. Intuitively, one might expect heavy
ion machines of the type of interest here to’
be relatively free of these problems, None-
theless, rings designed for. heavy ion fusion
should be carefully examined in this respect,

Linac performance. The single ring could be
filled with a linac current of 50 mA in a
normalized emittance of 2m mm mrad. Even

this performance may be difficult., If an even
brighter beam could be obtained, it might
silmplify some aspects of the problem,

Bunching. A very cursory study was done of
the bunching problem. This problem is common
to all scenarios but it is attractive to con-
sider the synchrotron itself as a bunching de-
vice. With rf voltages, of some tens of MV
per turn, this is indeed feasible. Clearly,
more work is needed in this area.

Costs. It was not possible to develop any
scenario sufficiently to start cost estimates.
A rough idea of the scope of the scenario de-
scribed above can be made by comparison with
well-known machines. For example, the ring
would be about three times as large as the
AGS at BNL, with a vacuum system like the ISR
at CERN., A linac about 2.5 times as large as
the LAMPF machine would serve as injector,

An rf system comparable to the one for PEP at

"SLAC would be needed for bunching the beam.

The total cost is clearly going to be large.
Hopefully, some ingenious developments will
come along to reduce costs.

Intermediate steps, If, indeed, a charge
state of one is required, there is no obvious
way that a reduced scope (e,g., 100 kT) de-
vice could be built as an intermediate step
towards a full scale facility, With a mul-
tiple ring scenario, one could build a frac-
tion of the rings. Even this step has the
disadvantage that the linac, which repre-
sent a sizable fraction of the cost, would
have to be built full scale. Perhaps inter-
mediate money would be better spent exploring
some of the outstanding technological
questions, :



2. ARGUMENTS FOR LOW q IN IMJ SYNCHROTRON

ch. Leemann
INTRODUCT ION

Some general arguments favoring low q/A are
outlined and the specific example of a T = 35 GeV,
M = 209, q=1 synchrotron is discussed.

CONSIDERATIONS ON MAXIMUM DELIVERABLE ENERGY
In prescribed normalized emittance Ep = 7€,

dv 2 A\2 2
W — ¢ = c -1 1
en LY 2mB <q) m, (Yf ' ) (L
based on keeping 61 <0.25 at all times (correspond-
ing B,vy) except durfng final bunching.

If €, is expressed by the pellet radius using
a simple geometric argument.
R-c

€n S =L , E == 20 MJ/g, \ range,

L BeYeo [nm

beam overlap, Q<0.5, we obtain
w= (YRR 2 2 B242 24
ro) [2EX"e Yt (Yf ) Y mB q) p°

(2)
If the final focusing is limited by the last
quadrupoles (assume fixed B,) then R is no longer
a free paramete A uE R (qQ) = % . R (1) and we ob=~
tain again W e« Zq 3)

(a) This indi¢ates that care has to be exer-
cized in how the problem is defined since the
power of (A/q) can be changed by that.

(b) It should be noted that the bunching
factor B in Eqs. (1), (2) cannot be arbitrarily
chosen but depends on the rise time of the mag-
netic field and most importantly the longitudinal
emittance.

If at a given injection energy and charge
state Eq. (1) cannot be satisfied, multiple syn-
chrotron pulses or parallel systems must be used.
Tune shift considerations also determine the num-
ber of accumulator rings.

Consider two extreme cases:

(a) Stack Np synchrotron pulses in accumula-
tor ring in betatron phase space:

X & Y plane, no dilution

then

. Fh

=z
]
=2
Im
Hh
[0}
=4
- o

-
o~ I\ o

So multiple plusing gains (ideally) as N%
Now there are two points weakening this grgument

(I) There will be dilution in the stacking
process.

(I1) The higher repetition rate required will
reduce B and therefore reduce the avail-
able W/pulse.

(b) Instead of stacking consider parallel
systems:

N accumulator rings each receiving one syn-
chrotron pulse from one or more (up to N) synchro-
trons.

Then the transverse emittance in accumulator
rings and synchrotrons is the same, the total lon-
gitudinal cmittance is N *esynch. Whether rhis is
tolerable or not depends on the momentum spread
tolerable at the target and the longitudinal
emittance.

In the present context 1 MJ in €p = 2.10-5m
with mass 209 at 35 GeV was assumed, at target
was left relatively unspecified (0.5 to 1.1077),

Fig. IV-A-2/1 plots the normalized emittance
for different charge states compatible with 1 MJ
in 1 pulse with Av = 0.25 and B = 0.25 (arbitrari-
ly) vs. injection energy.
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Fig. IV-A-2/1. Normalized emittance vs. injection

energy.



We conclude T for 1 pulse is for gq=1

and 2: taj,min

9 Tinj,min
1 2.4 GeVv

2 36 Gev > Tf

These numbers are subject to some variations
depending on the actually applicable bunching
factor B. They indicate, however, that with the
assumed values of e, and T¢ a single synchrotron
pulse of ~ 1 MJ is possible only for q=1.

If several synchrotron pulses are accumulated
we must also ensure that tune shifts in the accumu-
lator ring(s) remain acceptable.during the fitting
procedure. The corresponding upper limits on W
are tabulated in Table IV-A-2/1. : :

Table IV-A-2/1. Stored energy in accumulator
rings:

Av =0.25, ¢, = 2.10°m, B = 0.5

Q T = 35 GeV T = 20 GeV
(present case, low Z target) (high Z target)

1 9. 10% 3 3.6 - 10° 3
2 2.25.10%°5 0.9 - 10° 3
4 5.63-10° 3 0.2 - 10

So at T=35 GeV 2 rings are required for q = 4,°
at T = 20 GeV 5 rings are required for,q = 4, and
q = 2 is marginal for 1 ring only.

These considerations lead one to concentrate
on a concept based on a q = 1, single pulse syn-
chrotron injected at Tinj = 2 GeV. '



3. CONSIDERATIONS ON THE USE OF SYNCHROTRONS

FOR THE HEAVY ION FUSION PROJECT
A. G. Ruggiero
I.

for the Heavy Ion Fusion Project is schematlcally
shown in Fig. IV-A-3/1.

Lmac
ACCELERATOR K ACCUMULATORS
Fig. IV-A-3/1. Schematic of Synchrotron Based
System.

A linac is delivering an average electric
current Iy, of heavy lons of charge state Z and
atomic mass A. The kinetic energy is Ty, and the.
normalized emittance ¢;, (on both planes). A num-
ber of pulses, m, are injected in an accelerator,
/@ of them horizontally and /@ vertically. Assum-
ing a factor 2 for dilution, the emittance at
injection is

=2/m SL (normalized)
(again on both planes), and the average current
Ii = mIL .

This beam 1s then accelerated to a final kinetic
energy T extracted and transferred to one of the
n accumulators. This operation is repeated p
times for each accumulator, again /¥ times on the
horizontal plane and /P times on the vertical
plane. If we take also here a factor 2 for dilu-
tion, the final emittance would be

4/@p e .

€ = (normalized).

Denoting with By and By the velocity factors at
injection and extraction, the final average cur-
rent in.each accumulator is

" Each accumulator has h bunches, for a total
number of yh beams which have to be extracted and
sent to the target at the center of the accumu-
lators. Figure IV-A-3/1 shows the case of h = 4.
For each curved line shown toward the center,
there are, u transport lines on top of each other
and each carrying one bunch. Before the extrac-
tion, all the bunches areﬁfurtherly compressed to
get-a final peak current 1,

Because we want to use the largest bending

The scheme which makes use of 'Synchrotrons"

10

field possible, we impose that the accumulators
and the accelerator have the same average radius,
R.

The total number of particles on the target

is
2nR
= N -
_N ZeBc L
The total beam energy is then
W = eNT

and the power
P = huTI/eZ.
During the beam acceleration and accumulation
one wWants ro make sure the space charge tune shifll

AOv does not exceed at any time a reasonable limit.

The tune shift is given hy

% ha
by = 2= o/m B

where IP is the peak current, ¢ the normalized
emittance and By the relativistic factor at a
given time'during acceleration or accumulation,
and
-18
r = 1.5347x10 " m.
P

Also the maximum powcr that can be transpor.
ted down a beam line is given by

4/3

Po=2.5x10°(Ry
max Z

5/3
(8Y)

e 2/3

(;)

2/3

-1
(v-1B. ™

where ¢ is again the normalized emittance in Tm-
rad units and By is the field at the edge of the
quadrupoles in the transport line given in Tesla
units.

Finally, denotlng ‘with B the average field 1n
the accelerator and accumulator

= 3 1ABY
R 3.1 7B meters

where B is giveam in Tesla units.

IT. For the exercise in this paper we shall con-
sider acceleration of ions of Bismuth (A = 209)
from Ty = 2 GeV up to T = 35 GeV. For the design
of an experimental project we shall take also

W =1MJ and T = 160 TW.
We shall nevertheless keep the charge state Z as
a free parameter. Also we set reasonably

B = 10 kG and Bq = 10 kG.



This will immediately give

406 m
R=

Also from considerations on the target size
and on the focusing capability of the last section
of the transport line, we take for the final nor-
malized emittance

¢ = 107 mm-mrad.

The relevant kinematic parameters are shown in
Table IV-A-3/1.

Table IV-A-3/1, Kinematic Parameters (A=209).

T = 2 GeV 35 Gev
0.1422 0.5306
% 1.0103 1.1798
BY 0.1437 0.626
5/3
(8Y) 0.039% 0.4581
v-1 0.0103 0.1798
and
A5/3 = 1240.3.

From the same target considerations we also
take a final momentum spread
Ap/p = 10-2 .

Which is small enough to eventually avoid the ab-
erration effects of the transport lines. Since
the final bunch length is 6 ns, we have then for
the invariant longitudinal bunch area

S = 3.88 eV's (per bunch).
From all these assumptions we derive

N = 1.8x1014 (total .number of ions)

_ -4/3
Prax = 1192 T TTW (at 35Gev)

and, if we take a space charge limit of Av = 0.2,

Ip = 12,6 A (at 35 GeV) ,

III. Let us first give a look at one single accu-
mulator. Let b (21) be the bunching factor (be-
fore final compression), then

I = bl.
P

11

The revolution period is

- 16 ps
s z

Then, if Nr is the number of particles per
ring,

-4
oy o 2:0x10

r bZZ

and the beam energy per ring is

7
W = 1M
r

bz

The number M of accumulators is then given by the
ratio W/W. . The minimum number of accumulators
versus z and other parameters are shown in Table
IV-A-3/2.

Table 1IV-A-3/2. Accumulator Parameters vs. Z.

z R P T, b "
1 406m 11978 16 ps 7 1
2 203 47 8. 1.75 . 1
3 135.3 27- 5.3 1.56 2
4  101.5 19 4 1.31 3
5 81.2 14 3.2 .12 4
6 67.7 11 2.7 1.17 6
7. 58 9 2.3 1.00 7
8 50.7 7 2.0 1.09 10

The required number of accumulators increases with
Z. For large Z, the beam is transferred to the
accumulators essentially debunched (b=1). Only
one accumulator is required for Z=1 and Z=2, but
with Z=1 there is the advantage that it is possi-
blt to transfer the beam already tightly bunched.
Observe that the accelerator radius R decreases
with Z. For Z>8, the ring becomes too small for
accommodation of the transport lines and the re-
actor in the center. Observe also the large amount
of power that can be transported for low values of
zZ.

IV. We assume that the final compression is rapid
enough so that, though the space-charge limit Av=
0.2 is exceeded, nevertheless the beam survives.
If n = hk is the total number of bunches on the
target and 1 is the final peak current, we have

t = 2L o 4 572
nT n

The extra bunching factor required is then

i/Ip = 363z/n



One should observe that this compressiorn factor

is over and above that.shown in column (b) of Table
IV-A-3/2. An overall bunching of 100 should be
possible; a factor 10-20 could be obtained with a
standard RF system and another factor 5-10 with a
-more exotic scheme. For the same number of beams,
the required overall bunching (bI/Ip) decreases
with Z until b becomes unphysically smaller than
unity, and then increases again with Z. For
instance take n = 12. Then the overall bunching
is 7x30 for Z=1 and 1.75x30x2 for Z=2. The latter
case seems to be a better choice.

In Table IV-A-3/3 we show the overall bunching
and the product of the number of rings per their
size versus Z for n=24.

Overall Bunching and Orbit Length
vo. Z. (0=24).,

Table IV-A-3/3,

z B 1/1 bI/I WR " -
p P
T 7 . 15 105 406 m.. 1
2 1.75 30 . 53 203 1
3 1.56 45 70 271 2
4 1.31 60 79 304, 3
5 1.12 75 84 325 4
6  1.17 90 105 406 6
7 1.00 105 105 406 7
8  1.09 120 131 . 507 10

The total orbit length does not change.much with
Z, and obviously large Z would represent a better

choice because, though the number of accumulators
increases, their size decreases and they would
overall be less expensive because they could

share the same tunnel and utilities. In addi-
tion the overall required bunching does not really
change very much with Z, These considerations
would then lead toward a choice of 'large Z. On
the other hand, there is a limit on the transport
power Pp.. (see Table IV-A~3/2) which would suggest
a smaller Z unless one increases the number beams,
which would be more expensive, but by how much we
do not yet know. ' ' ’

V. Let us now look at the accelerator. Let us
consider the lower energy end (T=2 GeV). We
could let our feelings .lead us and argue that if
we found a workable solution for low energy,
then it should be all right for any other larger
energy. ‘

The normalized emittance is
€, = & (normalized)
A 2/p

and the average current is

w

-1
I, =3

L1
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Let bj be the bunching factor at injection.,

As that in the accumulator, b, the peak current at
injection is

~

A

tDlHtD
U'MU
wiUH

Where I is the peak current in the accumulators -
before ginal compression.

The space-chafge tune shift is now

Zr 1 B b, 2 .
Fph R 11 280 e
w5 S o7 oD T5B B gy 7"

: i'l

This is then converted to the following condition
for being at the space-charge limit,

b, = 0.1 b/p.

1

Assuming a minimum bi = 2, the required number of
turns /p (per plane), the emittance ¢, and the
average current I, are shown in Table IV-A-3/4.

Injection Parameters for the
Accelerator (bj=2).

z b /73 € I

Table IV-A-3/4. .

A .ﬂA

1 7 3 0.167 T cm-mrad 53.6 mA

2 1.75 12 0.042 13.4

3 1.56 13  0.038 12.8

4 1.31 . 15 _ 0.033 11.5

5 ‘1.12 18 0,028 9.3

6 1.17 17 0.029 10.0

7 1.00 20  0.025 8.4
-8 1.09 18  0.028 9.6

The numbers in this Table suggest that one-
turn injection from the linac to the accelerator
is adequate. The emittances and currents shown
are those that have to be delivered from the linac-
The brightness of the beam' (I/¢e2) increases by a
factor 5 from Z=1 to Z=2 and more slowly for
larger Z. The values for Z=1 can likely be
achieved, but there is some concern for those at
larger Z.

Some special considerations are required for the
case Z2=1, If we take p=l and we drop the factor
2 for dilution, we obtain an initial bunching
factor of 1.4 that is small but likely still
manageable., Thus for Z=1 the total required
number of particles N = 1.8x101%4 could be injected,
accelerated and stored in oné single machine. In
this case one also needs multi-turn injection from
the linac, 3 turns horizontally and 3 turns verti-
cally, The linac parameters are the same of those
specified in Table 1V-A-3/4, For Z>l there are no
other choices than those shown in Table IV-A-3/4.



At this point, one may draw a temporary
conclusion. The case Z=1 seems to be more advan-
tageous because the entire process can be accom-
plished in a single machine. Of course, the
choice of Z also affects the linac. For a given
voltage, it is certainly better to accelerate
ions with larger charge. But the amount of these
ions down at the source is strongly limited. It
seems better to accelerate ions with zZ=1 to at
least some intermediate energy and then produce
more heavily charged ions by stripping. This
would make overall linac length shorter and save
gsome money. If the economic saving is not ade-
quate, the choice Z=1 seems to be the most advan-
tageous so far.

VI. The accumulators and the accelerator have
different requirements. The magnet aperture is
larger in the accumulators which, on the other
hand, are dc machines. A lattice with reasonable

focusing (Bmax.= 20 m, T = 30 m) is certainly
possible. To contain an emittance of 16m mm-mrad

at 35 GeV and a momentum spread of 1%, a physical
aperture of 10 cm should be adequate. The accel-
erators have more modest requirements for aperture
since they have to accommodate the emittance shown
in Table IV-A-3/4 and smaller beam momentum spreads.
On the other hand, they are to be pulsed at a
reasonably high rate.

A special case is again Z=1 if one wants to
makée use of one single machine. The magnet aper-
ture has now to be large enough to accept an
emittance of 70m mm-mrad at injection and a momen-
-tun spread of 1% (during bunch compression) at
full energy. It appears that a physical aperture
of 10 cm should again be adequate, but now the
magnets are cycled at high repetition rate.

VII. It remains now to check whether the schemes
outlined above could be matched to a reasonably
accelerating rf cycle.

Let us define. the bunching .factor as the
ratio of the rf bucket full height to the beam
height when fully debunched )

b= =%

QI

where Y and @ are parameters related to the bucket
height and area. This definition applies for
completely full buckets with area equal to the
bunch area S. '

where f, is the accelerating voltage for B=1 and
Eo=(0.938 GeV) is the rest energy of a proton.
We are also assuming thact the number of bunches
is equal to the harmonic number h. We have

b < bpax

where
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AeTneY2
2
Zr W
P

b =
max

8/p Av

is the maximum bunching allowed by the space éharge
tune shift Av. Here o=1 for multiturn injection
(p22) and 0=2 for single-turn injection (p=1).

Inserting numbers,

2
Leunsos /pey = g2,
o ZZ : z

The quantity f, is given in Table IV-A-3/5 for
various values of Z. The number of accumulators k
and the number of turns p are taken from Tables
IV-A-3/2 and IV-A-3/4.

If we take a total number of bunches around
24, since the number of accumulators k is deter-
mined, we have then the number h of bunches per
ring. This number is also shown in Table IV-A-3/5
together with £,

Table IV-A-3/5., RF Parameters for the Accelerator.

z %, kK  h £, v
*1 9.6 -1 24  2.82 Mz  14.3 kv -
1 4.4 1 2 2.82 14.3

22 .4 1 2% S5.64 28.6

3 13.9 2 12 4.23 5.4

4 13.5 3 8  3.76 2.1

5 13.8 4 6 3.5 1.1

6 13.6 6 4 2.82 0.4

7 137 7 4 3,29 0.5

8 13.5 10 3  2.82 0.22

*
No accumulator

Observe that the accelerating frequency is
already quite low (a fraction of MHz at injection)
It could be increased only at the cost of increas-
ing the number of bunches by filling only part of
the rf buckets. . :

All the cases shown in Table IV-A-3/5,
except the first one, have a relatively easy
acceleration cycle. To speed up the acceleration,
the rf voltages and phases are programmed so that
the beam is bunched at the limit of space-charge.
This corresponds to b=2 at injection amd .b=10 at
the top energy. The rf phase ¢g increases from a .
minimum of 18° at injection to 75° at extraction.

‘At the end of the acceleration, the beam would be

transferred rapidly to the accumulator and allowed
to debunch. This operation will keep the beam in
the accumulators always below the space charge
limit.

In Fig. IV-A-3/2 we have plotted Y/« vs. Byz



show in
inde-

apply

as well as vs. @g. We haye calculated and
the same figure @5 vs. By". This curve is
pendent of the charge state Z but does not
to the case Z=1 with no accumulator. This case,

as one can see from Table IV-A-3/5, is not easily
fitted by a reasonable rf program in the low energy
range. :

[

8 1 L 80* -
Y/a
e L so°
*
4 } a0*
24 +20°

Byt

2
Fig. IV-A-3/2. Y/o vs. BY and gg.

The rf voltage, V, is calculated once the rf
phase g is known by requiring that the bucket
area and bunch area are equal

2
A

.23
oy

2 3
St 2hﬂ
v-—=~a L=
2 3
322" AE_Y

(fA in MHz, V in Volts) .

The total voltage per turn Vo required in
the limit of y=1 and o=l is also shown in Table
IV-A-3/5. The voltage toward the end of the ac-
celeration (¥s=75°) is 5.5x10° times larger for all
cases. : The final required voltage V¢ per turn
and the fraction, ‘g,  of the machine occupied by
rf cavities, based on an optimistic estimated
50 kV/m gradient are shown in Table IV-A-3/6.
only obviously reasonable cases are those with
Zz4, o :

The

The time, T, required for acceleration is
also shown in Table IV-A-3/6, It is rather large
and increases with Z. The actual time required
for filling. the y accumulators each.p times is wp
times 7, and is unfortunately large compared .to
the. beam lifetime due to charge exchange.
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Table IV-A-37/6.

Final Voltage, RF Occupancy
and Acceleration Time.

z v, & -
*1 79 MV 1627 2.3 sec
1 i9 62 2.3

2 158 248 0.6
3 30 71 2.1

4 12 38 3.9

5 6 24 6.0

6 2.2 .10 13.8

‘7‘ 2.8 15 9.5

8 1.2 8 18.9

*No accumulator

The acceleration time can be considerably
reduced by incredsing the initial rf voltage, but
then the bunching factor also increases.

CONCLUSIONS

These considerations, of course, cannot really
be conclusive. They require a better evaluation
and analysis at much lower pace than that at which
they were drawn during the five-day Workshop.
Honestly, we cannot answer yet either way whether
synchrotrons can be used to accelerata heavy ion
beams for the pellet fusion,

. It seems to us that there are no real limi-
tations'on the transverse plane.” But the desgign
of an adequate accelerating cycle is rather tight
if the acceleration has to be conducted at a rea-

gsonable rate.

ted with the
has not been
problem that
in this note

This, of course, should be confron-
question of the beam lifetime that
taken into account here. A second
has not been taken into consideration .
is the final beam compression.

Overall, we believe that the synchrotron
presents an attractive solution because of its low
cost and size. Nevertheless, we are still far
away from reaching a conclusion on a possible set
of parameters. . . :

Another important fact that emerged from our
study is that the choice of the charge state A is
influenced by conflicting requirements. It is
not yet obvious to us which value of Z would be
the most convenient one.



4. BUNCHING FACTOR IN TRANSVERSE SPACE CHARGE
CALCULATIONS

. T. K. Khoe

In a strong focusing synchrotron the momentum
compaction factor is small compared to unity.
Hence the transverse beam dimensions are mainly
determined by the betatron amplitudes. On the
other hand, the longitudinal particle distribution
depends upon the phase motion. In the expression
for the transverse space charge limit, the bunch-
ing factor By is the ratio between average and
maximum linear charge density. The maximum ltnear
charge density is proportional to the beam bucket
height. The mean linear charge density is propor-
tional to beam bucket area averaged over 2.

B = beam bucket area
£ 2 full bucket height

It is not difficult to show that for a chosen
longitudinal beam emittance the maximum value of
Bf is obtained when the rf buckets fit tightly
around the bunches. The bunching factor can then
be written in the form

s 22 2D
f b Y (D)

where I' = sin og. The quantities o(I') and Y (')
are tabulated in a CERN report.l The ratio o/Y

is equal to 1/2 /2 for T = 0 and decreases to zero
for ' = 1, Substituting V = 2m R p B/T and B = Q
R/c in the bucket area expression 2

(1)

A - [h v E] 1/2 () 5B
b 2t |ﬂ| hZ Q
o
and solving for _T7E_ one obtains
T
A h3/2 c 1/2
e - [ B, @
1/2 B E o
r/ 16 R i
1/2
Table IV-A-4/1, o/T and B, as a function of T,
r a/Tl/Z B
f.
0.50 0.4715 0.36
0.55 0.3891 0.34
0.60 0.3177 0.32
0.65 0.2553 0,29
0.70 0.2007 0.27
0.75 0.1527 0.24
0.80 0.1108 0.22
0.85 0.0743 0.19
0.90 0.0431 0.15

Thus,
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It turns out that Bf as a function of Q//Fl/z

can be written in the .form

1/2. o.
B, = 0.5 (/T /2y 0.385 .

The right hand side of Equation (2) is deter-
mined by the chosen values of beam bucket area,
harmonic number, mean synchrotron radius, magnet
radius, magnet cycling time and the transition
energy. In a fast cycling synchrotron the mag-
netic field varies with time as

B -
2 1 2 Bl
2 2

cos 2n f t,

where B] and By are the field values at injection
and ejection, and f is the repetition frequency.
The transverse space charge limit is determined
by chosen values of the normalized emittance and
the minimum value of Yy“8Bf. In the early accele-
ration period Bf decreases much faster than the
increase of YZB and the transverse space charge
limit occurs at t > 0.

EXAMPLE

Particle atomic weight and charge state:
A=209, q=4

Injection energy Ty = 2 GeV
Maximum energy T2 = 35 GeV
Repetition frequency f = 10 Hz
Maximum field Bp = 1 T

q Bz p = 406,14 T-m 101.535 m

P =
Bl = 0.2296

R = 135 m, T
T]:_;___z__l_’ Ab=0.05ev-sec

vy '
h = 100; B = (By - By) nf sin 27 ft =

24.2 sin 20m t T/sec
E=+vAm2=194.6 vy GeV

Substituting these parameters in Equation (2),
one finds

o 0. 01367
1
FI/Z y3/2(sin 201 t)

/2

Table IV-A-4/2 gives v, B a/rllz, Bf and Yzan
as a function of t. The transverse space charge
limit gccurs 6 msec into the acceleration period,
when v° B Bg = 0.01875, Assuming yB e =

YB € ph=2x10"2 m-rad and 4 v, = 0.25 one
finds -

- A Jyin o 2
Nine qZ ™ (ev 8 (1 + ey )Y B Bgay
= 4.8 x 10'2,



2
Table IV-A-4/2. v, BY/I“_I/Z, Bf and vy BBf.asva
’ function of t, o
1/2

t(msec) Y R /T / B, YZ_B B,
0- 1.01028 0.1423 2n 0.092 -

2 1.01055 0.1441 0.038 0.142 0.021

4 1.01138 0.1496 0.027 0.124 0.019
6 01.01283.° 0.1586 0.022 ' 0.115 0.01875

8 1.0150 0.1710 0.019 0.109 0.0192
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;2 RFLINACBASED SYSTEM --:)

D, E. Young

INTRODUCTION

The task of this group* during the Workshop
was to develop consistent designs for rf-linac
heavy-ion accelerator fusion systems that meet the
target requirements of 1 MJ of beam energy de-
livered in a pulse that builds up in about 20 nsec
to a rate of 100 TW for 6 nsec, with a specific
energy deposition of 20 MJ per gm in a target pel-
let. It was also suggested that a scaled-down
version of these parameters with the same energy
deposition but at a lesser beam energy of 100 KJ,
building up to a power level of 50 TW be con-
sidered which would serve as a Heavy Ion Demon-
stration Experiment (HIDE). Shortage of time
during the workshop prevented the development of a
set of consistent parameters that meet these re-
quirements exactly, but the results are useful for
a first iteration and for drawing conclusions rel-
ative to an rf linac based accelerator system,

Compared with other systems considered for
heavy-ion fusion, an rf linac has some advantages

among which are:

(1) It makes use of a very well-known
technology.

(ii) It has modular construction, so .that
modules are reproducible, expandable,
and can be tested in sectiomns.

It has rapid acceleration which is im-
portant if the beam lifetime is limited
by internal collisions to a short time.

(iii)

(iv) The average intensity can be raised eas-
ily by increasing the pulse length con-
sistent with the longitudinal emittance
requirement,

(v) It has greater capability than many other
systems; an rf linac could, for example,
fire more than one boiler by running at
a higher repetition rate.

R. Arnold, D. Boehne, F. Cole, C. Curtis,
H. Grunder, J. Keane, J. Staples, J. Stoval,
D. Swenson and D. Young

-
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(vi) It has easy (not to say inevitable)
extraction.

On thé other side of the coin, there are dis-
advantadges, which include:

(i) An rf linac necessarily operates at a
reduced current for a longer pulse length
so that an accumulator ring with associ-
.ated transport lines is required to give
the required current amplification over
the nsec pulse length.

(ii) Although the .work of our group did not
include cost estimating and there are no
firm cost data, it appears that an rf
linac may possibly be a high-cost system
compared with synchrotron systems., .

In our design work, we have not considered
space-charge neutralization in the linac, the ac-
cumulator, or the final transport. If it is pos-
sible to make use of neutralization, this would
have a profound effect on the design of any heavy-
ion fusion system. . . .

OVERVIEW OF THE SYSTEMS
Systems have been considered for several dif-
ferent ions in order to explore some possible
limits of linac design. These cases are:
i) Xe+3 ions at 7.4 GeV - Case 7.4,
(i1) (A = 200)*! ions at 20 GevV - Case 21.
(iii) (A = 200) ions stripped to a +3 charge

state. during acceleration to 20 GeV -
Case 23, :

’

(iv) Xe*3 ions at 2.2 GevV - Case 2.2, This

is a 0.1 MJ case thought of as’ a HIDE
experiment.

All these cases make use of a 1 MV or higher
Cockcroft-Walton pre-injector followed by accel-
eration in Widerde structures through the low-beta
region, then by acceleration in Alvarez structures
for the remainder of the way. At full energies,
there are one or more accumulator rings and asso-
ciated rf and transport equipment to form a short
pulse and to direct it to the pellet target,



The linac system achieve current multipli-
cation by "funnel' loading of individual rf
bunches into the buckets of succeeding linacs of
double frequency (see Fig, IV-B-1/1). Thus, for
example, eight ion sources and linacs of fre-
quency f fill all the buckets of four linacs of
frequency 2f, which in turn fill all the buckets
of two linacs of frequency 4f, which in turn fill
all the buckets of one linac of frequency 8f. It
is possible, of course, to extend this doubling
pattern even further and that is done in the
A = 200 cases we shall discuss here,

A fast deflection system is required to com-
bine the two separate beams in the lower frequency
linac tanks into the single beam in the higher
frequency linac tank. The hardware for doing this
did not seem to be beyond current practice. It
was, however, recognized that some emittance dilu-
tion might result in this process and this has been
considered in the emittance values used in the.
study (Table TV-R-1/4),

The accelerated beam is stored by betatron
stacking in one or more accumulator rings. The
number of rings is chosen to keep the stored beam
within space charge and emittance limits in the
ring. The beam is then bunched in longitudinal
space and compressed to give current amplification.

The separate beam bunches are extracted at multiple

extraction points and transported to the target
possibly with further pulse shaping and intensity
amplification.

The system parameters are summarized in Table
Lv-8-1/1 below,

Table IV-B-1/1, System Parameters,

Case L& 21 23 2.2
+1 +3

-+ N
Particle Xe 3 200A 200A Xe+3
Final Energy (GeV) 7.4 20 20 2,2
lnjector Valtage
(Mv) 1 1.8 1.8 1
Final Linac
Currcnt (mA) 240 400 400 120
No. of Lipac Tank
Types 4 5 7 3
Linac Orbit Length -
(km) 1.5 12 4.1 0.4
Total Linac Tank
Length (km) 2.05 18.52 7.05 0.5
No. of Accumulator
Rings 12 1 3 12
No. of Extraction
Points per Ring 8 10 10 8

LINAC SYSTEMS

In a linac with constant field strength Eg
and phase angle dg, the phase width of a bunch

varies as (BY)~3/%4, When the phase width has
damped by a factor C, it is possible to increase
the linac frequency by a factor C without losing
particles. The only values of C seriously con-
sidered in the workshop were C = 2 and C = 3, It
is believed that it is more economical to change
frequencies as often as possible, because the
linac tanks themselves and all rf equipment become

smaller. No serious study of the optimal value of
C has been made, The value C = 2 was chosen for
use here, This value corresponds to a BY-ratio of

2.52 and the ratios employed in the workshop have
been between 2.8 and 3.0, Linac parameters are
listed in Table IV-B-1/2 below for the four cases
studied.

TABLE IV-B-1/2. Linac Parameters.

A. Case 7.4 (1 MV Pre-Injector, Bout = .0069)
Tank 1 2 3 4
Tank Type WiderBe Wideroe Alvarez Alvarez

(m-3m) (11=-311) (2m) (2m)
Length(m)  16.7 46 267 1200
Frequency

(MHz) 15 30 60 120
Bout 0.0194 0.0546 0.153 0.327
T (Gev) 0.024 0.19 1.51 7.40

out

Iout(emA) 30 60 120 240
Focusing FODO FODO FFDD FFDD
Aperture
Radius (cm) 3 2.2 J1.1 0.8
Avg. Accel-
eration Field
(MV /M) 42 1.2 1.65 1.65
No. of
Gaps 64 125 500

2000

To
Accusulator
Rings

120 Mux
Alvares Linace

60 MHz
Alvarez Linacs

30 MHe
Widerae Linacs

15 MHz
Wideroe Linace

Fig. IV-B-1/1. "Funnel” loading of a ILinac From
Lower Frequency Linacs.
D. Case 2,2

This case is the same as the first three
stages of Case 7.4 with a slightly lengthened
Alvarez tank.



Table IV-B-1/2, Linac Parameters. (Continued) .

B. Case 21 (1.8 MV Pre-Injector, B, = -00438)
Tank 1 o2 3 4 5
Tank Type Widerde Widerde WiderGe Alvarez A1v§fez

(m=3m) (n-3m) (m-3m) (2m) 2m)
Length (m) 32 77 600 3670 7650
Frequency (MHz) 5 10 20 . 40 80
sout . 0.0124 0.0348 0.0978 0.2662 0.428
T ut (GeV) 0.014 0.114 0.904 7.022 20.0
Iout(emA) 25 50 100 200 400
Focusing FODO FODO FODO FFDD " FFFDDD
Aperture Radius (cm) 4 ‘2.8 2.0 1 1.4
Avg. Acceleration
Field (MV/m) 0.39 1.3 1.3 1.7 1.7
No. of Gaps 64 110 600 2700 5900

C. Case 23 (1.8 MV Pre-Injeétor, Bout = -00438)

Strip to +3 after first Widerde tank.
Tank 1 2 3 4 5 6 7
Tank Type WiderGe WiderGe Widerde Widerde Widerde Alvarez Alvarez
(m=3m) (m-3m (m=3m) " (m3m (n-3m) (2m) (2+)

Length (m) 32 12,5 25.8 56 153 1600 2200
Frequency (MHz) 5 10 10 20 20 40 80
Bout .0124. .020 .035 .06 .099 2267 428
Tn“t(GeV) .014- .038 115 .338 .926 7.07 20
Iout(emA) 25 50 50 100 100 200 400
Focusing FODO FODO FODO FODO FODO FFDO FFDO
Aperture Radius )
(cm) 4 4 2 3 : 1.8 3 2
Avg. Acceleration
Field (MV/m) .39 .61 1.0 1.3 1.3 1.3 | 2
No. of Gaps 64 26 32 80 130 1200‘ 1500

injector.

Case 7.4 requires 60 emA of xe*3 from the pre-
It was considered difficult to achieve

this intensity directly from the ion source, but
stripping a higher current of Xetl (at g = .0l1)
appeared to be a good possibility for achieving

this current.

(See section V-D these proceedings)

In these designs the beam intensities are well
below the space-charge limited values in all tanks.
Only at the entrance to the first Widerde tank does
the margin of safety become small.

ACCUMULATOR RINGS

The number of accumulator rings is given in

Table IV-B-1/1.

We have estimated their overall

size by assuming an average bending field of 1 T,
corresponding in our minds to a maximum field of
2 T, except in Cases 2.2, where we have simply used
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the ring from Case 7.4.

in Table IV-B-1/3.

We have assumed in every case an aperture suf-

Some parameters are given

ficient to contain the transverse emittance re- .
quired at the target, an unnormalized emittance
2.5 cm-mrad. This will give apertures of the order

of 10 cm.

PERFORMANCE ESTIMATES

%*
a. Emittance .

The linacs discussed in the
" Workshop are beyond the performance of those now in

‘operation and we have had to make use of estimated

* Transverse emittance as used in this report is
defined by ¢ = 35%5 (unnormalized) and en = By
area (normalized) and is considered to apply to

approximately 907 of the beam current.



emittance values through the acceleration and ac- Table IV-B-1/4. Estimated Normalized Emittances

cumulation cycle. We have done this on two bases: (all in cm-mrad).
the first, Case a, an estimate of what could be’ - . -
expected with the present state of the art and the Case a Case b

second, Case b, containing improvements one might

reasonably hope to achieve. These are summarized ] ‘Source . 0.02 0.02
"in Table IV-B-1/4. Low B (WiderBe) Linac 0.1 0.08
Table IV-B-1/3. Accumulator-Ring Parameters. End of Linac 0.2° . 0.12
Case - - 1.4 21 23 2.2 :
: - - ) One may hope to achieve even larger bright-
+3 A+1 A+3‘ +3 ness results by means of development, but we felt
. Xe 200 200, Xe - it unwise to base our designs on any figures less
Number of Ringg 12 1 3 12 conservative than those in Table IV-B-1/4.
Energy (GeV) 7.4 20 20 2.2 The ring emittances are all assumed to be
B 0.326 0.428 . 0.428 0.186 2.5 cm-mrad (unnormalized). Then, Table IV-B-1/5
' . shows the relations between linac and ring emit-
v 1.06 1.11 1.11 1.02 tances in the cases studied.
p (Gev/c) 44,1  89.0 89.0 23.8 '
Bp (T-m) 49.0 297  98.8 26.5
<p> (T) .0.980 0.988  0.988 0.530
R (m) 50 300 1000 50, " . '
£ (MHz) 0.312 0.0681 0.204 0.178- - - -
rev
T (nsec) 3.21 14.7 4.89 5.62 )
rev : . ) . .
Table IV-B-1/5 Emittance Limits
Caoc . e T4 21 . 23 . 2.2
Emittance Case a . b : a - b a : b . a " b°
€linac ‘ )
(unnorm) 0.579 0.347 0.422 0.253 0.422 0.253 1.05 - 0.63
(cm-mrad) ' ) '
erin; '
2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
(cm-mrad) . o
ering/elinac 4.3 7.2 - 5.9 . 9.9 . 5.9 9.9 2.4 4.0
n = Max No. of 40 49 I 3¢ 100 36 . 100 T4 T 16
. Turns* } o : . . .
I; Linac Cur= 540 240 - 400 400 400 . 400 "240 260 .
rent (emA) - - . . .
"Max Current = ' o . . . ’ o i
niL (eh) 3.8 . 11.8 . 14.4 40 14.4 40 }.U 3.8
. 1 [ y 2 .
Max Number Ne . 0.3-10 4 O.‘8°1014 1.3:101) 3.6'1015 ) 4.4‘10?’4 ,1.2'1015 1_.1'1(_).13 4.2'1013

*
Assuming no emittance dilution in the process of multiturn injection.
- ¢ . N
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b. Space-Charge Limits: , We calculate the
space-charge limited number of particles from

2 ! 2
2mmc Ave nB‘Y
Nsc = -
(qe)

where qe is the ion charge. We take Av = 1/4 and
take no account of a bunching factor. The results
are shown in Table IV-B-1/6.

Table IV-B-1/6.
7.4

Space-Charge Limits.
.21 23 2.2.

Case

15

N 13 1.3°10

sc 4.9°10 4 13

1.4'101 1.4°10

Table IV-B-1/8.

Table IV-B-1/8 seem feasible with present rf linac
technology.

Energy Spread and Emittance.

Case 7.4 21 23 2.2

Ap (assumed) (+)  0.02  0.02  0.02  0.02

P .

AT 0.0388 0.0381 0.0381 0.0397

T . ‘

AT (GeV) 0.287 0.762 0.762  0.087

e = ATAT(eV-sec) 3.44 9.14 * 9.14 1.04
1.07 0.62 1.87 0.19

AEA (MeV)

SYSTEM GOALS
On the other-hand, we can calculate the num-
ber of particles needed in one accumulator ring

from the relation

N Tm = W
R

Table IV-B-1/7. Required System Performance.

Case 7.4 21 23 2.2
W (M) 1 1 1 0.1

“m 12 1 3 12

) ‘NR 0.7'1014 3.1‘1014 1.0'1014 0.2'1014
Required
Linac Pulse
Length 1.68 0.12 0.36 0.45
(msec) .

We see by comparison of Tables 'IV-B-1/5, 6 and
7 that every system can meet the required perfor-
mance although close to the space-charge limits,
but that .the Xenon systems 7.4 and 2.2 require the
less conservative emittance assumptions to reach
required performance within the emittance limits.
The emittance limit of the Xenon systems could be
raised, of course, by going to higher final energy
(at larger cost).

LONGITUDINAL EMITTANCE

It is assumed that the total momentum spread
of the beam on the target pellet must be kept
within 2% from considerations of the final focus- .
ing. This corresponds to the energy spread shown
in Table IV-B-1/8 for the four cases studied. We
also give the longiludiual ewittance ¢, assuming
a total pulse length AT = 12 usec and the accumu-
lator energy spread AEj = eL/Trev'

If we assume that all stacking in the accu-
mulator rings is in betatron phase space and that
there is no dilution of longitudinal emittance,
the energy spreads AEp are also the output energy
spreads of the linac. The values of AEj given in
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éURRENT AMPLIFICATION

The current amplification and the final ]
bunching required can be calculated from thé linac
pulse length T1f given in Table IV-B-1/7 and the
requirement that the final beam pulse be of fixed
length 1. We take this fixed length to be 20
nsec. The total current amplification K is then
7;/Tg. The final bunching Bp required is reduced’
from the total by factors of the number of rings
m, number of extraction points p, and n, the num- .
ber of turns injected to reach Ng. We give the
results of these calculations in Table IV-B-1/9.

Table IV-B-1/9. Amplification arnd Bunching-

‘"Factors
Case 7.4 21 23 2.2
K 8.4-10°  6.3:100 1.8-10% . 2.2-10%
m.o 12 1 3 12
p 8 10 10 8
a 44 8.4 8.4 16
By 20 75 75 16 -

* ) .

Based on 'l MJ deliveréd over 20 nsec; ‘i.e. 10
nsec leader and 10 nsec main pulse at the 100 TW
level. ' ’ . .

Bunching factors Bp of this magnitude are
felt to be possible. Recent experiments on the
AGS have achieved.factors in excess of 70.2 1t is.
also.possible to build an.induction buncher so
that this bunching can be done in tne transport
lines to the target. ’

FINAL TRANSPORT

We have calculated only the final qﬁadrupole,
believing it to be the most critical. We assume
4.5-T pole-tip fields and a 25-cm radial aperture
for a quadrupole 10 m from a target of emittance

2.5 cm-mrad. Table IV-B-1/10 gives the-calculated

quadrupole lengths ZQ.



Table IV-B-1/10. Final Beam Transport Quadrupole

Lengths.
Case- 7.4 21 23 .2.2

ZQ (m) - 0.38 2.46 0.82 0.21

These are not unreasonable quadrupole lengths
and show that the final transport is feasible.

There is a maximum power that can be trans-
mitted by a transport line.4,5 We calculate the
power transmitted in our five cases and show the
results in Table IV-B-1/11. We also show the
power needed per transport line; i.e., 100 TW /mp
for the 100 TW cases and 50 TW/mp for the HIDE
case.

. . %
Table IV-B-1/11. Transport Power Limits (TW).

Case 7.4 21 23 2.2
Trausport Limit 4.0 186 43 .51
Power Needed - 1.04 10 3 0.52

*
Calculations based on quadrupole pole-tip field

of 4 T and an acceptance of 2.5 cm-mrad.

CONCLUSION

An rf linac accelerator system with accumu-
lator(s) has been described to meet the target re-
quirements for ion beam fusion using a conservative
extrapolation of the current state-of-the art.

No optimization of the design has been done
although clearly there are many trade-oits that
might be possible, i.e., a higher ion charge state
reduces the length of the linac at the expense of
more accumulator rings and transport systems to
the target. The system which accelerates Xenon in
a plus 3 charge state has a linac of reasonable
length, but the necessity of not exceeding emit-
tance limits dictated by the target and reactor
design (and to a lesser extent space-charge limits)
;equire 12 accumulators each with eight transport.
lines. For reasons of cost and complexity this
might not be the best solution. It should be
pointed out, however, that progress on obtaining
smaller emittance beams (or alternately transport-
ing larger emittance beams) and/or transporting
partially neutralized beams can greatly reduce the
number of transport lines_and make the xet design
more attractive. The Xe system could be scaled
down for a Heavy Ion Demonstration Experiment.
Because of these reservations, we conclude that
the confidence level is certainly higher for the
A = 200 system, particularly for the +1 charge-
state, than for the Xenon systems.

22

References

""RF Deflectors for combining Two Linac Beams",
(In Section E of -this report).

G. Danby, E. Gill, J. Keane, and

A. W. Maschke, "Pre11m1nary Results of 200
MeV Bunching Experiments'', BNL 50643 (March 1,
1977) also: BNL Heavy Ion Fusion Program

"Review (Section III of these Proceedings).

See Workshop Summary

G. Lambertson, L. J. Laslett, L. Smith,
"Transport of Intense Ion Beams" (Report LBL-
5552), IEEE Trans. Nucl. Science, June 1977,
p. 993.

Report on High Current Beam Transport (Sec-
tion V-F of these Proceedings).



H - DE v‘déﬂ\(\“ﬂ“ a\'ou\?

N

= e T
e T
P

B. Richter, A. Faltens, W. B. Herrmannsfeldt,
K. Johnsen, D. Judd, D. Keefe, E. Lofgren,
"F. Mills, V. K, Neil, and S. Penner

INTRODUCTION

The objective of all of the accelerator work-
ing groups at this meeting has been to develop a
system design showing how a particular kind of ac-
celerator can deliver 1 megajoule of energy to a
fusion target at peak powers of 100 terawatts.
These energy and peak power requirements corre-
spond to the '"moderate confidence’ case given by
the target designers for an ion fusion driver
which can give a targe gain of several hundred.
Since this is a first attempt at such a systems
study, we have not attempted to optimize parame-
ters but rather to show an existence proof for
such a machine. Therefore, the choices of accel-
erator energy, ion charge state, number of beams,
etc., have been made more by ''feel' than by any
sophisticated economic analysis.

One of the most difficult constraints to meet
in any accelerator design is that imposed by trans-
verse space charge effects. "While the induction
linac (a single pass machine) can tolerate larger
space charge forces than are allowable in synchro-
trons or storage rings, the problem is still
formidable. For a given power on target, space
charge forces are reduced by increasing the beam
energy and by increasing the number of beams on
the target. However, we feel that beam transport
for large nuwbers of beams is both complex and
expensive and we have, therefore, restricted our-
selves in this example to the simplest of all
cases-~-that of two beams. We have also chosen to
use a maximum energy consistent with the pellet
design--26 GeV in each of two beams with an
assumed focal spot size of 1 mm radius. (Ion
kinetic energy limitations are discussed more
fully in a paper by R. Bangerter in these Proceed-
ings.)

In the rest of this report we outline the main
accelerator design and the system to be used for'
pulse compression. Ion source requirements and
pre-accelerator requirements are also discussed.
Several of the items treated here are treated more
fully in individual reports in these Proceedings.

THE MAIN ACCELERATOR

An induction linac consists of a collection

23

Q‘/C NDUCTION LINAC BASED SYSTEM

=7

‘o

of accelerating modules interspersed with focusing
lenses. The accelerating modules are, in essence,
transformers with the ion beam serving as the
secondary of the transformer. The material used
for the transformer cores and the practical maxi-
mum attainable voltage gradients depend on the
pulse length. Typical voltage gradients versus
pulse length are give below.

Pulse Length Voltage Gradient

sec (MV/m)
8 0.1

1 0.5
0.5 1.0
0.15 2.0

The core material used for these accelerating
modules is usually iron for pulse lengths greater
than ¥ microsecond, and ferrite for pulse lengths
for less than % microsecond. The efficiency for
each accelerating module increase with decreasing -
pulse length so it is advantageous to run the
accelerator with a pulse length as short as possi-
ble. The estimated efficiency ‘for the acceler-
ating systems described below is about 10 to 20
percent for acceleration through the kinetic
energy range from 1 to 26 GeV.

Space charge forces determine the peak cur-
rent which can be transported in an induction lin
linac with a given maximum pole-tip field in the
focusing lenses. The Maschke equation gives the
peak transportable power as

4/3
2
P=2.4x10 (%) (ens)'/3

(8v) (v-1) (D

where P is the peak transportable power in tera-
watts; A and Z are the atomic number and charge
state of the ion, respectively: B is the ion ve-
locity of light; vy is the ratio of the total ion
energy to its rest energy; €_ is the normalized
transverse emittance in meter radians and B is the
maximum focusing field in Tesla. The constant

in front of Equation (1) has had some time depen-
dence and the value used here 1s the curreunt,
generally agreed upon value. In what follows we
assume uranium as the ion species to be acceler-
ated, but by this we mean any ion species with an
atomic number of around 200.

Figure IV~C-1/1 shows the maximum transportable
particle current (not the electrical current) and
the minimum pulse length versus ion kinetic energy



in an induction linac delivering 1 megajoule at a
kinetic energy of 26 gigavolts. We have assumed
a maximum focusing field of 1.1 Tesla and a norma-
lized emittance of 2 x 10~5 meter radians. The
two cases shown in the figure are for ion charged
states of 1 and 3.

With Z = 1 the peak power at the end of the
accelerator can be as high as 100 terawatts. The
beam need.only be split into two (which can be
done by splitting the beam in transverse phase
space) and the two 50 terawatt beams can then be
transported to the target with the same kind of 1
T pole-tip field focusing lenses used on the main
accelerator. The transport system will require a
modest voltage gradient to balance the longitu-
dinal space charge forces which tend to spread .
the beam along its direction of motion. The beam
pulse length can be less than 0.15 microseconds
at all kinetic energies above 1 GeV allowing the
use of the maximum accelerating gradient. However,
this part of the accelerator will he quite long
requiring approximately 13 kilometers to raise the
ion energy from 1 to 26 gigavolts.

For charge state three, the minimum pulse
length out of the accelerator is 40 nsec corre-
sponding to a peak power of 25 terawatts. For
this case we again split the beam and use a trans-
port system whose final focusing elements have a
maximum pole-tip field of 3 Tesla which allows a
peak power of up to 50 terawatts in each beam.

The pulse compression system is described in the
next section. An accelerating gradient of 1 mega-
volt per meter can be used from 1 to 5 gigavolts
and a gradient of 2 megavolts per meter from 5 to
26 gigavolts. The total required accelerator
length is thus 4.8 kilometers. While the transport
system.for this Z = 3 case is more complicated than
that for the Z = 1 case, the reduced length for

the main accelerator clearly reduces the cost of
the accelerator by a very large amount. Cost opti-
wlzatlon will cerrainly require considerable more
study.

PULSE COMPRESSION

In addition to the transverse space charge
effects summarized in Equation (1), there exist
longitudinal space charge forces whereby the
longitudinal component of the field generated by
the particles in the accelerator beam tends to de-
bunch that beam., These effects are usually not
sighificant in the main accelerator where they
can easily be compensated by adjusting the accel-
erating field. However, they can be very important
in the final beam transport, especially when the
accelerator output pulse must be further compressed
as in the Z = 3 case described above.

Judd (in this section of these Proceedings)
has studied this problem and analyzed the effect
of these longitudinal space charge forces on the
maximum pulse compression (hence, peak power)
which can be achieved in a given beam. The pro-
cedure used is illustrated schematically in Figure
IV-C-1/2a,b,c. Figure IV-C-1/2a shows the bunch
longitudinal charge distribution assumed for
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.the effect of longitudinal space charge.

simplicity to be parabolic. Figure IV-C-1/2b
shows the space charge field produced by this
charge distribution--a.linear ramp for the assumed
parabolic charge distribution. Figure IV-C-1/2c¢
illustrates the compression process wherein a
large compressive field is applied and the length
of the compressive ramp is decreased as the pulse
length decreases.

Under these conditions the equation of motion
for the bunch length L is of the form

)

L

(2)

The behavior of the bunch length versus time is
illustrated in Figure IV-G-1/3. The dashéd curve
shows bunch length versus time in the absence of

space charge effects. The solid curve illustrates
There

18 4 filnimum pulse length Lyjn whose value is re-
lated to the initial pulse length Lp, the maximum
amplitude of the compressing field AE, "and the
total charge in the bunch, Q. The equation for
the maximum compression factor is

L IO-S'Y?' AE
0 o 2
L ; Q LO 3
min
where AE is in megavolts per meter, Lp is in meters,

and Q is in coulombs.

For the Z = 3 example given in the previous
section, the maximum compression factor is 10
assuming 4 2 MV per meter and Lo corresponding
to a 40 nsec pulse duration at the beginning of
the compression. The distance the bunch would
travel in reaching 1ts maximum compression is '
given by :

) ' 32
' Y'M.c

L, %

= — 0 0

D =B (7 ) 4)
where M, c2 is the rest energy of the ion. For

our Z = 3 case, this distance corresponds to 250
meters. Since the maximum pulse compression
factor is considerably larger than the factor of
4 required to reach the 100 terawatts power level
in the fusion target, there is no problem from
longitudinal space charge effects for our example.

ION SOURCE AND PREACCELERATOR

We have not examined the injection problem
in any detail in our working group. It is clear
from Figure IV-C-1/1 that an induction linac
could best be féd by a high peak current gun capa-
ble of delivering a particle current of about 50
amps in a few microseconds at a kinetic energy on
the order of 100 MeV. Such a high current source
is being studied at LBL. Progress is being made,
and since the development of such a source would
considerably simplify injection into a induction



linac, this research should be continued.

Low current sources with intensities on the
order of 100 milliamps do exist.
injection system, Kjell Johnsen has examined the
possibility of using a conventional ion source and
linac with an accumulator ring as an injector into
an induction linac.
100 milliamp, charge 1 ion beam is assumed to be
injected into a 20 meter radius accumulator ring.
The parameters of the accumulator ring are given
in Table IV-C-1/1. The ring uses superconducting

bending magnets with field of about 5 T, but with

an average bending field of only 3.5 T to allow
space for focusing elements, rf equipmeht, and in-
jection and ejection apparatus. Note that though
the magnets are superconducting, the range of a

1 gigavolt heavy ion is sufficiently short so that
it is easy to shield cryogenic elements from par-
ticles lost from the beam. Eighty-three turns are
assumed to be stacked in the ring to convert the
injected current of 100 milliamps to a circulating
current of 8.5 amperes with a circulation period
of 4.2 microseconds. .

Three alternate schemes have been considered
for transfer into the induction linac. In the
first, the beam is ejected in a single turn giving
a 4.2 microsecond pulse into the induction linac,
This pulse can be rapidly compressed with a ramped
accelerating field in the linac to get .the pulse
length down to that required for efficient accel--
eration. :

The second alternative is to bunch the beam
adiabatically in the ring in order to reduce the
-bunch length by a factor of 2, making for a more
efficient bunching and acceleration process in
the early states of the induction linac. This
adiabatic bunching requires a modest rf voltage
per turn at a frequency of about 250 KHz. The
bunching process takes a few milliseconds to
complete which may give problems with intrabeam
charge exchange scattering or beam-gas interac-
tions.

The third method is designed also to compress
the beam within the accumulator ring but to do
this in a rapid fashion circumventing possible
problems with charge exchange scattering or beam-
gas interactions. This method involves the sudden
turn-on of an rf system giving 50 to 100 kilovolts
per turn at about 250 KHz. . In roughly 300 micro-
seconds (1/6th of a phase oscillation period) the
beam will have shrunk to a 2 microsecond pulse
length and then may be fast ejected into the in-
duction linac where it will continue to shrink
until the induction linac fields halt the shrink- .
age.

The first or third method seems most promise~
ing as alternatives to the high current injector.

CONCLUSIONS
The induction linac does seem capable of de-

livering the required 1 megajoule of energy at
peak powers of about 100 terawatts. The required

.As an example, a one gigavolt,

As an alternative
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components for the main accelerator exist in the
laboratory. The ion source and preaccelerator
technologies are not so well developed. The best
injector for an induction linac is the high cur-
rent gun which could deliver currents of tens of
amperes into an induction accelerator at an ener-
gy of around 100 MeV. Such sources are under
study. The alternative of a conventional -low
current ion source and rf accelerator. (also used
in other acceleration schemes such as synchro-
trons or full energy accumulators) also seems
usable for the induction linac, but as. indicated ’
in reports of other working groups is by no means
easy.

Considerable work needs to be done on compo-
nent technology before any reliable cost estimates
and economic optimizations can be made.

Table IV-C-1/1. Accumulator Ring Parameters.

Bending Field 5T

Average Fileld . 3.5 T

Betatron Tune ~ 3

Orbit Period . 4.2 psec

Normalized Emittance o’ x 1075 mrad

Aperture + 6 cm
lnjected Turn$ : 83
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Fig. 1Iv-C-1/1. Maximum particle current (left

axis) and minimum beam pulse length (right
axls) vs. kinetic energy for a beam of
uranium ions delivering a total energy of
1 megajoule at 26 gigavolts, The maximum
focusing field assumed is 1.1 T.



Fig. IV-C-1/2.
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Schematic of the pulse compressing
system. 2a shows the assumed parabolic charge
distribution vs. distance along the -bunch,

. 2b shows the space charge debunching field

for the charge distribution of 2a. 2c shows
the pulse compression field at t = 0 (heavy
line) and at some later time (dashed line).
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Fig. IV-C-1/3. Pulse length vs. time in the

absence of gpace charge (dashed line) and
in the presence of space charge (solid line).
The curve with space charge is drawn for a
maximum pulse compression factor of 10. The
point T is the geometric mean of Ly and Imin-



2. QUASI-STATIC DRIFT-TUBE ACCELERATING
STRUCTURES FOR LOW-SPEED HEAVY IONS
A Faltens and D. Keefe
INTRODUCT ION

One of the major problems in the application
of a linear induction accelerator to Heavy Ion
Fusion has been that of finding a suitable injec-
tor which could deliver of the order of 100A for a
few psec within a normalized emittance of N 2

x 10™® radian-meters. At last year's HIF Summer
Study, magnetically-insulated diodes and reflex
triodes appeared to offer some promise, as they
have delivered ion currents (protons) of hundreds
of kiloamperes for ~ 0.1 usec at an energy of about
1 MeV. It soon became clear, however, that such
currents could not be transported without neutral-
ization, and that further acceleration would be
difficult with neutralization. In the past year
the transport problem has been greatly clarified,
and it seems that the desired 100A U'! could be
transported only at energies above ~ 70 MeV with

4 T superconducting magnets, and above 250 MeV
with 1.1 T normal magnets. There is, of course,
no sharp boundary in pulse length below which in-
duction units do not work; rather, they become in-
creasingly inefficient as the pulse duration in-
creases and the beam current decreases; so it be-
comes desirable to look for alternative means of
acceleration at the very low energy end of the ac-
celerator. The pulsed drift-tube accelerating
structure described in this paper is one such al-
ternative.

A pulsed drift-tube accelerating structure is
shown in Fig. IV-C-2/1. " Its gross characteristics
are almost the opposite of those of induction
" units, in that its usefulness is limited almost
entirely to low velocity ions and relatively long
pulse duration. The accelerator is quasi-static
in the sense that for slowly-varying voltages ap-
plied to the drift-tubes, all particles at a given
axial position experience essentially the same
voltage gain regardless of radius. The voltage
of the drift-tube is switched when all of the beam
bunch is within it, so that the beam moves as if
going through a series of d.c. accelerating gaps.
In contrast to an rf linac there is essentially no
synchrotron oscillation motion nor instantaneous
energy spread induced in the beam, although either
or both may be intentionally generated if desired.
The drift-tubes are driven by pulse-power modula-
tor circuitry in a non-resonant mode which allows
pulse shaping as desired.

INJECTOR NEEDS FOR HIDE AND BEYOND:

A possible approvach to designing a 100 kJ
Heavy lon Demonstration Experiment (HIDE) as part
of the heavy-ion fusion program has recently been
suggested by Richter.! 1In this approach one
would consider first how to provide for a l ﬁJ,
100 TW facility (parameters that are close to what
is needed for a pilot power-plant) and then forego
the major accelerating device required therein;
reducing the particle kinetic energy by a factor
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of ten thus leads to a 100 kJ. experiment with the
capability of later expansion to the 1 MJ case.
One much-discussed scenario for HIDE involves ac-
celeration by means of rf linacs of about 100 par-
ticle micro-coulombs to an ion kinetic energy,

T ~v 1 GeV, accumulation and modest bunching in a
small storage ring to a final pulse length of

T ~ 2 psec, and finally injection into an induc-
tion linac section in which the beam is acceler-
ated and strongly bunched. An apparent attraction
of this scenario is that one gains experience in
the use of rf and pulsed non-resonant systems and
models the behavior of an intense ion beam in a
circular machine. Later upgrading to the 1 MJ,
100 TW capability would be accomplished by adding
either a linac (rf or induction) or a synchrotron
to raise the kinetic energy by an order of magni-
tude.

If the upgrade is visualized to take place by
building a large induction linac, then injection
of relatively few amperes at an energy as high as
qV; =~ 1 GeV, while viable, is not well-matched to
the intrinsic properties of this type of machine
(here q is the ion charge state, and V; the beam
"voltage"). It is the purpose of this report to
discuss an alternative type of injector system,
also based upon pulse-power technology, which is
better matched to the induction linac properties.
If we adhere to the arbitrarily-chosen value of
2 pysec for the injected pulse-length required,
then a pulsed drift-tube structure with a total
voltage in the 50-100 MV range could deliver the
appropriate injection current of 50-75 amps. We
shall discuss several design features and design
strategies for this system. It is not clear
whether ‘such an injector has application to other
accelerator systems apart from the induction linac.

'Ti,

In discussing representative numerical exam-
ples we shall use parameters appropriate to the
1 MJ, 100 TW upgraded HIDE case (see Table
v-c-2/1). )

In what follows we shall concentrate on ex-
plaining the general concept and discussing real-
istic physical and technical limitations imposed
by the availability of voltage sources, électrical
switches, pulse rise-times, etc. and by the need
to avoid electrical resonances in the intended non-
resonant structures. These limitations are strin-
gent in some regards, and can demand use of cer-
tain strategies (e.g. parallel accelerators with
later stacking) to achieve the design goals ‘some
such strategies will be.outlined.

To simplify the discussion we avoid certain
design issues that must be faced and demonstrated
to have good solutions. For example, we assume
(a) that a pulsed (10 - 100 psec) high-voltage
(2 MV) source with an anode area of 100-1000 cm
can deliver a current 11'0 ‘in the 1 to 5 ampere
range with a suitable emittance; (b) we do not
specify the transport system through the first few
drift-tubes, say to the 5 - 10 MV point, and as-
sume quadrupole transport from there on; and (c)
the best strategy for obtaining charge state q = &,
should that be the ‘most desirable, is not specified.



Any one of these points requires very careful study

in itself; for instance, during the early stages
of rapid acceleration the transport system will be
different from the usual quadrupole lattice case
and the transport system may require some grid fo-
cussing (of the type designed by Herrmannsfeldta,
followed by electrostatic quadrupoles and/or sole-
noids.
report.* Careful design and experimental demon-
stration are needed to show that the appropriate
emittance can be achieved and preserved.

Table IV-C-2/1. HIDE-Upgrade (1 MJ, 100 TW)
Parameters.

Charge State q = 1 4

Final Voltage ] Vf 10 GV 6.5 GV

Final Kinetic Energy T . 10 GeV 26 GeV

Number of Beams 2 2

Target radius r 2 mm 1 mm

Sk

Current per Beam \If 5 ka 7.7 kA

Charge t1r) 100 uc
(electrical)

Charge “l11) 155 pC
(electrical)

Pulse Length TS 2 psec 2.1 psec
at injection

Current at Ii 50 amps 75 amps
at injection

Injection Voltage vy 115 MV 80 MV

Injection T; 115 MeV 320 Mev

Kinetic Energy

¥ Assumes A = 238 and a spec¢ific energy in a gold
shell of 20 MJy/gm.

*% Assumes pole tip field in final transport
system can be 4 T and the magnets occupy 50%
of the-space. The normalized emittance is
taken to be me, = 27 x 10~F radian meters.

The Laslett '"figure-of-merit" is taken to be
0.93.2

+ Assumes pole tip field of 1 T (and 50% occupan-
cy factor) at injection point. If a pole tip
field of 3 T is assumed then I, can be doubled

i

and the injector voltage decreased to less than
half.
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CONCEPT AND STRATEGIES

General Concept: The idea of accelerating a bunch
of charged particles through a-drift-tube and
changing the voltage while they are electrically
hidden inside is an old one; the unusual features
under discussion here simply involve the physical
scale and the freedom to employ arbitrary pulse
shapes. The drift-tubes needed are visualized to
have a bore radius A ~0.1 - 0.5 m, a typical
length, D ~10 - 20 m, and an applied high-voltage
pulse (¥ 1 MV) from a pulse power source (to be

This will be discussed in detail in another
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" voltage piilses:

!

J .

discussed later). The total number of drift-tubes
required is on ‘the order of fifty. A variety of
systems using such elements is shown schematically
in Fig. IV-C-2/1. A long sausage-shaped bunch of
charged particles is drawn from a gridded multi-
aperture source (pulsed to + 1 MV) into the ini-
tial drift tube (D, meters long) which first is
pulsed to - 1 MV, and later, when the bunch is
hidden within, is pulsed in reverse to + 1 MV, to
provide another increment of q MeV in energy upon
exit. Referring to Fig. IV-C-2/1A it is seen that
the same technique can be repeated in later drift-
tubes, each of which has comparable length and
similar voltages, but which can have decreasing
aperture as the particle energy increases and the
matched beam size decreases.

{

Depending on how one chooses the voltage
pulse shapes three possibilities can be distin-
guished:

(i) All drift-tubes have flat-topped volt-
ages applied: In this case the front particle of
bunch gains energy before the last particle.
Thus, the spatial length of the bunch grows in
time in proportion to the bunch speed. Succes-
sive drift-tubes would need to be increased in
length in similar proportion and very soon the
needed structures would become unacceptably long.
This case corresponds to D ® /V and the current,
I = constant.

(ii) As soon as convenient, e.g. between the
first and second drift-tubes, a specially shaped
voltage pulse is applied across and ‘interedrift-
tube-gap; thereafter all gaps have flat-topped
It the shaping-pulse rises from
zero at the time of passage of the front particle
to full value as the last particle crosses thc
gap a tilt of the womentuwm elllpse 13 creéated
such that the spatial length of the bunch remains
a‘constant even under acceleration by caonstant
voltage at every succeeding gap. ‘Thus the drift-
tubes can be kept (roughly) constant in length
with savings in the overall length of the injec-
tor. In this case D = Constant, and the current
increases along the structures as I = /¥,

(iii) Following a shaping pulse of the type
described, successive gaps provide not a flat-
topped voltage pulse, but one that has a modest
positive ramp: The momentum ellipse is therefore
provided with a further small tilt at each accel-
erating gap, the buuch length in space becomes
progressively shorter and the beam current in-
creases faster than /V. PFrom consideration of the
transverse space-charge limit in a quadrupole sys-
tem® it can be shown' that, in principle, the bunch
length L can be compressed as fast as L = (V)'l/3
and still remain within the space charge-limit.
The drift-tube lengths can be made shorter as the
accelerat ivn proceeds, but for practical reasons
(see below) cannot be shortened in proportion to L

The instantaneous energy spread created by
the time-changing fields in the gap, AT(r) «

_ gerz d3vy
4 de?

c , 1s negligible for the time-rates of



change contemplated.

In what follows we adopt a gap-voltage histo-
ry as described under (iii) above.
ARRANGEMENT OF SUITABLE COMPONENTS: STRATEGIES

A numerical example best illustrates the
range of possibilities that may have to be catered
for. From Table IV-C-2/1 and assuming a 2 MV
source, we see that the initial bunch length
needed if (for q = 1) 1Lo = }%g m where 1I° is
the current at the source. (If an adequate cur-
rent, denoted ‘by 4Io, of charge state q = 4 could
be drawn from a source, which is unlikely, then
the initial bunch length would be *L = 390/%1 .
Instead, the most likely strategy for obtaining
charge state +4 is to extract some 190.uC of
charge state +1 from the source, accelerate the
bunch to about 10 MeV and pass it through a strip-
per to obtain the desired 155 pC of charge state
+4 ions. The initial bunch length in this case
would be 4Lo = 250/11° meters.) If a source
current, 1Io, of 5 amps can be obtained then
Dy (#Lo) would be 26 m and close enough to the
desirable range (10 - 20 m) Lu allow the single-
pass system shown in Fig. IV-C-2/1A to be used.
If, on the other hand, the current from the source
were as low as Iy = 1 amp then the drift-tube
length implied, 130 m, is out of the question and
some partitioning of the beam and/or structure
into, say, six pieces is needed. The very long
structure is undesirable because of its low accel-
eration rate and low electrical efficiency, and
care must be taken to switch voltages sufficiently
slowly to avoid exciting the electrical-line res-
onances or damp them if excited.

The number of segments required thus is
probably in the range of one to six, depending on
where in the expected 1 - 5 amp range the achieved
current value falls, and some strategies for seg-
menting and recombining the beam, therefore, merit
discussion. On paper an attractive possibility
is illustrated in Fig. IV-C-2/1B which shows how
multiple pulsing of the drift-tubes would allow
a train of pulses (just two shown) to be acceler-
ated. Each pulse is sepafated by a drift-tube
length from its neighbor. At the end of the in-
jector the final drift-tubes are required to ac-
celerate differentially the successive pulses
with respect Lv each other 3o that they come to-
gether after a drift space. At that point -(with-
in the induction linac) the differential speeds
can be removed by suitable pulsing of a number of
cavities and a single long-bunch character re-
stored. The drift length for recombination can
be oc¢upied by inductiun linac modules which can
continue to provide energy to the particles as
the bunches drift together. Note that in the ex-
ample shown the .voltage gradient (MV/m) of the
.structure is double that of a single pulse system.
Practically, a small number of multiple pulses is
realizable, but the system becomes increasingly
difficult as the number is increased much beyond
two.
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Because the pulsed drift-tube structure is
intrinsically a low gradient one (~0.1 MV/m) the
length and cost of the transport magnets (assumed
dc superconducting) becomes of large concern. A
scheme for utilizing a few drift-tubes over and
over again by recirculating the bunch has been
examined as a possibility (Fig. IV-C-2/1C). Low-
field pulsed bending magnets are used to direct
the bunch through a number of long drift-tubes
surrounded by fixed-field quadrupole lenses. It
was found possible to select a fixed-field focus-
sing system such that beam motion was stable de-
spite the changing energy and changing space-
charge forces for an interesting number of revo-
lutions GBZO).e A recirculator would require in-
jection at about T = 10 MeV but, thereafter, could
provide enough energy to be followed immediately
by an induction linac. This system, unfortunate-
ly, requires multiple pulsing of the drift-tubes
with a variety of voltage wave-forms.

Figure IV-C-2/1D illustrates probably the
most straightforward approach im which a number
of drift-tube injectors are used in parallel and,
at appropriate voltages determined by the space
charge limits, the beam segments are stacked in
transverse phase space. In principle, the four
beams illustrated can be recombined with an emit-
tance growth of only a factor of two in each
plane; in practice, the strong space charge forces
will probably cause some dilution. Recombination
in longitudinal phase-space by drifting the
bunches together, analogously to the scheme shown
in Fig. IV-C-2/1B, is a possible option if desired.
A useful property of the system shown, in which
common modulators are used for each stage, is that
all particles observe the same accelerating vol-
tage history and undesirable effects due to power
source fluctuations are minimized.

INFLUENCE OF THE EXISTING STATE OF COMPONENT
TECHNOLOGY ON DRIFT-TUBE STRUCTURE DESIGN.

General Considerations: The output voltage
wave-form from a 1 MV pulse-power bi-polar modu-
lator will have the general features displayed in
Fig. IV-C-2/2. The rise-time is irrelevant and
is followed by a time, T which is the time re-
quired to change polarity before the voltage again
becomes suitable for acceleration and, finally, a
fall time which is irrelevant. Allowing for elec-
tric field penetration at both the drift-tube ends
for a distance of roughly the bore radius, we note
that the length is given by

2a + L + VTSW.

The first term is small (€ 1 m), the second can,
by suitable ramping, be made to decrease with
total voltage at a rate L ® LoV-1/3, while the
last term increases as /V and is directly propor-
tional to the switching time. -The relative con-
tributions of the different terms can be seen from
Fig. IV-C-2/3 for cases with q = 1 and q = 4 and
for two different switching times, Tgy = 0.3 usec
and 3 psec. It is assumed that the initial bunch
length, Ly, is 20 m so that the first few drift-
tubes will bhe somewhat longer than the desired

D=



upper range of 20m, and that this length is
appropriate for V= 3 MV for ¢ = 1 (T = 3 MeV) and
q =4 (T = 12 MeV). It is clear from the figure
that the compactness of the structure depends
strongly on the switching time achievable. At a
high enough ion-velocity, v, possibly beyond the
range of interest, to abandon bipolar-pulsing and
retreat to a unipolar pulse with a rise-time

T =~ 0.1 psec can, paradoxically, lead to a higher-
gradient structure.

VOLTAGE SOURCES AND SWITCHES: 1It is obvious
that, for a given structure and transport system,
one should apply the highest voltage which the
structure will tolerate. It is also necessary to
do so in order to keep the average accelerating
field, < E; > = 2/D MV/m, high compared to the
longitudinal self-fields of the bunch, Ezq =
-3 421 %) %%. The availability of reli-
able electrical coﬁponents and switches places
strong limitations on possible modulator choices.
For example, we have assumed the use of reliable
pulse power technology at the 1 MV level, but it
needs to be verified that trustworthy insulators
at suitable cost will be available; if not, the
voltage choice may have to be decreased somewhat,
at the expense of average gradient. As examples,
we discuss four cases for modulator choices:

(i) An approach suitable for the early
drift-tubes is illustrated in Fig. IV-C-2/4A; it
involves a low-voltage (20-100 kV) lumped pulsed
forming network (PFN) switched by means of thyra-
tron to the primary of a step-up pulse transformer
that delivers 1 MV at the secondary output. A
particular example design is shown in some detail
in Fig. IV-C-2/5. The parameters under consider-
ation in this case do not exactly match those de-
rived from Table IV-C-2/1, but are not very dif-
terent. The drift-tube is 12 m long, the beam
current is 1-5 amps, and the total energy deliv-
ered to the beam is a few tens of joules. Note
that in this system the stored emergy in the
pulse-line need only be a few kilojoules and about
80% of this energy can be recovered and restored
in the line. It can be seen from Fig. IV-C-2/3
that the utility of this approach is probably
confined, for the examples considered, to the
first 30 MV or so of the q = 1 case,

(ii) The next choice of modulator to be con-
sidered is represented in Fig. IV-C-2/4B. The
unipolar Marx can have a rise-time of 0.1 psec
and a similar crow-bar time, and could be pulsed
either while the bunch enters or exits from the
drift-tube. Modest ramping of the pulse or more
subtle pulse-shaping can be achieved by low-
voltage pulse-forming networks applied to the
lowest decks of the Marx. This‘approach does not
lend itself readily to energy recovery; at the
few kilojoule level, however, this is probably
not an important consideration.

(iii) Am attractive choice for a modulator,
illustrated in Fig. IV-C-2/4C, is a combination
of two Marx generators with opposite polarities.
Since the rise-time is not important in this case
the first generator can power the load through a
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large resistor Ry. When it becomes time to switch
polarity the first generator is crow-barred and
the second one activated through a series output
spark-gap, and most of the open-circuit voltage is
developed on the drift-tube load if the resistance
Ry is adequately large. The RC-limited switching
time, Tgy, will be of order 0.3 usec in which case
its influence on the drift-tube length is not im-
portant (see Fig. IV-C-2/3).

(iv) A combination of Marx generators with
suitable de-coupling resistors (see Fig. IV-C-2/4D)
can be arranged to provide multiple pulses to a
single drift-tube. A system for the two bipolar
pulses illustrated requires that Ry >> R, >>
Rz >> R, and it is obvious that extension to a
significantly greater number of pulses rapidly
become unreasonable.

In previous publications 7:® we have drawn
attention to the special attraction of using
pulse-power technology, in the form of the induc-
tion linac, for the acceleration of high-current
beams, because of the capability of obtaining very
high peak-power from an inherently low average-
power source. Analogous arguments can be seen to
hold for the pulsed drift-tube low-velocity struc-
ture discussed in this paper. Each drift-tube is
used to supply only about 200 joules to the beam,
but at a power level that varies from some 5 MW at
the beginning of the injector to a healthy 100 MW
at the end. The installed averaged power capa-
bility needed for acceleration alone should be
significantly less than 1 MW.

At the same time we have adverted to the lim-
itations imposed by the present state of develop-
ment of this techmnology, particularly the narrow
range of switches available.”>® The strategies
outlined earlier indicarte that credible ways of
circumventing these limitations can be constructed,
but more elegant and less costly solutions would
be possible if there were a wider variety of
switches to choose from. For example, existence
of a fast-opening switch would immediately allow
a multiple-pulsing capability to an arbitrary de-
gree (c.f. the system illustrated in Fig. IV-C-2/4D.
Spark-gap switches provide a relatively low-cost
method of switching al Lhe 1 MV level, have satis-
tactory rise-time and jitter, and at the power val-
ues relevant to the present application can offer
high reliability. Intrinsically, however, they
have a long recovery time (>1 msec) and have to be
regarded as one-shot devices on the time-scale of
beam manipulation thal concerns us here Thyratrons,
significantly more expensive (although cost on the
scale of an injector which needs rather few ele-
ments is probably unimportant), have the attrac-
tion of a shorter dead-time, 10 usec or less,
which 1s tantalizingly close to multiple-pulse éx-
ploitation in the earliest stages of a pulsed
drift-tube accelerator. They are at present lim-
ited, however, to voltages of less than 200 kV and
if used in combination with pulse-transformers to
reach the 1 MV domain seem to have application
only in the earliest stages of acceleration. The
limitation which enters through the transformer is
not due to the switch, but the need for voltage
transformation. There are interesting new
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PULSED QUASISTATIC DRIFT TUBE INJECTOR o ot
(SOME' EXAMPLE CONFIGURATIONS)
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IV-C-2/1. Some possible arrangements of components in a pulsed drift-tube structure: (A). In-line.
arrangement of drift-tube to each of which is applied a single bipolar pulse (for explanation of
pulse shaping see text); (B) In-line arrangement where two, pulses, in,this example, are succes-
sively applied; ' ‘The gradient '(MV/m) is twice that of the former example; (C) Re-circulation
through multiply-pulsed drift-tubes by @eans of pulsed bending magnets; (D) Inversely branched
lay-out in which pulse stacKing takes place (transverse stacking only, shown) .. .o
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RELATIONS AMONG DRIFT-TUBE LENGTH AND BUNCH-LENGTH,
RADIUS, AND SWITCHING TIME
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Fig. 1v-c-2/2. Tllustration of how the switching-
time, T W affects the drift-tube length.
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Fig. IV-C-2/3. The relative contribution of vari-
otis parameters to the drift-tube length, D,
as the beam voltage (V(=T/q) varies: .(A) for

q=1 (B) for q = 4. Two values for T aw

= 3 pse¢ and 0.3 psec.are indicated.

developments in vacuum-tube switch technology
stimulated by the need for high-power series-’
‘regulator switches for neutral-beam sources for
the Tokamak programs.® Such tubes éould approach
. the 10-100 MW pulse=power requirements with a'.
switching-time that is negligible on the time-
scale of present concern. The voltage capability
of these tubes will be in the 150-200 kV range so
that pulse transformer characteristics would still
impose certain limitations. While we have not
explored here the possible gains to be derived

from the use of such switches their potential
application should.be examined further, especially
in multiple pulsing of short drift-tubes without
the use of pulse transformers.

SOME VOLTAGE 'SOURCE OPTIONS
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IV-C-2/4. GCome pulse mudulacor choices:
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:Marx generator combination, (D) Duuble
pulsing (Bipolar) Marx Cecnerator Camhination.
The natural RC droop of the Marx pulse can
bLe removed apnd a positive ramp created by
pulsing the lower decks.

Fig.

CONCLUSIONS

The major attractions of the pulsed drift-
tubes are that they are non-resonant structures

. and that they appear suitable for accelerating a
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very high current bunch at low energies. The
mechanical tolerances of the non-resonant struc-
ture are very loose and the cost per meter should
be low; the cost of the transport. system is ex-
pected to be the major cost. The pulse power mod-
unlatore used to drive Lhe drifr-tubes are inexpen-
sive compared to rf sources with equivalent peak-
power. The longitudinal emittance of the beam
emnging from the structure could be extremely:
low'. o
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3. ESTIMATES OF POST-ACCELERATION LONGITUDINAL
BUNCH COMPRESSION

David L, Judd
INTRODUCTION

The target requirement for the use of pulses
of high-energy heavy ions as igniters of inertial-
fusion pellet targets which is least familiar in
present accelerator technology is that of deliver-
ing a few magajoules_of energy within a.few .
nanosaconds. Spot size and energy deposition
requirements indicate that ions with A > 100 should
have a kinetic_energy of order 10-50 GeV; this
calls for ~ 1012 ions with a total charge Q ~ 2
x 104 q Coulomb (ion charge = qe) to arrive at
the target together in Ny, bunches,.each of length
L = Bct ~ 1-2 meter. The longitudinal self~-field
within such a bunch has a maximum‘value on the
order of 5 to 10 times Q/ (4meoNpL2), which has
the order of magnitude 10 (q/Np) MV/m. . Such
fields are far above those available for equilib-
rium longitudinal containment from known synchroe
tron or storage ring rf systems, even for q = 1,
unless an unrealistically large number Ny of .
bunches is contemplated. Therefore, it seems
very probable (as has been emphasized by Maschke)
that transient- longitudinal "implosion" of the
bunches just before ‘their arrival at the target
will be required.

Our purpose here is to obtain approximate
estimates of the parametric dependences of attain-
able final implosive bunch compressions in forms
allowing comparisons among different processes.

We make several simplifying assumptions whnse
quantitative validity will require more detailed
calculations to assess. However, the conclusions
obtained should provide useful guides even though
the numerical coefficients are uncertain at
present,

We assume that transverse containment of a
bunch within a radius much less than its length
is provided by means not specified here, and
that transverse and longitudinal motions of ions
within a bunch may be regarded as uncoupled,
Within a bunch we take the effective longitudinal
gself-field to be given by

Sc

2
E- >~ - (gae/y) (3n/32)

(cgs)

with A the number of ions per unit length, z the
distance measured from the bunch center, and g a
geometrical factor of order unity [see L, Smith,
LBL-5543, p. 77, eq. (1)1. The factor y < accounts
for partial cancellation of electric by magnetic
self-force. If A(z) is parabolic (proportional
to.1 - (2z/1)?)

£5C = (680/vLY) (22/1),

with Q the total charge in the bunch. We adopt
this model, setting 6g = k and recognizing that
its value will depend on the form of A(z) as well
as beam bunch radius and beam pipe properties.
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L]
-For numerical estimates here we will take k ~ 10,

hoping that this introduces some conservatism,

If an equhl but opposite mean (i.e., path-
averaged) external linearly ramped electric field
with average value zeroiis applied, with sawtooth
ramp amplitude

® o= k/y Ly,

it is possible for all the ions in the bunch to be
in equilibrium at rest_in the bunch frame with
constant bunch length L given by

-2 — —
L (B = /G

provided there is no longitudinal velocity dis-
persion. In our picture the post-acceleration
bunch compression operation begins at t = 0 with
the bunch in such an equilibrium state at initial
length L:, (In some actual systems-the-accele-
ration and compression operations may overlap;

we neglect this possibility here and separate them
for convenience.. Further on we will introduce an
initial ordered velocity "tilt" in longitudinal
(z,P;) phase space and a "thermal" longitudinal
velocity distribution.)

In applying our results we will have two
different types of system in mind..,K One of these

_consists of an induction linac as the main accele-
‘rator.

We picture a single bunch-emerging from
it with bunch length Lj in the equilibrium con-
dition just described, The bunch then passes
through a compressor section consisting of a drift
line coinitaining pulsed-gap elements similar to
those in the linac except that they produce large
electric fields ramped linearly in time (Sawtooth)
with average value zero. (Such a bunch may be
split into two parts, to be brought to the target
separately, either before or during the post-
acceleration compression, and the drift lines may
contain bending magnets as well as the pulsed-gap
system and transverse focusing magnets; these
matters will not be considered here.)

The second type of system consists of a
numnber n of dc-magnet accumulator or storage
rings which receive beams by multi-turn injection
from a synchrotron or rf linac which provides the
main acceleration. Within each ring the'résulting
beam may initially fill the entire circumference.

- We will assume that after filling the beam 1s

gently collected irito h bunches in each ring by
slowly turning on an rf accelerating system at
the hth harmonic of the ring circulation frequency
until within each rf cycle a bunch‘extends over
the roughly linear portion of the sinusoidal
accelerating wave, its central particle crossing
the gaps at the stable time of zero field. 1In
this condition somewhat less than half the ring
circumferences will be occupied by the bunches,
and each will be in the equilibrium state de-
scribed above. It is envisioned that in such
systems the implosion process to be described
below starts and continues within the rings until
the bunch lengths have decreased to a given value,

~

~



at which time the h bunches are extracted from each

ring into h transport lines. (Here again the
collection and implosion processes may overlap in
actual designs, but we separate them for conven-
ience.) We will also consider including in these
transport lines sawtooth pulsed-gap supplementary
compressor systems like those described above as
being downstream from an induction linac,

IMPLOSIVE COMPRESS ION

Our somewhat idealized implosive compression
operation is started at t = 0 by suddenly apply-
ing a large linearly-ramped external longitudinal
electric field whose initial (path-averaged)
strength is

BN (2) =~ - aE (22/1) for lzl <sL. .
(o] 1

We define a dimensionless bunch length p = L(t)/L,
it is the reciprocal longitudinal compression +
factor.
tude and slope are defined in terms of L(t) and

€(p) by

Ee“(z,L) = - c(p)aE, (2z/L)  ftor |z| <&L;

here e¢(p)-is a dimensionless function having ini-
tial value unity, whose different variations serve
to define the several compression regimes to be
described below,

The equation of motion of an ion is
3 2 2
(y M) dz/dt =

qe [-e(p) AE + kQ/(YL)Z] (2z/1)

where y3M is the ''relativistic longitudinal mass"
of an ion of mass M = Amp. Applying this equation
to ions at the bunch ends where |z| = L,

we obtain the "envelope equation':’

dzL/dt2 = - [qu AEb/Y3M ]e(p) + [2kqu/y5ML2 ] ;

Now we adopt a dimensionless time v defined by

T = t/T, with

T2 = (y3MLi)/ (4qe AEO) (cgs) .

Dividing by Lj, the equation of motion in these
units is

2, 2 _ 1 R
dpldr = -3y [e(p) - ]‘
- p
where R is a dimensionless parameter given by

R=(Q/ (VL0 M) (egs) -

O/ (bme ¥'L,© M) (S

>

At later times the applied sSawtooth ampli-

35

and (4nso)-1 =9 x 107, The "energy integral" of
this equation is found by multiplying by dp/dr
and integrating; with out initial condition
dp/dtr = 0 at p = 1, it is

1 1l-p

(dp/d'r)2 =J\ o e(x) dx - o R .

For any given e(p) we may find p (1) from this
equation by another integration. (An additional
term, representing the effect of a ''thermal” or
random velocity spread, or, equivalently, that of
a non-zero longitudinal emittance, will be added
to these equations in a later section, where its
significance is discussed.)

‘

SPECIFICATION OF AN IMPLOSION PROCEDURE BY €(p)

In a pulsed-gap line the applied sawtooth
ramp amplitude may be maintained constant at the
value AE, throughout the compression, for times
at least as short as 10 nanoseconds, while its
slope increases inversely with bunch length; this
corresponds to e€(p) = 1 for p < 1. If the beam
continues to drift past the end of this system
before attaining its minimum length, this corre-
sponds Lo

1 Qr<p<1
e(p) =
0 D<pT
with Py the dimensionless bunch length at the
transition point where the compressor field ends.

For a ring rf system it is advantageous to
use the largest available accelerating voltage
amplitude throughout that part of. the compression
process which occurs within the ring., The slope
of the quasi-linear part of this sinusoidal wave,
which is the analog of the sawtooth pulse in the
linear system, will therefore be constant during
this compression; the amplitude of the part.occu-
pied by a bunch will therefore be directly pro-
portional to its length. (We do not consider
here the theoretical possibility of rapidly adding
a number of higher harmonics to the waveform so
as to change its slope during compression, be- -
cause the total number of turns involved will be
found to be relatively small; in addition, the
electronic complications seem out of proportion
to the possible gain.,) This condition corresponds

to

e(p) = p for pp <P < 1
with the dimensionless bunch length at the
time g% extraction from the ring. If these

bunches pass through a pulsed-gap compressor line
after extraction from a ring,

e(p) = € for p, <P <0
with py, py the dimensionless bunch lengths on
entry and departure from this line and ey, the
ratio



that of the quasi-linear part of the rf field
amplitude in the ring at t = 0, denoted by AEo.

CONTINUOUS PULSED-GAP COMPRESSION

As a first example of the use of the general
results we set up €(p) = 1. Then

(dprdmy? = L= R

) P
The bunch compresses like a monlinear spring, whose
restoring force varies as L™2, when subjected to
a constant compressive force. The spring reaches
a momentary fully compressed state of rest at
p = R, after which it would rebound reversibly
were the bunch not then to arrive at the target.
Its minimum length is

L. =RL
min

N .
by writing this in the forﬁ

2 -—
Lok = GO/ ) = [L(AEO)]

we see that the equilibrium bunch length, about

which L oscillates between the extremes Lj and
Lpin> 18 the geometric mean of the extremes.

The remaining integral which yilelds the
function t(p) is an elliptic integral;

1
{ - A -1 -1
7(p) -I x(1 -0 T x - O ¥ ax = 2,0
n
with E the standard elllptic 1ntegral‘f¢ kz
sinze)% . Its parameters are gilven by
2 ; 2
sin®™ ¢ = (1L -p)/(1 -R) , k" =1 - R,

The total time to maximum compression is given by
the complete elliptic integral:

T (R) =>2E(k).
For k near to unity (R < < 1, corresponding to a
large compression factor) E is insensitive to the

value of R; 1 < E < 1.1 for 0 < R < 0,1 There~-
fore the bunch travels a distance

= BeT(R) T =B (yaMchi)/(QEAEO)]‘%

to L .

during compression from Li nin

It is not necessary to be familiar with the
properties of the elliptic integral to understand
the physics of the process. For small R most of
the compression occurs in the '"free-fall" regime,
in which E8€ (and therefore R) may be neglected;

dp/dr = ¥
pldtr ==~ (1 -0) °,

. . 2
=1 - %72, analogous to h = hy - kgt

and papprox
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for free fall under gravity., In the final stage
of compression the term in R must be included,

as shown in Fig. V-G-2/1 (drawn for R = 0.1) in
which o(T), the approximate parabola papproxs

and the slope dp/dt are plotted against t. The
sign of the curvature of p(r) reverses at p = R? =
L/Ly at the time of maximum slope; the maximum
slope is given by

-1 -gt
|dp/d'r|max R

The slope dp/dr is of interest because it repre-
sents an ordered linear velocity tilt in longi-
tudinal phase space; the front and back ends of
the bunch have velocities (relative to a central
particle) av = + (dL/dt) § 0 whose magnitudes
are given by

lav/e] = %(Li/cT) (dp/dr) =

1

5

ldp/dr] (quEéLi)/(YaMcz) .

The ordered momentum spread assoclated with this

velocity spread is

ABY) /By = (¥ /B) (avie) =
+g71 ldp/dr]| [(Y qe AE Li)/(Mcz)

ap/p =
%.

These results are valid in any self-consistent
units; e.g., e L in Mev/m, L in m, Mc® in MeV.

should the compressive process cease when
P = PT > pmips the subsequent lLeluviur Ls glven
by

P AU 1

(dp/d)? = (dp/dT)zlp =

P
T

=1~ - R) =R .

(PT ) = R/p
The minimum value of p under these new conditionms,
demoted by p, is .

* o R/ 1-(pT-R)] > o0,

showing that the final compression attailned is
reduced by the factor 1 - (pp - R) owing to early
termination of the applied force, The time of
drift between py and p* is given by an elementary
iutegrals

(") - lpy) =

R %9*3/2[ x%(x - 1)% + 4n {(x - 1)!i + x%}

*
with x = p7/p . For accurate work 7(pr) must be
found by evaluating the tncomplete elliptic in-
tegral, but it is evident from Fig. V-G-2/1 that
for small R the total time to the minimum will
not change much if pr is close to R.
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INCLUSION OF INITIAL ORDERED LINEAR VELOCITY "TILT"

If some amount of inward drift has been in-
duced by systems upstream of the point at which
our implosive compression is assumed to begin, we
may approximate it by altering the initial con-
ditions so that

du/de| _o = - av_(22/L))

rather than zero as assumed above. Of course this
is equivalent to starting farther dowm the curve
of p(T) such that of Fig. ¥-G-2/1; however, the
dimensionless variables p and T and the dimension-
less parameter R have been defined in terms of the
bunch length Lj rather than the value L, of L at
the back-extrapolated point where dp/dTt = 0.
Therefore, it is convenient to indicate the modi-
fications needed to accomodate the new initial
condition and the connection between scalings of
these quantities based on Lj and on Lj.

We start by labeling parameters based on
initial bunch length L; by subscripts i:

2

T =t/ , 1,7 = [(Y3M)/(4quEo)] L

1

-2

py (7)) =.L(Ti)/Li . R = [(kQ3/(Y2AE°)] L

Next we define a new dimehsionleés parameter Qi;
_ 2 2
= (Ti/Li? (av)

Then
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@p a7 )? = [(1 - 0, - Ri>/pi] +ay

~

e x 5
".i(p)/'/pv[a "G - ) +QiX] x

o 5.2 :
a-rH"+q and.

2 -
(dpi/dTi) lmax

. . .
pimin = %5(1 + Ri +_Qi) - [ %(1 =‘Ri.+ Qi)Z - Ri]..

This last relation is well approximated by

Pi == Ri(l - %Qi)

“min

if R, and Q. are both small with respect to unity.
It is seen that the final compression attained is

slightly greater than before, because of the 'head
start" represented by Qi'

Parameters based on the back-extrapolated
bunch length L, corresponding to dp/dT = 0 are
labeled by subscripts zero:

_ ) 2 | 3 : R
T, = t/To » T = [(y M)/(aqemao) ] T,=T, T.O/Li,

. _ _ L2 -2
P,(Te) = LT /Ly s Ry = [(kQ)/(Y AEO)] L,

= R,'(L./L )2

The parameter Q is zero by deflnltlon. Because
we are here regarding the quantities labeled by i
as 'known, the connections require only the deter-
mination of L,, or equivalently of the ratio
Li/Ly = poes the reciprocal compression associated
with the back-extrapolated interval. The connec-
tion is made by observing that both formalisms
must yield the same minimum bunch length;

L. =p. L, = L = = .
min plmin i Ro o po¢ RiLo pOCRiLl
Thus
Poc = Py /Ry
min .
and for small Ri and Qi
e >~ 1 - X,

oc i

'

The connection is noww complete and the solution
is given by

.Totpo) - r oc[(l - x)(x - R )] dx =[1 [J

= &9 k) - QK]

in which the time origin of T has been adjusted

to agree with that of TS



COMPRESSION IN A RING .
2
=%(1-9p)

31 +p) -RIp |,

For € (p) = p we have (dp/d'r)2

-R(1 - p)/p = (1 - o)
=% [(1+8R)% - ] =~ 2R/(L + 2R);

lap/dr| = mifi3e p =Ir1/3, For sufficiently small
R we have ppi, = 2R, showing that the linearly
-decreasing compressive force results in only about
half as much compression for the same values of

Q, Lj, and AE, provided that the process goes to
completion within the ring. If a bunch is extrac-
ted at p = p,, and then allowed to drift freely
together, we have during this drift

from which p

2
(@p/dT)” = (dp/dT)2|p=pT-R [(1 -p/p -(1 -pT)/pT

=% (o) - RA-p)/E ;-

The new minimum value p* of p under these
conditions 1is

2
p* = 2R/ (1 - (pT - 2R)| > Dmin B

so that the compression attained is again reduced
owing to early termination of compression; here,
however, this loss is less than in the pulsed-gap
line because the final stage of uninterrupted
compression is very ineffective due to the 11near
decrease of effective force with L.

As for the pulsed-gap line, for small R almost
all of the compression will occur before space
charge repulsion plays a role; in this region

@p/ar)? = 51 - p%y,

so that

p(T) = COS(T/Z%)

and the minimum value of p , for uninterrupted
compression, will occur near to the time

T = n/z%

=~ 2.2

so that the total path length to this minimum is

of the same order of magnitude as for the pulsed-
gap line for the same Q, Lj, and AE, although the
burich will be about twice as long.

Because the approximate cosine solution be-
comes inaccurate only near full compression, it
should be adequate in many cases for the period
up to the time of extraction of a bunch from a
ring.

A COMPOSITE SYSTEM
Here compression in the range 1> p > pp
occurs inside a ring, with €(p) = p, followed by

extraction and further compression in a line with
e(p) = GL = constant for py > p. After extraction,
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@p/any? = (@p/any?] _ - (6 ~opdep

p=pT

- R[(l -p)/p - (1 -pT)/pT]

=51 - 0,0 - (b - pe, - R(L - p)/p

The minimum value of p is given by
-2
(B/gL)[l -(1'-B REL)%]

%[%(1 - pTz) +oopet RJ .

There are several limiting cases of this result,
but the most important one appears to be that in
which the middle term in B dominates. This is be-
cause the pulsed-gap technology allows ramp height
AE, to be very much. larger than in ring rf systems,
so that g >> 1 , and also because the value of
Py attainable in a ring is probably not very small.
In this limit we have

Dl e

min

with

The compression factor obtainable from the line
alone is ¢ /R , differing from R™! because the def-
inition of R is based on the ring's AEO which is

g, times smaller than that in the line. The limit-
ing result above shows that this compression is
reduced by the factor Py owing to use of a lesser
compressive force w1th1n the ring until p has di-
minished from unity to pr.

COMPARISON OF A PULSED-GAP LINE WITH n RINGS
USING FIRST HARMONIC

We start by making order-of-magnitude esti-
mates of the -requirements on an induction linac
system. A bunch emerging from it should have a
pulse length € 200 nanosecond to allow use of
ferrite-loaded modules along much of its length,
but not very much less than this value so as to
avoid expending an appreciable fraction of the
available volt-seconds for longitudinal containment
during acceleration., Therefore we use Lj ~ 30 m,
appropriate for B = v/c ~ 5. A pulsed-gap com-
pressor line can supply sawtooth ramps of path-av-
eraged field amplitude 2 1 MV/m with pulse times
from 200 nsec down to 10 nsec or shorter. Let us
assume that we wish to amply supply the pellet tar-
get needs by delivering ~ 10 MJ in ~ 10 nsec, using
ions with A ~ 200 having kinetic energy 20 GeV.

Then B ~ 0.45, yz ~ 5/4, and ~ 3 x ,1015 ions are
needed, having total charge ~ 5 x 10-% Coul if they
are in the singly ionized state q = 1. The final

bunch length Lpin = BcAt is then ~ 4/3 m. The. re-

quired value of AEy is then

bE  ~ (k/4ne )(Q/Y L.L

i min

)=

9 -4
10 x 9 x 10 _x 5 x 10

(5/4) % 30 x (4/3)

eV/m ~ 1 M¥/m,



the value given above, Note that this expression
is proportional to 8'3Y 2(q/A) times the beam
power at the target.

For the rings we assume that Lj is a fraction
F of a ring circumference C; F ~ 1/3 for the quasi-
linear part of a sinusoidal accelerating field. We
set CAE, = AV, the number of volts per turn expe-
rienced by ions at the bunch ends at t = 0. Ejec-
tion from the ring occurs after compression by a
factor pp™l, and we take R << 1 for the ring, as
will be the case for a strong rf system. Then the
minimum bunch length after subsequent drift, but
without supplementary pulsed-line compression, will
be
ring 2

- 2
LEI8 L 21 - p Py M e/ame ) (@/n) /Ty FAV]

while that from the pulsed-gap compressor is

line
L%~ (k/bme )Q/[y L AE ] .

Equating these expressions, we may solve for the
number n of rings required to produce the same fi-
nal pulse length, obtaining

2

o~ 2(1 - py )’1 LiAEo/[FAV]

Using pp < 1/3, F ~ 1/3, Li = 30 m and AE,
for the linac,

=1 MV/m

180

n AV (MV/turn) °

It seems clear that the compression factor avail-
able from a pulsed-gap line can be reproduced by
rings only by using a large number of them or by
filling much of their circumferences with truly
heroic rf systems having a voltage per turn far
beyond present experience.

COMPARISON OF RINGS WITH DIFFERENT HARMONICS h

Consider two ring systems, each with the same
number n of rings, one with harmonic number h = 1
and the other with harmonic h. For the first,

Léiz = 2K(Q/n)/[Y2FCAEgl)(1 - pTZ)]

with the bunch in each ring having charge Q/n and
initial length L; = FC as above. In the second

system there are h bunches in each ring with each
bunch having charge Q/nh and initial length Lj =

FC/h. Therefore
2
L = ae/mny /i ey M - o5

It is at once apparent that the explicit h-depen-
dence cancels. The factor F measures only the
fraction of the wave that is quasi-linear and will
be the same for both, and there is no reason for
pr to differ. Therefore the minimum attainable
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bunch lengths are the same except for-technological
factors affecting the frequency dependence of the
maximum attainable voltage per turn. Although
these factors favor larger h, the gain is made at
the cost of increasing the number of beam lines,
final focusing magnets, and beam spots on the tar-
get by a factor h, giving a more complex and un-
wieldy system. In addition, the total distance
traversed by each bunch is

= BetT , with BT ~ 1
as shown above. It is reasonable to assume that

the fraction of this distance traversed outside
the ring after extraction is about the same for

any h; i.e., pr does not depend on h. With 72 «
Li = h'l, the external drift line length per bunch
is « h”

and the totgl length of all drift lines
is proportional to h=.

Accumulator rings appear-to be essential for
systems using a synchrotron or rf linac as the main
accelerator. From the estimates and calculations
above it also appears essential to provide pulsed-
gap compressor lines following bunch extraction.

To minimize the total length of these lines a
small number of separately extracted bunches is
desirable. The optimization of such composite
longitudinal compression systems is a complex
problem whose solutions will depend on many cost
and other factors that are not yet available.

MODIFICATIONS DUE TO NON-ZERO LONGITUDINAL
EMITTANCE

Llo§d Smith has given an envelope equation
[LBL-5543, p. 79, eq.(12"')] which includes the

effect of finite longitudinal emittance. In the
study of post-acceleration bunch compression we
may take B and y as constants. If in his equation
we replace Equ by AEO/(%L)é g by %L, and ds by
Be dt, and multiply by 2Bc“/y” we obtain

d’L/de?= -[2qetE /v M]e(p)H{2kaea/y 12+

[bee)? /v

which is the same as our envelope equation in
Section 2 above except for the last term added on
the right side., Here Smith's ¢ is the same as the
usual normalized (ey/n) as defined, for example,
by Teng (LBL-5543, p. 13).

The physical basis of this added term is easy
to understand. It represents the pressure against
confining walls of a one-dimensional ideal gas,
whose adiabatic equation is pVY¥=constant with the
specific heats ratio y equal to 3 in one dimension
where volume V is the length L. Thus this force
varies as L-3.

If we define another dimensionless parameter
S by :

= 4(ce)2M/(y3quEoL13)



the equation of motion in our dimensionless vari-
ables becomes

2 2
d p/dr = (e (p) - R _ 2§_]

2 p3
p

and the first integral, with dp/dt = 0 at p =1,

is .

2 -1 -2
(dp/dT) " = r e(x) dx + R(1 - p ) +Ss(1 -p ).

[¢]

Confining our attention to e(p) =1,
2 2 - 2
(dp/dr)" = (1 - p)[p” - (R+ 8)p - 8/p

The roots of the quadratic factor are

t

0 =3@R +8) + 2R +S»)2 + s8]

min

"and an unphysical negative root in which the sign
of the square root is reversed. The simplest
approximation to. this result is that when 4S/R®<<1,
which turns out to be valid for some parameter’
choices bur not for others; in this limit the roots
are ppijnp = R+ S and p > - S/R. It is a general
property that S/R <<1, so that (dp/dr)3=(l-p) x
[p-(R + 8)1/p; the attainable compression is -
slightly reduced by the presence of the longitudi-
nal emittance. In the opposite extreme 4S/R?>>1
and the roots approach + Sk so that the attainable
compression is dominated by the emittance effect
rather than the longitudinal self-field of the
bunch. This compression is generally by a large
factor because § is generally less than ~ 1073
and can be much smaller for values of A/q and ¢
on the low sides of the ranges being considered.
This emittance-dominated regime is associated with
large ion kinetic energy, strong compressive field,
low charge state, and a large number of bunches,
all of which favor large compression (small R) in
the absence of emittance.
dependences are obvious at first sight: Q - Q/Nb=
qeN/Np; N = W/E, with W the total energy delivered;
e<%ByLmin(rs/Rp) with Lpi, the final bunch length,
Ty a spot radius on target, and Rp the beam port
radius (see L. Teng, LBL-5543, p. 13); and r,® =
w/anedﬂb with ¢4 the mean energy deposited per
unit mass and & the ion range in mass per unit -

area. From these rélations

4s

;E ) 2 3‘ 2
“ v Y2 ) (“otn N P
nk2 q3 b R edRr Li e/Li2 W

2 R

; 4 Ez_Yi é_z_ min Ek

ok q Rp edRrpLi

. study of longitudinal compression.

Not all of the parametric
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in cgs units. Note that S/R is independent of

W, My, and AEo; because Ey/f is larger for

larger A but otherwise insensitive and e lies
within a narrow range it is easy to show that S/R
cannot exceed a few percent.

For the parameters in Section 8 we find
4S/R® ~ 1,6, ~ 1.7 x 107%, and R ~0.02, assuming
Np = 2 and Lmin/Rp = 3, Changing to q = 3 gives
4S/R® ~ 0,06, S~ 6 x 1075, and R ~ 0.06. How-
ever, for q = 1, W = 1 MJ, and E = 40 GeV with
the other parameters the same we find 4S/R? ~ 50,
and S ~4 x 107%; the estimated reciprocal com-
pression §% is ~ 6 x 1072,

CONCLUSION -

This report is an account of work in progress
it represents only the beginning of a continuing
Although some
numerical evaluations have been made, the results
obtained at the time of the Brookhaven Workshop

‘are not sufficiently representative or compre-

hensive to warrant inclusion here.

It is important to note that the ordered end-
to-end velocity differences within a bunch during
implosive compressions are far too great to meet
the requirement Ap/p < rg/Rp arising from chrn-
matic aberration at the final focusing magnet
except very near the position of minimum bunch
length where the bunch's self-field is rapidly
braking these motions toward a stop. The toler-
ances required to allow this process to succeed
will require carcful study.

I learned during the Workshop that
Dr. T. K. Khoe, in unpublished notes at the
Argonne Nati onal Laboratory earlier this year, has
given similar consideration to some of the prob-
les Lrealed here,



V. Technical Work‘ing Groups o

A. ATOMIC AND MOLECULAR PHYSICS

1. SUMMARY

Robert T. Poe

s

INTRODUCTION

The atomic/molecular physics group has
accomplished a number of objectives. These include
a critical review of ongoing projects, the ex-
ploration and identification of new problems and
areas of concern, a broad overview of the status
and goals in atomic/molecular physics. Finally
there results in, for the participants, a sense
of coordinated plan toward a common objective.

ATOMIC/MOLECULAR PHYSICS IN ACCELERATORS AND
STORAGE RINGS

For heavy ion beam transport (high ?) in ac-
celerator and storage rings, there are two broad
classes of atomic/molecular scattering processes
“that affect the beam lifetime, the beam quality
and the beam intensity. In subsequent discussions,
we shall use the symbol A for a general heavy’
ion, where A denotes its nuclear species and n
denotes the charge state of the ion.

Beam-Background Gas Collisions: The loss of
heavy ion beams due to collisions with atoms/
molecules of the background gas, resulting in a
changing of the charge state of the ion, deter-
mines the vacuum requirement in the accelerator
and storage rings. This type of stripping pro-
cess is represented, for example, by the following
ionization:process.

‘n+

AT 4N, - A (a+1)+

+e +N
2

Since the heavy ion will be in BeV energy
range in the laboratory frame, this type of charge
stripping is a high energy (B = © >> 0.1) collision
process where Born Approximation,should be valid.
Within the framework of the Born Approximation,
the cross section o for the process is given as

8“3312 . '
o =—p— [1]
B
2 -
8"3&32 = 3,75x10 20 cm2

and where [I] is a (nearly) constant collision
strength.
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Calculations have been performe?1§n the
past year by Gillespie, Kim and Cheng for
Li*, ¢s*, An* and Hgn+ with Hy, C, N, and O.
This is discussed in a workshop report in this
section by Cheng, Das, Kim and Raffenetti.

For this workshop, Gillespie (See this sec-
tion) has examined two important questions in '
connection with their Born calculation. First,
the systematics of the cross section are examined
both with respect to the dependence on nuclear
species A and the dependence on ion charge state n.
Secohd, since the Born calculations were carried
out with closure approximations (i.e., sum rule),
cross section values contain both the ionization
cross section, which does contribute to the ion
beam loss, and the excitation cross section,
which does not contribute to the ion beam loss.

A study is made on the relative importance of these
two cross sections in the sgecial case of hydro-
genic ions from He' to zn2? , and it was concluded
that the sum rule approach will not overestimate
the electron loss cross sections by more than a
factor of 2.

Beam-background gas collisions are of im-
portance in the reactor chamber which we shall
discuss later.

Charge Changing Collisions Between Ions:
Charge changing collisions within the pulse of
heavy ions represents a serious problem in the
ion beam intensity considerations independent
of the vacuum requirement. It also represents
a serious problem of atomic physics. Few rele-
vant data exist in literature, either theoretical.
or experimental. In the collision the average
relative energy between ions within the pulse
is about 0.5 keV/nucleon, a low energy where
theory becomes difficult. 1In this workshop we
reviewed the progress in the study of one charge
changing process, the ion-ion charge transfer
process; and we explored a new process, the di-
rect ionization process, that may prove to be
equally important.

Iom-Ion Charge Transfer Process: Ion-Ion
charge transfer process of the type

€3]

An+ + An+ - A (n+1)+ + A(n-1)+



was identified in the last HIF workshop(z). Theo-.
retical study of this important process has just
began at ANL (Kim), and University of Nebraska
(Macek) and the University of California, Riverside
(Poe). Through discussions at this Workshop a
picture of the charge transfer process emerges.

At low energies, charge transfer cross section
will increase with energy since it is dominated by
the energy available to the charge transfer. At
higher energies, the charge transfer cross section
decreases because it is inhibited by the associ-
ated momentum transfer factor. In the theo-
retical approaches being pursued there is con-
siderable question as to whether molecular wave
functions or atomic type wave functions are more
convenient. From physics consideration both have
their merits. Both approaches are now being pur-
sued. A status report of the ANL group's prog-
ress was presented (See this section).

(ii) Direct JIonization Process: Discussions on
the importance of the direct ionization process as
a beam-loss mechanism in ion-ion collisions was
initiated by Macek (U. Nebraska) at this workshop.
An example of this type of process is illustrated

n+ n+

A 4 A(n+1)+

- +
+e + An

The direct electron ejection may originate
from either inner or outer atomic shells. For
heavy ions, the ejection process may not be domi-
nated simply by Coulomb interactions but perhaps
more likely by the effect of the Pauli principle.
That is, as two heavy ions become close to each
other, the exclusion principle between electrons .
will drive electronic orbitals to higher levels.
As ions recede from each other, the electronic
levels will be such that inner shell vacancies will
be created. This type of process is sometimes
referred to as Pauli Excitation. For heavy ion
systems, the dominant process that follows is the
Auger process, the radiationless deexcitation of
electrons from a higher level accompllshed by the
ejection of another electron.

Both the ion-ion charge transfer process and
the ion-ion direct ionization process (particular-
ly the outer shell ionization) represent a prom-
inant gap in the understanding of ion-ion col-
lisions and represent, because of its many-elec-
tron nature, a most difficult theoretical chal-
lenge. It is the consensus of the atomic/mo-
lecular physics groups in this HIF workshop that
the initiation of experimental work on ion-ion
collision is highly desirable if not imperative.

ATbMIC/MOLECULAR PHYSICS IN GAS FILLED REACTORS

A new area of exploration generated by this
workshop is the need of atomic/molecular. physics
in connection with the heavy ion beam transport
in the fusion reaction chamber. Interactions with
the Plasma physics group, in particular with D.
Tidman (U. Maryland) and S. Yu (LLL), was most
fruitful. It is clear from these interactions
that atomic/molecular physics and data plays an
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important role as the input in the reactor chamber
studies. The general design parameter of focus-
ing an intense ion beam over 10 meter chamber ra-
dius onto a target 1 mm in diameter places severe
conditions on the beam and on the Plasma generated
in the gas filled reactor chamber.

For the ion beam inside the reactor chamber,
one is interested in knowing the effective charge
Zeff of the ion as it is a function of propa-
gation toward the target. Here the charge strip-
ping process for ions comes from its interaction
with atom/molecule gas at high energies. For the
neutralization process that may help to reduce the
self=pinch effect of the intense ion beam, one re-
quires the knowledge of the electric conductivity,
the plasma density, and the plasma temperature in
the surrounding gas. This fundamentally requires
the information of cnergy spectra f(e) of low ener=
gy electrons in the medium, which are in turn
produced by

- Secondary electron cnergy aspcctra from the
ionization of background gas by fast heavy
ions.

- Secondary electron energy spectra from the
ionization of background gas by slow elec-
trons (S50 ev).

- Excitation cross sections for background
gas by slow electrons

- Multiple ionization cross sections of heavy
ions by background gas.

- Photoionization processes.

A paper by S. Yu is presented in this work=
shop section. A considerable amount of data
for these atomic processes are available in liter-
ature. They are essential to a realistic mod-
eling of plasma problems in the reactor chamber.

Finally, the problem of ion generation was
discussed. This topic is being pursued by Barnett
of ORNL,
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2. ATOMIC CROSS SECTIONS FOR "HEAVY-ION FUSION

K. T. Cheng, G. Das, Y.-K. Kim
and R. C. Raffenetti

LIMITS OF ION-ION COLLISION CROSS SECTIONS

Orders of magnitude'estimates can be made on
upper and lower limits to charge-changing cross
sections for ion-ion collisions in a storage ring.
The upper limit is set by charge transfer between
jions, and the lower limit by ionization of inner-
shell electrons,

In Figure V-A-2/1 we present our preliminary
data on the molecular potential calculations for
the Cs* ion. At large internuclear séparation,
R, the interaction between two Cs™ ions is basically
Coulomb repulsion, e?/R. As R decreases, the inter-
action potential rises faster (i.e., becomes more
repulsive) than the Coulomb potential. According
to our calculations based on a pseudo-potential
method, the interaction potential becomes very
repulsive at R = an,-where ag is the Bohr radius
(0.5293). Although we do not have the details
of the upper potential curve for cs™t-cs® system
yet, it is clear from Figure 1 that the upper
curve for the charge transferred system will cross
the lower cs*-Cs* curve near Ry = 4ag. Further-
more, we note that the diameter .of a cs* ion is

4.2a,, This implies that Rx is the distance at
which the valence shells of the ions touch each
other. ’

A simple estimate of the maximum charge
: ’
transfer cross section, Op,yx can be made from Ry:

@)

~ 2
%max %WRX ?

where

=2 (r)
valence

R, @
The factor % in Eq. (1) comes from the average
probability for charge transfer.® The ion-ion
collision energy at which the cross section
reaches a maximum can be estimated only after we
have details of the upper potential curve near Ry.

In Table V-A-2/1 we listed (r)yalence ©f various
ions and corresponding Opax-

At the HIF Workshop, Macek pointed out that
the lower limit of the ion-ion collision cross
section is set by ionization of inner-shell elec-
trons. The inner-shell electrons are promoted to
highly excited molecular orbitals when the inner
shells of the ions penetrate each other, and the
electrons are subsequently ionized as the ions
separate after the collision. "An estimate of the
inner-shell ionization cross section is obtained
from the radius of the core orbital with its
principal quantum number reduced by one from that
of the valence orbitala, i.e.,

e ((x) )2

core

3)

o .
min
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Values of (r)core and corresponding Opmin for some
ions are listed in Table V-A-2/1 also. "The values
of {r) were calculated from the relativistic
Hartree-Fock wavefunctions.*

COLLISION OF IONS WITH BACKGROUND GASES

In collaboration with G. H. Gillespie
(Physical Dynamics, Inc., La Jolla), we calculated
a number of cross sections for collisions of Li*,
Cs+, Au+, and HgP (n=2 ~ 52) with Hy, C, N, and
0 at high B (=v/c), based on the Born approxi-
mation.® The details are presented in Table
V-A-2/2.; These cross sections are upper limits
to those for ionization of ions by the background
gas. The Born cross sections are expected to be
good to ~ 50% or better at high B (~ 0.2 and up),
and thus sufficient for estimating vacuum require-
ments for storage rings and high-B portion of
accelerators. Note in Table V-A-2/2 that the
cross section decreases by an order of magnitude
only when the Hg ion is stripped almost 50 times.
At ANL, computer programs are now ready to calcu-
late ‘cross sections for any combination of ions
and target gas for high-energy collisions. The
cross sections should be reliable to ~ 50% or
better.
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Fig. V-A-2/1. Potential curves for two Cs* ions.

The ordinate is the interaction energy and the
abscissa is the internuclear distance, both

in atomic units. Curve A represents the
Coulomb repulsion and Curve B shows our calcu-
lation for the repulsive (*T*) state of the
(cs*); molecule. Curve C is not based on re-
liable calculations, but it only indicates

the relative position of the curve for the
charge-transferred systems cs**-cs0. curve C
must lie 21.2 eV above Curve B at large R,

but details at smaller R have not been calcu-
lated yet.



Table V-A-2/2. -Born cross sections for total
inelastic scattering of ions by
‘background gases,?2

3

R S .
Oin = AB © + BB
Lo . ©9 YA
Ion Target A (A7) B (A7)
Cs+ H, 7.46 x.10 5.4 x 10°°
N, 9.34-x 1072 -2.1 x 1074
0, 1.04 x 1000 -1.9 x 107%
co 9.11 x 1072 -2.0 x 1074
at o, 8.08 x 1073 1.2 x 107
N, 1.05 x'10°Y 4.2 x 107%
0, 1:18 x 10°F  -3.9 x 107%
co i.02 x 10 -4.2 x 107%
gt N, 9.71 x 1072 -2.4 x 107%
ug?® o, 3.68 x 1072 -2,4 x 107*
-2 -
cug*t o, 2.24 x 1072 -1.1 x 107
wg?lt oW, 6.06 x 107> -1.0 x 1074

2pased on Ref. 5.
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Table V-A-2/1. Limits of ion-ion collision cross

sections based on the orbital

R sizes. See Eqs. (1) - (3) for no-
tatiops. {r) in atomic units and
o in A2
Ion (e} e) {e) o .
- valence max core min
cst 2,11 7.8 0.84 0.62
Aut 1.58 4.4 0450 0.22
2+ .
Hg 1.45 3.7 0.48 0.20
gt 1.31 3.0  .0.48  0.20
10+
Hg 1.14 2.3 0.48 . 0.20
20+ .
Hg 0.46 0.4 0.17 0.03
v’ 3.88 . - 26 0.90  0.71
ot 1.68 5.0 0.88 . 0.68
u?%* 0.78 1.1 0.35  0.11
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3. STATUS OF HIGH-VELOCITY ATOMIC CROSS
SECTION THEORY '
George H. Gillespie
INTRODUCTION

Since the summer study last yearl, a number
of specific calculations of atomic collision cross
sections have been carried out in collaboration
with Y.-K. Kim and K. T. Cheng of Argonne.2 The
goal of that work has been to provide some quanti-
tative resulls for at least a few high-velocity
cross sections relevant to the establishment of
vacuum requirements. In addition to the work
described in Ref. 2, there have also been some
further calculations of a more -exploratory nature,
for the purpose of developing a clearer picture of
the overall scheme of things. Particular ques-
tions which have been examined concern the charge
state dependence of the cross sections, dependence
of the cross sections on atomic number for a given
net charge of .the ion, and the relative contri-
butions of excitation and ionization (electron-

" loss) processes to the total sum rule cross sec-
tions calculated in the approach used for these
high-velocity problems, This note is an effort
to tie some of these results together and, at the
least, to collect them in one place.

The questions posed above all have a direct
bearing on the vacuum problem. They are also im-
portant when one considers the role of such cross
sections in the beam transport through a high-
density gas region, such as may occur in the
reaction chamber. While it will become clear that
the answers are at present incomplete, there is
enough information available that some definitive
statements can be made.

NOTAT ION

A detailed discussion of the undeflying theo-
retical treatment of the Born approximation cross
sections will be avoided, there are sufficient
references available on the methods used (Refs. 1
and 2, and additional references cited therein).
There have been enough changes in notation, how-

ever, that sonme definitions arc required. A
particular cross section may be written as
2
o=s8ml (1], ¢}
[
B
where
2 -
Bnaoaz =3.75 x 10720 cn? , @)
and B = v/c. The parameter [I) appearing in (1)

will be referred to as the collision strength.

At high velocities it is essentially independent
of the energy (with at most a logarithmic depen-
dence). Results are either expressed in terms of
o, 820, or the collision strength, one being
readily interchanged for the other via Eqs. (1-2).
Various subscripts are used with the collision
strength to define particular processes. They are
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used as ordered pairs generally, the first sub-
script referring to a process of the incident ion,
the second for a process relevant to the target
atom or molecule. Most are self-explanatory [ion=
ionization; ex=excitation;-el=elastic, i.e., the
electronic final state is the same as the initial
state; in=inelastic, i.e., the electronic final
state is different from the initial state, which
means either ionization or excitation has oc-
curred].

UPPER BOUNDS ON ELECTRON STRIPPING CROSS SECTIONS
FOR SINGLY CHARGED IONS

Figure V-A-3/1 provides a plot of the total
excitation plus ionization cross sections for singly
charged ions incident on H, or N, gases. The
graph shows these(ii a function of the atomic num-
ber of the ion [ZN ]. The cross sections pro-
vide upper bounds to the stripping cross sections
for any singly charged ion. The open circles give
the results for explicit calculations” for the
ions indicated; the solid lines are simply smooth
curves drawn through them which should be useful
for interpolation. For a given target gas, the
cross sections g TErally rise in proportion to the
atomic number [ZS ], for Zﬁl) € 40. This is ex-
pected since these cross sections are proportional
to the number of electrons in the iona [Zg )] and
this differs only by one from the atomic number.
This scaling was briefly discussed in last year's
summer study but it is clear now that it breaks
down for very heavy ions. For Zﬁl > 50, all of
the cross sections for a particular target are
the sane within a factor of 1.3 or so, and are
significantly below a linear extrapolation of the
results for lighter ions. This simply reflects
the fact that the geometrical size of these ions
no longer increases substantially with atomic num-
ber. Some effects arising from the shell structure
are also expected, but further calculations are
required to assess this quantitatively.

HOW MUCH OF THE UPPER BOUND CROSS SECTION ARISES
FROM EXCITATION?

This question arises because one is inter-
ested here in the charge changing cross sections,
[i.e., at high velocity, the electron-loss cross
sections], whereas the sum rule cross sections
include excitation to any of several discrete
bound states which do not result in any change in
the ion's charge. One would like to know just how
far above the electron stripping cross section
does the calculated upper bound lie.

A precise answer to this question for a complex
many-electron ion requires considerably more ef-
fort than has been expended in obtaining the upper
bound cross sections. Nevertheless, this question
can be answered within the context of a special
class of ions, namely those consisting of only one
electron. In this case the direct ionization
contribution, and the discrete excitation to bound
states, may be calculated separately. While con-
clusions based on an examination of one-electron-
ion cross sections must be prefaced with some



caution, the results of such a study are not to-
tally irrelevant. The relative contributions of
excitation and ionization (i.e., electron-loss) to
the total .cross section is expected to depend

largely on the binding energy. of the last electron.

The weaker the binding, the larger the relative
contribution of ionization to the total cross
sections. Furthermore, ions with similar binding
energies, although différing in other respects,
can be expected to have similar relative contri-
butions to excitation and ionization.

Tables V-A-3/1 and V-A-3/2 give results for
several one-electron ions for the collision
strengths for either excitation (Iex e1 T Iex,in)
or ionization (Ijon,el + Iion,in)’ as well as
the sum of these two coatributions (Ijn,el +
Iin,in) which. determines the total upper bound
cross sections. (The actual cross sections may
be obtained by substituting in (1) these collision
strengths.) Targets considered are Hy (Table
V-A-3/1) and atomic N (Trable V-A-3/2). In addi-
tion the -percentages of the totals which are due
to either excitation or ionization are shown-in
parentheses following each of the corresponding
collision strengths. :

Two points readily emerge upon examining
percentages given in these tables. For the (rela-
tively) weakly bound ion He+, the total sum rule
cross sections for either target are clearly domi-
nated by the electron loss contributions (70-80%).
As one goes to increased electron binding, this
percentage does decrease, but even for the.case of
the 29 times ionized Zn ion, the electron loss
contribution still exceeds 40% of the calculated
sum rule cross section. These results suggest
that, unless one is interested in the vacuum
requirements for ions which are more than about
10 times ionized, cross sections calculated using
the sum rule approach will not overestimate the
electron loss cross sections by more than a factor
of 2.

DEPENDENCE OF CROSS SECTIONS ON ION CHARéE STATE

In collaboration with Y.-K. Kim and
K. T. Cheng some calculations of cross section
parameters have been carried out for Hg ions in
selscted charge states. Table V-A-3/3 gives re-
sults for the collision strengths for five differ-
ent Hg ions incident on atomic nitrogen. The
upper bounds on the electron stripping cross sec-
tions are given

Table V-A-3/1. Contributions of Excitation and Ionization to Sum Rule Cross Sections for One-Electron

Ions Incident on H2-

Excitation

: Iopization Total
1
z; ) (Ton) Iex,e1+Iex,in ) Iion,el+Tion,in ) Iin,e1+Iin,in
2 (He') .229  (30.6) 521 (69.4) .751
4 (Be*) .129  (39.9) .194  (60.1) .322
6 (Cc®%) .0820  (44.6) .102  (55.4) .184
8 (%) .0573  (47.5) 0632  (52.5) 121
10 me®*) L0425 (49.5) L0433 (50.5) ©.0857
12 Mgttt A.o329 {51.0) L0316 (49.0) L0645
14 (8it®%) L0263 (52.2) L0242  (47.8) .0505
16 (s*®*) .6216 (57.9) .0191  (42.1) .0455
1é Aart’) .0181 (53.5) L0155  (46,2) .0336
20 (ca*®h) 0154  (54.5) L0129  (45.5) .0283
22 (Ti®Yy. ¢ .0133 .(55.0) .0109 (45'.0) ©.0242
2 (Craa*) .0116 (55.5) .00931 (44.5) .0209
26 (Fe®®) '.'0102 (55.9) .00807 (44.1) 0183
28 (Nie:”') ..00908 (56.3) .60706 43.7) .0161
30 (zn®°*) .00813 (56.6) %3.4) .0L44

.00623
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Table V-A-3/2. Contributions of Excitation and Ionization to Sum Rule Cross Sections for One-Electron
Ions Incident on Atomic Nitrogen.

S

Excitation Ionization . Total
(1) o .
z (Ton) Iex,e1+1ex,in (%) Iion,e1+1ion,in ) Iin,el+Iin,in
2 (He") .946  (20.3) J3.71 (79.7) 4.66
4 (Be3+)\ .740  (31.3) 1.62  (68.7) ‘ 2.36
6 (c®*) .539 (37.0) .917 (63.0) 1.46
8 (O™ 405 (40.5) .597 (59.5) , : 1.00
10 ") 316 (48.9) o .423 0 (51.1) : .828
12 Mgty .255  (44.5) . .317  (55.5) .572
14 (sit®*) .210  (45.8) L248  (54.2) .458
16 (s*5%) 177 (47.0) .199  (53.0) .376
18 (art™") 151 (47.9) .164 ° (52.1) .315
20 (ca'®*) ' 131 (48.7) ’ .138 (51.3) ] .269
22 (1i®'") 115 (49.4) 117 (50.6) .232
24 (Cx®®t) .102  (51.0) . .0980 (49.0) .200
26 (Fe®®") .0908 (50.6) .0885 (49.4) .179
28 (Ni?7) .0816 (50.5) .0799 (49.5) .162
30 (zn®°") ) .0738 (51.6) .0692 (48.4) 143
by Eq. (1), where the appropriate collision Table V-A-3/3. Results for Selected Hg Ions
» strength is Ij, o1 + Iin,in' As expected, this Incident on N.
cross section decreases as one goes to higher -
charge states, but the change is modest. A re- Incident .
duction of about 30% is foung in going from Hg®"* Ion Iel,el Iin,el Iin,in ‘71 ’Jé
to Hg®; 61% in going to Hg®*°™*.
’ 2+ . 3 1 1 3
Table V-A-3/3 also gives results for the total Hg 4.74x10° 9.98x10  2.95x10° 2.03x10
elastic collision strength (Ig] 1) as well as for Hg10+ 5.06x103 6.95x101 1.83x101 2.11x103
the parameter J&ﬁjé which appears in the cross 20+ 3 1 3
section for the inelastic scattering of the tar- Hg 6.25x10° 3,98x10- 9.29 2.31x10
get atom. [5¢5] -J,) is essentially the effec- ug>*t 1.06x10%  2.44x10 5.50 3.47x10°
tive collision strength Iel,in'] These parameters 5%+ 4 3
increase with increasing net charge of the ion, Hg 1.94x10 6.71 1.36 5.81x10
as expected, but again the change is modest for 5

the lower charge states.
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SUMMARY

All of the theoretical work carried out to
date suggests strongly that the sum rule method,
for calculating upper bound cross sections, will
not grossly overestimate the electron stripping
cross sections (i.e., is within a factor of 2)
provided that the charge state of the ion is not
too high. The theory is, of course, only valid at
high velocities, and only the leading order cross.
sections have been considered here. The next order
terms can be evaluated, and have been in selected
cases.® Again, if the charge state is not too high,
it appears that the leading order is sufficient
for velocities greater than that corresponding to
a few MeV/nucleon. This leads to the conclusion
that for the purpose of establishing vacuum re-
quirements of most ions currently under consider-
ation for accelerators, storage rings or transport
systems (with the possible exception of the low-8
region), this method provides rigorous upper bound
cross sections which are not gross overestimates
of the actual electron stripping créoss sections.”

For problems such as neutralized beam trans-
port, and propagation of the beam in the high
density gas or plasma present in a reaction cham-
ber, the high-velocity atomic data required is more
detailed than that necessary for establishing vac-
uum transport requirements. While the theoretical
approaches used in the latter can provide some
information for these types of problems, in most
cases, some alternative approaches will probably be
necessary.
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- The calculated data in Fig. V-A-3/1 for He*

are from Tables V-A-3/1 and V-A-3/2; that for
Li*, Cs* and Au* are from Ref. 2. The data
for Na* utilizes the incoherent scattering
function as calculated by K. Tanaka and

F. Sasaki [Int. J. Quantum Chem. 5, 157
(1971)]. The results for U* were calculated
by Y.-K. Kim and K. T. Cheng during this
workshop, and represent about 30% reduction
from the estimates of last year's summer study
{Ref. 1].

The values for the total (sum rule) and ioni-
zation collision strengths were calculated

. directly using the known hydrogenic-like

incoherent scattering function and generalized

oscillator strength for continuum final states.

The excitation collision strengths given were.
obtained by subtracting the values of these
two. However, the excitation strengths were
checked by calculating directly the excita-
tions up to the n = 8 level for the one-
electron ions again using the known hydro-
genic-like inelastic form factors. 1In cach
case, the discrete excitations up to and
including the n = 8 level, reproduced the to-
tal excitation collision strengths given in
Tables V-A-3/1'and V-A-3/2 to within 97%.

While the confidence in ‘the theory at this
level of accuracy is good, a direct experi-
mental verification for a heavy ion, with

many electrouns, in this velocity regime, would
clearly be very desirable. There are experi-

.mental verifications for light ions over a

significant velocity range, but not for the
low charge state heavy ions of interest: here.
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Fig. V-D-3/1. Sum rule cross sections times B°,
which provide upper bounds to the electron
stripping cross sections, for singly charged
"ions as a function of the ion atomic number.
The open circles are the results of calcu-
lations for the specific ions indicated (see
"Note 3), the solid lines are simply smooth
curves drawn through these points.
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4, ATOMIC DATA NEEDS FOR BEAM TRANSPORT IN GAS

Simon S. Yu
INTRODUCTION

Determination of the parameters Z,gg» elec-
trical conductivity, plasma density, and ghe plasma

temperature is essential in the study of heavy

ion beam transport in gas. The calculation of
these parameters require input from atomic physics.
This note is an attempt to make these needs known
to atomic physicists.

DISCUSSION

The following list summarizes some of the
data needs for the study of heavy ion beam trans-
port in a gas-filled reactor:

1. Secondary electron energy spectra from the
ionization of background gas by fast heavy
ions,

2. Secondary electron energy spectra from the
ionization of background gas by slow elec-
trons (S 50 eV).

3. Excitation cross sections for background gas
by slow electrons.

4. Multiple ionization cross sections of heavy
ions by background gas.

One of the critical issues of the heavy ion
fusion program is the feasibility of transporting
an ion beam through a gaseous medium without
severe disruptions. The motion of the beam, (and
therefore, its stability) is determined by the
interplay between the beam current and the plasma
response. In the determination of both the beam
current and the plasma response, certain parameters
directly related to atomic collisions play a major
role. The purpose of this note is to draw atten-
tion to these parameters.

To determine the beam current, the effective
charge of the ion Zgff is needed. The plasma
response is characterized by three related quan-
tities: the electrical conductivity o, the plasma
density ng, and the plasma temperature T,. If the
energy spectra of low energy electrons in the me-
dium, f(e) are known, the latter three parameters
are determined.

As the heavy ion beam traverses the gas me-
dium, it goes through a continuous process of
stripping, which results in an increase in the
beam current. The total beam current is

Iy = Zegs I,

where I, is the incoming beam current (of charge
state +1) and Zg¢f is a function of the ion
position in the gas medium, given by

=Z ZNZ/Z Nz .
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N, is the number density of ions with charge Z,
and the sum is performed over all charge states.
Since the current represents the primary driving
force in the beam transport problem, the deter-
mination of Zeff as a function of the beam posi-
tion in the reactor is crucial.

It is clear that in order to determine the
relative population of various charge states at a
given point in time (or space), it is necessary
to know its collisional history. This requires
not only the knowledge of the total stripping
cross sections, but also the individual cross sec-
tions for multiple ionization. A direct compu-
tation of the evolution of charge states would
involve a transport equation with the individual
ionization cross sections as input.

The present calculation (1) of Z,¢f is based
upon a classical binary encounter model with,
binding energies obtained from relativisitic
Hartree-Fock-Slater type calculations. The as- .
sumption o independent particle model permits us
to bypass the problem of calculating multiple ioni-
zation cross sections. 1In Table V-A-4/1, the total

ionization cross sections computed ffrom the bi=

nary encounter model are compared with the total
inelastic Born cross sections computed by Gillespie
and_ Kim . A conclusion regarding the validity

of the classical binary éncounter calculations at
this point may be premature. : In any case, it

would be desirable to have results from several
different calculational schemes. ’

The questlon of the needed accuracy for Zgsf
is somewhat difficult to answer, since it depends

strongly on the specific effect under consider-

ation. In the example of the self-pinch effect,
the magnetic force which is responSLble for
pinching the ion ‘beam is proportional roughly to
Leffz. Thus an error of 2 in Z_ g¢ will result in
an error of 4 in the determination of the self-
pinch force.

The major parameter of interest in deter-
mining the plasma response is the conductivity o.
In the simplest approximation, the conductivity is
given in terms of the density of low energy elec-
trons in the medium ne, and their average energy,
or, the plasma temperature Te’ The relation is

2 n
e

vm(Te)

o]
I
Elm

where v is the frequency of momentum transfer

. .M X -
collisions, and can be obtained from direct
measurements.,

As the heavy ion beam passes through the
medium, plasma electrons are created through ion-
ization processes. When a few percent of the gas
is ionized, (which occurs not far from the head
of the pulse in the case of a pencil-shaped beam)
vm is determined by electron-ion collisions and is



proportional to neTe'3/2. The conductivity then
becomes independent of the plasma density, and
depends only on the plasma temperature. Thus, a
correct determination of the plasma temperature is
an essential part of the conductivity calculation.
The plasma density is relevant for the conductivity
calculation before the gas medium becomes highly
ionized. It is also of interest independently for
other instability questions.

To calculate the temperature of the plasma,
one would need to know f(e), the energy spectrum of
slow electrons in the medium. The plasma density
is just the integral of f£(¢) over all energies.
Furthermore, in more sophisticated calculations,
the relation of the conductivity to ng and T_ is
bypassed, and the conductivity is related directly

to f(e). For example, the conductivity in a pre-
dominantly neutral medium is given by
<]
2 3/2
o--2 [o 4 (2o
3m v (e) de 1/2
A m €

Thus, the determination of £(e) is essential for
studying the plasma response.

The production of these low energy electrons,
as well as their evolution with time, are conse-
quences of the interplay between the electric field
due to the beam and the atomic processes which take
place in the medium.

Direct ionization of the background gas by
stripped heavy ions is an important source of the
low energy electrons. The quantities of interest
are the secondary electron spectra from direct ion-
ization by various charge states of the heavy ion.
During the passage of the beam, the background me-
dium can become highly ionized. Thus, we are
interested not only in the ionization of neutral
background gas, but also of the gas in various
ionized and excited states. If the detailed calcu-
lation of all possible configuration is too cum-
bersome, it would be useful at least to know.the
relative importance of the various processes.

Another important source of electrons is the
"avalanche" effect. An intense ion beam passing
through the medium creates an electric field which
could accelerate slow electrons to energies above
the ionization threshold./ These electrons then
undergo ionizing collisions to create more elec-
trons. The quantities of interest are the secon-
dary electron spectra from the ionization of back-
ground gas by electrons in the threshold region
(S50 ev). At gas pressures of around 1 torr, the
"avalanche" effect is comparahle to direct ion-
ization. Thus, it is important to account for
this effect properly. If the secondary electron
spectra at these low energies are hard to obtain,
the total ionization cross sections above threshold
can be quite useful for making estimates.

The electrons produced by the above effects
'gc’fﬁrough a continuous process of evolution due to

all other atomic processes which take place in the
medium. In a monatomic gas like Li, one expects
electronic excitation to be the only additional
process of importance. However, in a molecular
gas, like'Nz, or air, there are many more possible
processes, e.g. vibrations, dissociative re-
combination, etc. The history of evolution can

be traced by a Boltzman Equation with the atomic
and molecular cross sections as input.

While the total number of possible atomic and
molecular processes in the gas medium may be large,
one may not necessarily have to consider all of
them for the heavy ion beam problem. The reason
is that we are interested primarily in the plasma
response during the passage of the beam. The
pulse time of interest is quite short. Any pro-
cess with a collision time long compared to the
pulse length may be neglected. At pressure of
~1 torr, the fast atomic processes have collision
times which are comparable to the pulse time.
Thus, we do not expect drastic modifications of
the secondary energy spectrum from direct ioniza-
tion and avalanche by other atomic processes to
take place during the pulse-on time.

The author wishes to thank Ed Lee for some
very helpful comments on the writing of this
manuscript.

Cross Sections for the Stripping
of Heavy Ions: A comparison of
the Born inelastic cross sections
and binary encounter model calcu-
lations of the ionization cross

Table V-A-4/1.

section.
(Born) 2 02 o(BE) 2 2
Ion Target A RinnB (A7) A kgions (A)
g 2t N, 6.04 x 107 1.87 x 1072
gt 2.24 x 1072 1.18 x 1072
ng2 0t N, . 3.68 x 1072 2.18 x 1072
Hg2+ N, 9.71 x 1072 2.16 x 10!
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B. PLASMA AND NEUTRALIZATION EFFECTS

1. SUMMARY

D. A. Tidman

The plasma working group considered the
question of whether an intense heavy ion beam
could be transported and accurately focussed
across a target chamber radius of ~ 10 m on to a
chamber (a typical beam was taken as 3 kA, 40 GeV
uranium injected into the reactor vessel with ini-
tial beam radius ~ 10 cm). Here we give a brief
summary of our considerations, the details of which
are included in papers 2-6 of this section of this
report. The conclusions were that focussing
through rélatively dense reactor chamber gases ap-
pears to be possible. Instabilities, if they
arise, are expected only within the last few 10's
of cm from the pellet, by which time they are un-
likely to significantly degrade the beam
focussing.,

The beam interaction processes that occur
depend on the enviyonment (gas and possible
fields) in the chamber. The gas pressure range
taken to be of most interest was approximately
1072 torr < p < 10 torr, i.e., assuming cool gas
to be present just before a pellet ignition event.
This corresponds roughly to a number density
range 3+101% < ny < 321017 cmm3. This range of
relatively high densities (for which beam strip-
ping occurs) was viewed as desirable in that it
is consistent with use of a liquid Li waterfall
reactor chamber (the vapor pressure of liquid Li
at 5009C is ~ 5:1073 torr), and such a modcat
vacuum is easy to maintain. The higher vacuum
range that avoids stripping (emphasized more in
the summer study report LBL-5543) remains an
option if this higher density liquid Li reactor
environment gives difficulties not perceived by
our group. The upper limit in density is set by
noting that above about 10 torr multiple scat-
tering spreads a typical beam beyond 0.1 ecm in 10
m, We also note that the chemical composition of
gas actually present in the chamber, apart from
Li, can to some extent be chosen by other con-
siderations, such as its ability to produce high
conductivity when traversed by the beam pulse.

In addition to the gas environment, there
may also be stray magnetic fields (1 - 10 G)
_present in the target chamber that were generated
by the previous pellet explosion. These are dis-
cussed in paper 5 of this section and may have to
be swept out of the chamber (this may occur

automatically in the Li waterfall case).

As the ion pulse propagates it undergoes
stripping (e.g. a 100 GeV U ion strips to Zp a4 70
in traversing 10 m of Np at 1 torr). This pro-
cess, together with focussing, can elevate the
beam current density by several orders of mag-
nitude as it approaches the pellet. At the head
of the pulse, gas ionirzation is produccd both by
beam-gas collisions and by clecctron avalanching
in the strong electric fields in this region (Fig.
V-B-1/1) Thesc proccsscs continue through the
pulse until some limiting process such as recombi-
nation or finite pulse length limits the electron

‘density and its attendant conductivity to a maxi-

mum value. This conductivity allows a return.
current density je to flow in the plasma in re-
sponse to the induced field, which in turn re-
duces the net current jn in the pulse below that
of the bare beam j,. Charge neutralization occurs
within a few e¢m of the pulse head.

The strength of the pinch magnetic field as-
sociated with the net current j, = jp + je de-
termines the growth rate of instabilities such as
the resistive firehose, or filamentation, etc.
Micro-instabilitics may also derive from inter-
action between the beam iong and background elec-
trons (e - b mode) and background electrons with
background ions due to jo (e - i) mode.

In papers 2 and 3 of this section, and also
in the appendix to this summary, some results for
propagation models  are given. The important feature
on which they agree is that for pressures in the 1
torr range current neutralization is better than
98% even though stripping occurs. This is because
as the beam ions gtrip they become more effective
at producing background plasma, both via colli-
sional ionization (~ 2f) and via gas breakdown.
This results in a more rapid rise in conductivity
at the head of the pulse where the induced E field
drives the return current.

For this high degree of current neutraliza-
tion resistive firehose instability does not grow
significantly during a beam transit time across
the chamber radius (for the case of an injected
beam radius of LU cm as in Fig. V-B-1/1). The pos-
sibility of resistive filamentation of the beam
close to the pellet is still an open question.
However, in paper 2 of this section it is pointed
out that finite emittance may stabilize this
instability,
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. Investigation of micro-instabilities (papers
2, 4 and 5 of this section) found that they would
grow, if at all, only when the beam is within a
few 10's of cm from the pellet. These modes tend
to be pushed towards stability by the effects of
collisions: (for pressures of ~ 'l torr) and by
phase mixing due to the finite beam velocity
spread. Although micro-instabilities may well oc-
cur close to the pellet, it was thought that this
would be too late to 51gn1f1cant1y degrade the
beam focussing.

The Livérmore group (paper 2 of this section)
has suggested a more ambitious beam propagation
mode, namely that it might be possible to trans-
port the ion beam across the entire chamber radi-
us in a pinched state, i.e., inject it at the edge
with a radius of ~ 0.5 cm,.,, Micro-instability
could be potentially more damaging in this case
in that it gives rise to decreased conductivity
which in turn influences the return current decay
and the attendant resistive firehose' growth rate.
This interplay between micro and MHD instabilities
is not described in any of the existing computer
models. However, experimental evidence with elec-
‘tron beams (~ 10 kA, y = 3) indicates stable
pinched propagation for a pressure range wiudow
of 1 - 5 torr, although the beams in these exper-
iments were propagated down the axis of a cyl-
inder (typically of radius ~ 10 cm) which may
play a stabilizing role.

Our group also noted that the high degree of
current neutralization predicted by the propa- )
gation models may have other desirable conse-
quences. For example one expects the interaction
between several beams (Fig. V-B-1/2) to be re-
duced in comparison to the corresponding vacuum
case. The field of a single beam near the pellet
is approximately B = f Ipq 24,/5r Z,, se that for
an injected current and charge Ipp = 3°103a,

Zo = 3, which strips to a charge state Zp = 70
near the pellet where r = 0.1, and assuming the
fractional current neutralization is f = 10'2, we
find B =~ 4 kG. The field of a given beam has
insufficient time in the pulse duration time (~ 5
nsec) to diffuse into the plasma channel of a
neighboring pulse. The attractive body forces
between neighboring pulses thus act on the com-
bined mass density, p, of beam plus plasma which
would produce lateral beam motions characterized
by the Alfven velocity BA/4mp. This velocity is
typically € 10~3¢ near the pcllet and would pro-
duce negligible deflections. Similarly the elec-
tron deficit created at the outer edge of a
pulse by charge neutralization near the pulse head
would be slightly redistributed by the E field of
a neighbor. The result is equivalent to an elec-
tric frrce that aoto on the eombined beam plus
plasma mass density as in the magnetic case.

APPENDIX

The general pulse propagation problem in-
volves solving a set of equations in axi-symmetry,
i.e., for independent variables r, z, £, where r
is the radial position, £ is measured from the

pulse tail, and z is the displacement of the "+~
pulse from the accelerator injection point. The
equations have been simplified by integrating over
beam radius assuming Bennet distributions for both
the beam and plasma currents. The result is a
coupled system of equations consisting of an equa-
tion for. the electron density containing ava-

. lanching, direct production-by beam-gas collisions,
and dissociative recombination, together with an
equation for the net pulse current derived from a
transmission line model.

The variables are,

Ne = plasma electron density/cm
E = z-field in V/cm

a = radius of pulse, cm.

In = net current, amps.

Ib = beams current, amps, = ﬂaZJb
z = displacement of pulse from the 1nJect10n
point.

E = position along pulse measured from tail,
cm., ile., £ = Lp = nose position,"§ =0
is tail.

o = radial average conductivity

€c = charge neutralization distance measured
back trom nose

p = air pressure in torr corresponding to air
density, i.e., p = 760/D

D = n_/n = air density at 1 Atm/air density
(note, D> 1 for low densiZies)

L = radiation length (= 3°10" cm for air)

Re = estimate of displaced charge radius used
-in £n factor of transmission line model

Te = electron temperature in eV (typically
fairly constant).

A system of equations describing pulse prop-
agation for the case of an air atmosphere are

the electron density equation,

3N 10 L2 6-10" 202
- —= . 9.10 _lz(_b) e—— e
og D \ 3 2
B a
‘(ionizing collisions) (dissociative
. recombination of
- 0P

S 5
+6.3107° gy _e 222P/E { —Ele) }
. ® 1+ 410 E/p

(avalancﬁing)

and net current equation

e R (CE T EA IR

with the conductivity ¢ given by
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and Te is in eV. The beam current Ib is

Z,

- ("b
L= Ibo\zo>

where io’ Io0 are the injected }'Jeam charge state neUTrdl
and current. The charge state Z; was modeled by
an exponential ramp gOS [
L -z/4
Zb = ZO + (me - Zo) (1 -e ) ,

where the final stripped state Z . for an ion of
given energy was approached in a characteristic

stripping length 2.

The pinch magnet®c field, and axial electric
field used in the N, equation, were given by

B(a) = EEQ Fig. V-B-1/2. Convergence of several beams on
ac a target.
3 J R I__amps
E = 60 55{(£n 7t Z)In} S volts/cm bo
2
S=1-exp - ( £

’ 2
g

and the spatial dependence of the beam envelope
radius a(€,z) was determined from the injection
radius and focussing requirement as in Fig. V-B-1/1,

The above system of equations can be solved
for various assumed beam current profiles, An ex-
-ample is shown in Fig. V~-B-1/3 that illustrates
the 987 current neutralization referred to in the
text, in approximate agreement with Papers 2 and 3.
I am grateful to Dr. D. Spicer who wrote the code
thaet gave these results.

Figs, V-B1/3. Net current and injected beam cur-
rent along a 10 nsec pulse of U ions travel-
ing with velacity ¢/2 (energy 34.5 GeV)
through air at 7.6 torr., Pulse rise time is

1.66 nsec, injected charge state 3, injected

% bresakdown beam radius 10 c¢m, and the ions have stripped

to a chacrge state Z, = 50, This particular

plot of I,,(§) is taken when the head of the
pluse has just reached the pellet of radius

0.1 cm,

Fig. V-B-1/1, Focussed ion beam pulse and its
self fields.
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2. PROPAGATION OF A HEAVY ION BEAM IN A GAS-
FILLED REACTOR

S. S. Yu, H. L. Buchanan,
F. W. Chambers and E. P. Lee

INTRODUCT ION

A gas-filled reactor vessel (P ® 1 Torr) has
several advantages compared with a highly evacuated
vessel.
ent, and the gas provides some shielding for the
reactor wall from ablative x-rays and energetic
charged particles. A liquid Li "waterfall" layer,
which has finite vapor pressure, is consistent with
such an enviroament. In addition, gas propagation
may allow a greater range of beam parameters.

The subject of our investigation is to deter-
mine whether a heavy ion beam can be transported
in gas, without severe disruption, to hit a mm-
sized target at ranges ~ 10 m. We are interested
primarily in the propagation of a pencil-shaped
self-pinched ion beam which enters ‘the chamber
through a small aperture, although our transport
code also treats other cylindrically symmetric
configurations. It has been demonstrated both
theoretically and experimentally that an intense
electron beam can be stably transported over large
distances in the 1 torr pressure range (1). The
critical question is whether these results can be
extended to high energy heavy ion beams. We dis-
cuss first the propagation characteristics of ion
beams and then the instabilities which may disrupt
beam propagation.

PROPAGATION

An important feature of the transport problem
is that the heavy ions go through a continuous
process of stripping as they traverse the target
chamber. Our calculations indicate that, in the
example of a 100 GeV UI38 beam traversing 10 meters
of N» at 1 torr, the effective charge state of the
ions can be as high as 70 when they reach the tar-
get. The effective charge as a function of the
distance travelled for these parameters is plotted
in Figure V-B-2/1.

The effect of this stripping process on the
self-fields of the beam is quite interesting. On
the one hand, stripping causes the beam current to
increase rapidly as a function of distance trav-
elled. This strong current could in principle lead
to large self-fields and disruption of propagation.
On the other hand, the stripped beam ions are very
effective in ionizing the background gas, thus
generating a highly conductive medium in a very
short time. This leads in turn to a high degree
of charge and current neutralization, cancelling
the potential disruptive effects of a strong beam
current. Our calculations indicate that, for
typical parameters, we have more than 99% current
neutralization and complete charge neutralization
over most of the pulse length.

The effect of this small net current on the
notion of the beam is not obvious. The self-pinch

The pumping requirements are not as string-

force acting on the beam is proportional to the
product Zeff Iper. While I, o¢ is small as a re-
sult of the high degree of current neutralization,
Zoff 1s large because of stripping. Quantitative
predictions for the beam radius can be made only
from a detailed analysis of a beam envelope equa-
tion. To do this, we have developed a beam prop-
agation code. The technical details of this code
are given in the Appendix. 1In addition to the
magnetic self-pinch, the code also includes the
effects of the initial beam emittance, small
angle multiple scattering, and phase-mix damping
of oscillations

We do not anticipate drastic developments in
the motion of the beam envelope basically because
of the very high mass of the ions; i.e., the beam
is stiff. Nevertheless, the code does reveal
many interesting features in the interplay of the
various factors which affect the envelope.

Figure V-B-2/2 summarizes the results of one
calculation. 1In this run, one kA of 100 GeV U;3
is injected into a reactor with 1 torr of N2. The
initial radius of the beam is 0.5 cm, and the
initial emittance is .3 mrad-cm. The pulse length
is 10 nsec, and the rise time is 1 ns. The plot
gives the rms radius of the beam R as a function
of. z, the distance into the chamber and.x = vt - z,
which is the position of a beam segment measured
from the head of the pulse. At the head of the
pulse, (x = 0), the net current always vanishes.
Thus, the head experiences free expansion as a
result of the finite emittance. As x increases
(moving towards the back of the pulse), the net
current builds up and the pinching effect of the
self-field becomes evident. The body of the
pulse is thus compressed and reaches the target
with small radius. This plot gives a typical
example of a pencil beam propagating in a self-
pinch mode.

INSTABILITIES

Experiments (1) with a I5kA, 1.5 MeV electron
beam have shown that stable propagation is possi-
ble in gas for a narrow window of pressure (1-5
torr N2 and similarly for other gases.). For
P < 1 torr, there is strong evidence for dis-
ruption by microinstability of the two-stream
type. Above 5 torr gross sideways deflection oc-
curs and is interpreted as the resistive hose
instability. The window of good propagation is
believed to result from the simultaneous suppres-
sion of both instabilities (2).

TWO-STREAM MODE

The two-stream interaction, a high frequency
mode in which the beam drives a plasma wave, is
suppressed by increasing gas pressure as follows.
The instability occurs in the collisional plasma
regime with electron-neutral collisions dominant,
leading to decreasing growthrate with increasing
pressures., The mode is stabilized by spread beam
velocity (AV,,); for a fully pinched, monoenergetic,
relativistic beam the perpendicular velocity



spread arises from the particle betatron motions,
ths parallel velocity spread follows since V,* +
A = y2 constant. Including the spread beam
velocity in the collisional two-stream dispersion
relation a stability boundary in n, and P is
determined. As gas pressure is increased, the
plasma density required to suppress the two-stream
mode decreases. However, plasma production by the
beam increases with pressure such that above == 1
torr, the density very rapidly exceéds that. nec-
essary to suppress the mode.

In extending these ideas from electrons to
heavy ions, we note that the anticipated current,
pressure, beam velocity, beam radius and propa-
gation distance are similar. Two principal dif-
ferences are (a) the much greater rigidity of the
ion beam due to the large mass (although this is
mitigated somewhat by the high charge state) and
(b) the large plasma density and high conductivity
produced:- by the ions due to their large charge.

Considering the two-stream interaction for a
heavy ion beam, we again find that for sufficiently
high plasma density the mode is stabilized. Dif-
ferences from the electron case are that electron-
ion collisions are dominant in the plasma and we
allow a spread in béam energy to produce AV,,.
Proceeding as before, we consider a Uranium beam
with particle current Igg, 1000 A, effective
charge state Zegff = 70, radius R .5 cm, with
100 GeV and a 1% parallel velocity spread. The
minimum stabilizing plasma density is found to be
3 x 1015/cm3. For background gas pressures Pl
torr, this plasma density will be achieved very
early in the beam pulse so the two-stream in-
stability will not present a serious obstacle to
ion beam propagation.

We also note that when instability does occur,
it provides a f@echanism for transferring beam
momentum to the plasma electrons. For a rela-
tivistic electron beéam this leads to increased net
current by a factor of 1-3; this effect has been
observed (1) and simulated (3). For an ion beam
momentum transfer by instability leads to current
cancellation or reversal (4) which can result in
beam defocusing. Hence, it is important to aperate
in the stable regime.

RESISTIVE MODES

Considering first the hose instability of a
relativistic electron beam, this mode is suppressed
by sufficiently rapid generation of electrical
conductivity. As a rule of thumb, the beam will
be hose stable if the magnetic decay time is
comparable to or greater than the pulse length (5).
This condition fails in the diode experiments as
pressure increases above = 10 torr primarily be-
cause electric field breakdown of the gas shuts
off-thus less conductivity is generated by the
pulse hose. For the ion beam, very high conduc-
tivity is generated directly by the beam; this,
coupled with the rigidity of the beam, will com-
pletely suppress hose growth. )
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A second possible source of instability is
the resistive filamentation modes. These are not
important for the electron beam because the net
current is comparable to the beam current, result-
ing in large transverse velocity spread. However,
in the ion beam case, where there is a high degree
of current neutralization, this mode may be impor-
tant. If the beam does break into filaments, it
is possible that propagation will not be severely
degraded since there is no net deflection. The
question of filamentation is not settled and is
now being investigated for ion beams. Prelimin-
inary results indicate that finite emittance will’
stabilize filamentation even in the presence of
current neutralization.

Finally we mention the resistive sausage mode
which involves a cylindrically symmetric "breath-
ing" or radial expansion and contraction of the
beam. The growth rate for this mode scales in-
versely with the magnetic neutralization time (6)
and hence is unimportant in the high conductivity
regime as encountered with the ion beam. However,
even in the lower conductivity experienced by the
electron beam this instability is suppressed by
spread betatron frequency.

APPENDIX

In this appendix, the essential elements of
the heavy ion beam transport code are described.

The stripping process is calculated in a
classical binary encounter model, with binding

-energies for the heavy ion obtained from relativ-

istic Hartree-Fock-Slater type calculations (7).
In this wmodel, a bound electron in the heavy ion
acquires energy by Coulomb interaction with the
gas nucleus of atomic number Z,. In the rest
frame of the heavy ion, gas nuclei are moving with

‘the speed v, which is equal to the ion velocity

in the lab frame. The energy AE acquired by the
bound electron in the ion rest frame is given by

2 22 e4

where b is the classical impact parameter. Ion-
ization of a bound electron is assumed to occur
if and only if AE = E; where E; is the binding

energy. Thus, we obtain the cross section for
ionization as-
2m Z2 e4
= mpe = g
g. =T =
i 2
mv E,
e i

The characteristic length for the ionization of
this particular electron is

where ng is the gas atomic density.

An effective charge of the heavy ions at a



position z in the chamber is given by

-z/X.
ZI :Z: ni e ' i

1

Zegp (2) =

where Z; is the atomic numbér of the heavy ion.
The sum is performed over all orbitals, nj being
the occupation number of a particular shell. The
binding energies are obtained from Scofield's tab-
ulation (7).

The stripped heavy ions are very effective in
ionizing the background gas. Except at the head
of the pulse (where a short period of time is re-
quired to build up the plasma density) the conduc-
tivity is predominantly that of a highly ionized
gas, and is adequately approximated by Spitzer's
formula (8). 1In this regime, the conductivity is
very sensitive to the electron temperature but not
to the plasma density. '

To determine the electron temperature, we
first note that the pulse length is exceedingly
short compared to the time required for the plasma
electrons to thermalize. During this short period,
the plasma electron energy distribution looks more
like the secondary distribution from‘direct ion-
ization than a thermal Maxwellian. The secondary
electrons produced from direct ionization are most-
ly slow (E € Ey, the ionization energy). We there-
fore approximate the average electron energy by
Eg/2.

Our model of conductivity is basically that
of Spitzer (8). However, to include the effects
of electron-neutral collisions during the plasma
buildup phase at the head of the pulse, we write

where

EI is the ionization energy (in ev). The plasma
density ne is generated from direct ionization and

is given by
< Bne ) ) Io/e s
.\ ot z = R2 W

whiere Io e ls the beam particle current, S the

Bethe stopping power, and W the energy expended
per ion pair.

= 34.8 for N2 (10

As the beam traverses the medium, the con-
ductivity rises rather quickly to an equilibrium
value, and beyond that point, additional ionization
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will produce a higher plasma density, but does.
not change the effective electron temperature,n
hence, conduct1v1ty remains constant.

Once the effective beam current Zeff Io and
conductivity are known, the net current I is de-

termined from the circuit equation (11)

: 2 .
I.,_M M =7 1 .
2 .. eff "o
z

Lo .2 : .
The quantity nosz/g is the "resistive decay
time" for plasma currents, with inductance L a
slowly varying function of R, given by

[ 3%

b

L = log —-f‘+ e.
RZ g

b is the large radius at which the charge imbal-
ance appears (o=0), and is set at 10 cm throughout
our calculations, e = 2.71828.

Finally, the ion radius R is controlled by
the net current and emittance E via an evelope
equatlon (12)

M is the mass of the heavy ion and y its relativ-
istic factor. The envelope radius is therefore
determined by two competing effects, the self-
magnetic field which causes the beam to pinch, and
the.emittance which causes the beam to expand.
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Fig. v-B-2/1. Effectlve charge of 100 GeV Uranium
at various points (z) in a reactor with
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- The initial emittance Eo of ‘the beam is mod-
ified by multiple scatterlng as well as the phase
mixing effects due to anharmonic pinch field (11).
These processes are described by the equation
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The parameters a and b in the multiple scat-
tering term correspond to the atomic and nuclear
radii respectively. The constant ¢ is a phenome-
nological parameter of the order 0.5 selected to
reproduce the damping effect observed in a parti-
cle simulation.

The above equations form a closed system of
coupled equations which are solved numerically.
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3. CURRENT NEUTRALIZATION OF CONVERGING ION

BEAMS
D. Mosher

. It ‘is desired to consider the problem of .
current neutralization of heavy ion beams tra-
versing gas backgrounds in which the conductivity
changes due to beam heating and beam convergence.
The procedure is to determine Green's-function
solutions to the magnetic-diffusion equation de-
rived from Maxwell's equations and an assumed
scaler-plasma conductivity o ‘for the background-
electron current density jo. The present cdlcu-
lation is more general than some previously
carried out (see the ERDA Berkeley Summer Study
Proceedings) in that arbitrary time variations for
the beam current j; and conductivity are allowed
and the calculation is valid for both weak and
strong neutralization. Results presented here
must be combined with an appropriate energy-bal-
ance equation for the heated‘'background in order
to obtain the neutralization self-consistently.

A diffusion equatidn for je is determined by
simultaneous solution of the Maxwell's equations

3B

1 ‘. 4n .
v = e = - = (j :
xE cot.’ VXxE c {ib +‘ie) 8
and Ohm's law,
= oE 2
jg T &, (2

where the time and length scales for the problem
at hand allow neglect of displacement currents.

The axial component of the diffusion-like
equation for jg is

~

2
&y =.c 13 ,[5_- - ]}
ot “ez 47 r dr { az(Jer/c) Br(Jez/c)

) .
1 3 . 9.
Tanm 2 (Jez/c> " 3t bz 3
ot
If R, is the beam radius at injection and L jis ghe

distance to the pellet, then both j./jz and 3?/ET
are expected to scale like Ry,/L. The

$4, /9

2
term is then down by R%/L and can be neglected

in Eq. (3). Similarly,
2 2
o) . ~e2,02,:2. 0 .
2 (i,,/® =B (R /L") —a 7 (/9
r .

can be neglected. Additionally, it is assumed
that thermal conductivity smoothes the radial
background-temperature profile to the extent that
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a_zc«a__ : . 7 B
3r | arlnjez A

so that ¢ can be treated as a function of z and t

only. With these approximations, Eq. (3) reduces
to

4modi _23j .1 é_( —l>_ _b (%)

C'Z ot orT r ar\f 3r/” 37
where subscripts have been dropped (j = j 2’
j. = j,_) and the time variable has been °©
transformed according to

t
Lo J de” "(5)
&m o(z,t )

o]

The solution to Eq. (4) follows from the
infinite-domain Green's function for the transverse
plane .

T @
j(r,t) = - r dr [ r dr db g(r,B,TIro,eo,To)
J o . o o
. . 0 o .
33, (x »T ) ) .
aT
o
where
g(r,0 Tlr 8T ) = - S exp [-92/4('T-T )]
> 10’0 0 AH(T-TO) o
and
© 2 2 2 n
p =xr + r - 2rro cos,(e—eo). (7)
Integrating overveo results in
T > 31,
I(r,t) = - Jo dTo Io rodrOG(F’TqufTo) o1 :
(8)
with
2
. 1 rr (r2+ro)
G(r'TIrO’Td) REICE) I°[Z(T'T )Jexpl:"'(T-.T )}.
o <) )
€D

‘'The integration over ry can be carried out
when j, is chosen to have a Gaussian profile

) ~ Ib(z,t) - /R2
j(r,t) =——=—ce
b 2

TR

(10)

where convergence onto the pellet requires R =
R z/L and the transit-time z-dependence of I, is
gilven by

- . L:E)
Ib(z,t) = Ib(L,t v



for monoenergetic 'ions of axial velocity V. Per~
forming the integration over r,
. j(r,e) .=

2
I T e [ ]

T R + 4(T -T ) R™ + 4(7-70)

g an

Notlng that in the limit of negligible dif-
fusion (T-Tg"0), Eq. (1l1) demonstrates that’
j+jp=0, and that most cases of interest correspond
to small fractional non-neutralization, the net
current can be approximated by expanding the
integrand for small values of 4(T-To)/R . To
lowest blgn1f1cant order

v T .

_rz/Rz,
_(1-_) [ 1,6 yer
i, 3, = B( o) o

R o

- (12)

where integration by parts has been employed.
This expression is useful everywhere except close
to the pellet where the magnetic-diffusion length
may be comparable to the beam radius. The net
current contained within radius r is given by

I(,t) =
(] n ‘ "
r
ZHJ. r’dr’j (r7,t)
Vo n
N
2 dt ‘L (z,t )
Sy /RI s . 4
bl
from Eq. (12), ana
I r,t) = (14)
T
2,2
. . -r2/R
(RN CT L, IEYR

o R +4(T-T )

for the more general case of arbitrary neutral-
ization given by Eq. (11). From Eq. (13),
maximum net current occurs at r=R while maximum
self field occurs at r = RA/2,

If Iy is uniform -in time, Eq. (13) reduces to

gy : ;o
pmax) -y dt »
1, T (13).
b D
o]
for r = R with
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The ratio I_/Ij calculated here is down by a factor
e over that estimated in the ERDA-Berkeley Summer
Study proceedings partially because of the
Gaussian profile'for iy

For Ib constant in T, the ratio In(r)/Ib is

from Eq (14)
’ i ;2 2
I (r)/I_ = exp (— )-exp (- - (16)
n b N Rz+4T 2 .
Maximum net current occurs at
2
= 1+\’A’,n(li-\)) ;v = 31.= ;— (17) .
2 Vv 2 T
R R D .

where t = 0 corresponds to the time the front of
the beam crosses the axial position observed.

Although the simple relatiouns Eqs. (15) -.
(17) are useful, required shaping of the beam-
current pulse due to pellet requirements, and the
variations with time of the plasma conductivity
due to return-current heating make Eq. (13) the
most useful for a comprehensive study. -



4. LINEAR MICROSTABILITY ANALYSIS OF -A HEAVY
ION BEAM - PLASMA SYSTEM

P. F. Ottinger and D. Mosher

In order to investigate the propagation and
focussing of a beam of heavy ions, it is necessary
to consider the effects of a background plasma in
the reactor chamber. Although this background
provides charge and current neutralization of the
beam, it may also cause excitation of certain
microinstabilities. Here, interactions involving
the background electrons with the beam ions (e-b
mode), and the background electrons with the
background ions (e-i mode) are investigated to de-

,termine if these modes are unstable in the pa-

rameter regimes appropriate for a fusion device.

The conditions for a good charge and current
neutralization are

P “iMiv M
and
v, = anbe/ne, A 2)
which requires
'<<
n, Zini/zb’ (3)
and
R >> c/w_ . ) )
pe

Here Zy, my, nyg and Vy are respectively the charge,
mass, density, and mean-streaming velocity of
species o (=i,e,b), R is the beam radius var1ab1e
as the beam is focussed), and wza 4TingZle /ma
Typically, a 3 kA 40 GeV uranium beam is 1njected
into the reactor vessel with radius Ry = 10 cm,
and converges onto a spot 10 meters downstream.
Such a beam provides the 100 TW power expected to
be necessary for a reactor system. It is assumed
here that Z, = Zj = 1 and that the background
density is sufficiently low to insure that the
beam ions are not stripped further, Under these
conditions, the distribution of particles in ve-
locity space exhibits relative drifts among the
three species which may lead to growth of the e-i
mode and/or the e-b mode.

Because a 40 GeV beam of uranium ions is only
mildly relativistic (y = 1.25), a nonrelativistic,
electrostatic, linear-stability analysis will be
employed. Relativistic corrections should only
effect the results presented for the e-b mode
where it Ls expected that the growth rates will be
decreased slightly. Assuming that the distri-
bution function, fy, for all species can be written
as a drifting Maxwellian (with the thermal energy
of species « given by Tgy), the dispersion re-
lation for perturbations of the form el kz-Wt)
becomes
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. injection.

-

S 1y

Here, Ty = (W/k - Vg)/ugy, uy = (ZTQ/ma)% is the
thermal velocity of species o, and Z(T,) is the
usual plasma dispersion function. When considering
the e-i mode, the beam contribution to D is negli-
gible, so that for |w /k| > uj and wy/k - V.| < ue
(where w = w, + nnl), the usual result for the ion-
acoustic instability is obtained.

= 2,24%
w kcs/(l + k xD) , (6)
- /78 |w ! (T >3/2 [ T, -
W, _ —_ exp —_—
L7 1+ x2)3/2 Ty 21 (1+k x 2]

( ) [1 - (1 + K xz)}ﬂ} 150

Here, cé = T,/mj and XB = T, /(47 neez). Thus,
when Te >> T;, e-i mode is unstable if
V o>w /k=c /(1+KkAY : (8)
e r Cs D * _

When Te = Ty, the e-i mode is stablized by ion
Landau damping unless Vo @ ug.

For T; > Ty, = 1 eV at injection, the e-i mode
is stable (ue ~° 6 x 107 em/sec > Ve) when npo/ne
<3.3 x 10-3, Here, npo is the beam density at
However, as the beam is focusged, there
is still the possibility of unstable growth. Dur-
ing focussing, if V. (R) increases in order to
maintain local current neutrality and Te(R) in-
creases due to return-current heating, the local
instability criterion may be satisfied for some

R < Rg. An upper limit on the local growth rate
is given by (k & 1A/E A )
9 ("ho 'Te(R ) ® Ry
w< 7.7 x10 (— —°) — rad/sec (9)
i ng Te(R) RZ

as long as ug(R) 2 lwp/k - Ve(@®)]

= Vo (R) > cg
and Tg(R) >> Ti, and by,

< 8 %
w, £ 1.7 x 10 (ne/nbo) .rad/sec (10)

for cold electrons where ug(R) << lw /k - Ve(R)l by
Ve(R). The relation ny(R) = nhnRo/R5 has been
employed. If electron heating is insignificant

so that To(R) = Te(Ro) > Ti holds, then growth
first occurs when Vo (R) becomes larger than ug or
when

5

R/Ro £ 17.4 (nbo/ne) (11)



When studying the stability of the e-b mode,
the background-ion contribution to D is negli-
ible and Ve can be ignored compared with
wr/kl = Vp. Furthermore, because of the smallness
of ménb/mbne, u, /Vy, does not have to be very large
in order to consider the beam warm in this anal-
sis. Thus, for |we/k| > ue and up > '
/372 (w2 b/2w )1/3Vb, the maximum growth of the e-b
. mode occurs for .

02
w = (1 - —Bb ) (12)
r pe k2 U2
b
w u
MAX _ _pe ( b )
and k v 1+ 72_V— (13)
b S %%
v — UJZ V2
] MAX e /J m -% pb b (14)
h ~_ _£& =z 22
wit Yy 7z Y2 ° 7z
pe ub

- 2
Here, Ve = 2.9 X 1079 n /Te/ is the electron

collision frequency and Ae1 is the Coulomb
logarithm for electron-ion collisions. The
quantity v, was introduced in the dispersion re-
lation though the electron contribution which was
written in the standard form as 1pgeAnQn+ive).
From (4), it is clear that growth of -the e-b mode
occurs if

4/3
T,(R)

Te(Ro) ’

ne : g(vb R ) (15)

— < 0.032 R
R
nb ub

where Aei = 7.0 was used. Again; if Te(R) =~
Te(Rp), then the e-b mode is unstable for

°/ne)ii/lo vb/u R%

<L
R/Ro ‘ 0.076 (nb b %o

(16)
with the growth rate given in (14). Note that for
both the e-i mode and the e-b mode, the wave-
lengths of the most unstable perturbations are
much shorter than the radial and axial scale
lengths of the beam. Thus, if these modes do grow
to significant levels, they will only produce
microscopic effects such ‘as anomolous resistivity,
rather than directly producing any macroscopic
disruption of the beam.

Figure Y-B-4/1 shows typical marginal stability
curves as functlons of ne/npy, R/Ro and Tp/Ep for
a 40 GeV beam of Ut ions with Ry = 10 cm. Curves
for both the e-i mode and the e-b mode are shown.
An arrow on the R/R, axis indicates the radius of
alem pellet. Regions to the right of any given
curve are stable and regions to the left are un-
"stable. Thus for a target 1 cm in radius, it is
required that ne/ny, 2 10% in order for the e-i
mode and the e-b mode (Tp/E, > 10"%) to be stable
for the entire time of transport. This require-
ment is consistent with (3) which is one of the
conditions for good charge and current neutrality.
Figure V-B-4/2 shows the marginal stability ’
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curves for a 7
14 kA and R,

+1

GeV: beam of Xe136 ions with I =

=10 cm.

Although primary-current heating will be
negligible, return-current heatlng may increase
Te of ,order 10 eV in the case of utl and higher
for Xe~ as the beam approaches the pellet. Mar-
ginal-stability curves for T, = 10 eV are also
shown. It should also be pointed out that al-
though instability may 'set in for R < Ry, the
growth only occurs during the last segment of the
transport process. Thus, even when linearly
unstable because of smaller pellet dimensions or
lower background density, the growth may not reach
a sufficient level to affect the propagation or-
focussing of the beam. .

In summary, the linear growth rates of two
microvinstabilities, the e-i mode and e-b mode,
have been investigated under conditions of good
charge and current neutralization in a heavy ion
heam-plasma system. 1t was found that buth. wmodes
can he stabilized in parameter .regimes which are
consistent with these conditions for charge and.
current neutrality and which are appropriate for a
fusion reactor. If occurring at all, these
instabilities can grow only when the beam is quite
close to the pellet. Thus, it is unlikely that
either of the electrostatic modes will significantly

Ut

ne /nb°—>

ool 0l 1.0
R/Rg— BN
Fig. V-B-4/1. Typical marginal stability curves

as functions of ng/ny,, R/R, and Tb/Eb for &
40 GeV beam of U*l ions with R, = 10cm.



degrade beam transport or focussing. The stabil-
ity of electromagnetic modes is currently under
investigation.

Xe*! - R,=l0cm
10°

Fig. V-B-4/2. Marginal stability curves for a 7
GeV beam of Xé%36 ions with I = 14 kA and

Ry = 10cm.
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5. TARGET CHAMBER MAGNETIC FIELDS IN PELLET
FUSION REACTORS

D. A. Tidman
ABSTRACT

Stray magnetic fields are expected to be
generated by various mechanisms following a fusion
pellet explosion in a reactor target chamber.
These fields, which would be partially trapped in
the chamber between explosions, may present a
complication for the -accurate aiming of focussed
ion beams on to a target pellet. Various schemes
could be used to remove these fields.

INTRODUCT ION

In this note we discuss the expected genera-
tion of stray magnetic fields in a target chamber
containing a fusion micro-explosion. Such fields

can be generated by a variety of mechanisms™~
and may become embedded and trapped in the Li

blanket surrounding the chamber. The sources
discussed in Sec. 3 include debris ion currents,
wall photoelectron currents, residual fields in
the pellet plasma generated during the pellet
burn, and possible turbulent dynamo effects.
appears that fields of a few Gauss are likely,
and transient fields of > 10 G immediately follow-
ing an explosion would not be surprising. The
question therefore arises as to whether the exis-
tence of such fields would make it difficult to
repeatedly aim focussed particle beams accurately
at a series of target pellets.

It

The actual fields present at the time of an
ignition event depends on how quickly they decay
between explosions, the degree to which field may
become embedded and persist in the wall and sur-
rounding conducting structures, and design-depen-
dent features such as whether the fireball could
be swept out of the chamber before much field
diffused into the wall. 1In this regard we note
that an azimuthal flux loop takes a time

T sy Anc(AR)z/c2 ~ 10 3(AR)2sec (1)
to diffuse through a spherical shell of Li 4R cm
thick, i.e., ~ 10 sec for a blanket 1 meter thick.
If the target chamber wall was a static structure,
we note that plasma and field could be either
quenched or swept out of the chamber in a few
sound transit times (~ 1074 sec). However, field
would have time to diffuse a distance ~ 3 cm into
the wall in this case and might still accumulate
in the blanket structures after a series of shots.
On the other hand in a liquid lithium waterfall
target chamber, field may be automatically swept
out between explosions.

ION BEAM DEFLECTION

Magnetic fields in the target chamber can be
expected to have a spectrum of wavelengths. Pro-
vided long wavelength components exist (A ~ R),
significant beam deflection effects can occur.
Spectral components with A << R however would
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have less effect.

As a simple measure of the importance of the
wavelength B field components for beam aim-
ing, consider an ion injected along a radial direc-
tion at the wall,with a uniform field component B
perpendicular to its motion. It would then miss
the chamber center by a distance Ar ~ R /21:'c where
rc = 3.16.10° (YAB/ZB) is the ion cyclotron
radius-in cm and we assume R << r.. This dis-
placement can be written

(25)

10

long

Ar _0.16 2
YAB

W2
3.52 ( R

N yvan vyl G (2)

(Aeﬁev)% 103) s
where the second expression is " for a non-relativ-
istic ion of energy ¢ MeV, atomic weight A, and
charge state Z. At high ambient gas densities
the plasma electrons may partially shield out the
B field from the inner part of the ion pulse.
However, this more complex beam plasma deflection
problem is not considered here, although it may
significantly reduce the deflection.

In Fig. V-B-5/1 we have plotted Ar/B as a
function of A for several ion beam charge states.
The ion energy €(A) used in Eq. (2) for this
figure was taken to be the energy for which an
ion of atomic weight A has a .range of 250p in Au
which is a possible target material and stopping
distance. We see for example that if an accuracy
of Ar = 0.1 cm. is required, then fields of 10 ’
Gauss would cause difficulties for all except
high A ions in low charge states. Stray fields of
1 G however becombe a problem only for light to
moderate atomic weight ions, or high A ions that
are nearly fully stipped.

MAGNETIC FIELD ESTIMATES FOR SOME SOURCES

Field sources divide into those in the back-
ground gas and wall environment, and sources
generated in the pellet plasma debris in the
course of the fusion burn and its subsequent
expansion. In the following sections we derive
some simple parametrized estimates for several of
the mechanisms involved. Detailed modeling would
require development of a computer code for aniso-
tropic pellet explosions and the chamber environ-
ment .

DEBRIS ION CURRENTS

After the pellet debris has expanded a rel-
atively short distance radially, its density will
fall below that of the ambient photo-ionized gas
in the chamber (for chamber pressures above about
10'4 torr and mm size pellets). At this point a
pellet ion with energy eq (keV) and charge Zg4 has
a mean-free-path in the background plasma,

7.7 10183

Ny ———
2§ No 4nh

cm,

3

where N, cm_3 is the background electron density
after photo-ionization by the explosion.



For example Zqg = 5, foA le eq = 3 kev, N =

5. 1013» , gives A a 102 meters, so that debrls
ions will strike the wall for low background
pressures.

Now in streaming radially through the back-
ground plasma the pellet ions provide a current
Ja which is initially neutralized by the plasma
‘electron current. However, as the electrons re-
spond to their friction with background gas ions,
a magnetic field grows according to

OB c2 2 c '
— = ¥ £ 5
St¥amo 2t G Ix], (%)
where
. 1.7 1014 2/2
O T2 IoA )
o o

is the background plasma conductivityl(assumed
homogeneous), o lts temperature in eV and Z
background ion charge. Since the magnetic diffu-

sion term is relatively small for the gradlent
scales involved in Jd,

t
B ~ [ ar vxg, (&

o

aln

To evaluate this field we require a model for
the pulse of debris ions, jy(r,t), emitted by the
pellet explosion. If we aSsume this pulse has a
velocity dispersion vy ~ vy where mgvy /2 = eq is
the average ion kinetic energy, then the pulse
broadens out as it advances radially. A simple
model giving rise to an azimuthal field B (Fig. 2)
is to assume

s

Jg = F3® ('f‘) AR (7)

where jq is radial but has dependence on polar
angle © represented by j(8) which is the .ion
current pulse arriving at the wall r = R, and I

is a square pulse function with I = 1 for

2r/3vg s t s 2r/vd and I = 0 otherwise. The
factor (R/r)3 conserves  the total number of debris
ions in the pulse and applies for r sufficiently
large for the debris ions to become dilute enough
to stream freely through the background plasma.

The maximum value of B is reached at the end
of the pulse (for t 2 2r/vd) and follows from Egs.
(6) and (7) as

(8)

Noting that the total debris ion energy arriving
at the chamber wall is
-] - T j
_ 2 J‘ <d)
vy = 2R J do sin® do@ ez./ fa (€)]
. o [o] d

and using Eq. (5), Bp can be expressed as

the
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_ 3
e ()
r

where B (@) is the field at the wall (r = R) ,

z Z. fnh 3.3

. BR_= - 8.4 10 -2 —%;—%275—- (lg ) (‘_\ @, (11)

(10)

and the asymmetry factor ¢ is

-
$ = g-é_(fde 1 (8)sin 8 , (12)
o]

with the total explosion energy W in MJ, ey the
average debris ion energy in keV, T, in eV, and

R in cm. If we also assume a model for j(6),
namely ’ ’
j= j° + Aj cos nB (13)
with 8j < iy the asymmetry factor ¢ becomes
$~-n (g%—) sin n@ (14)
o' B

large values for n would then correspond to a
fine-structure jetting of debris material, and
the case n = 1 to a simple pole-to-pole variation
§j in the ion current. The symmetric case n = O
gives By = 0.

Now Bp(r,0) is the azimuthal magnetic field
(Fig. V-B-5/2) left at r,0 immediately after
traversal by the debris ion pulse. Considering
some plau51b1e numerical values, Wq/W = 0.1, W =
500 MT, R = 10° cm, eg = 3 keV, T, = 20 ev, &nA
~ 5,25 =3, 24 =6 gives

. S 3
Bp~ 0.7 n sin ng (fj) (%) (15)

If the ion current asymmetry between twd hemi-
spheres is substantial, say 6j/j,~ 0.5 and n =
we find in the equatorlal plane a field

Bm ~ 0.35 (R/r)3 , i.e., about 0.35 Gauss at the
chamber wall, but several 100 Gauss towards the
center (R/r ~ 10).

1’

It should be noted that these approximate
formulas apply for r.,.jy < T < (smaller of R or
a debris ion range), where ropj¢ is the radius at
which debris ions first stream freely through the
background plasma instead of sweeping it up.
After the impulsive generation of these fields the
(R/r) dependence would be rapidly smeared out by
diffusion and convection so that the stronger
fields at small r would tend to approach the
chamber wall.

In concluding this section we also note that
the factor ¢ 1in Eq. (l4) can become large for
large values of n, corresponding to small scale
jetting effects in the debris. This would create
larger fields, but their subsequent diffusive
mixing would also proceed more quickly.



WALL PHOTO-ELECTRON CURRENTS

Photo-emission from various regions of the
chamber wall would be non-uniform if the pellet
radiation flash was asymmetric. Under these cir-
cumstances photo-electrons emitted from the wall

produce currents that can generate magnetic fields.

A simple model for this is similar to that in the
previous Section, but where instead of debris ioms
we consider photo-electrons with energies fv > T,
flowing radially inward from the wall. A rough
upper limit to the field produced is then given by
using Eq. (11) but with the replacements Zg — - 1,
Wy = total energy emitted as wall photo-electrons
with Av > T, and €q ~ fv is the mean photo-
electron energy in this range. We then see that
this source of B field is relatively small com-
pared to the debris ion source, due to the small
photo-efficiency of light elements such as liquid
Li which would probably be used as a thin abla-
tive layer on the inner wall.

RESIDUAL PELLET FIELDS

In the compressed burning fuel several mech-
anisms exist that generate very strong magnetic
fields. They arise when the pellet departs from
spherical symmetry and examples are: thermo-
electric sources at fuel-pusher boundaries
anisotropic a-particle fluxes generated by the
burnb, or small scale composition fluctuations
arising because of Rayleigh- Taylor mixing of
pieces of the pusher into the fuel, etc.

Defining the plasma beta durlng burn
B = ZNT/(BZ/Sn), we have a maximum field (corre-
sponding tg B = Bmax (16nNT)2 = 6. 107
(NTyey/Ng) 2, where Ng = 4.5 1022 cm -3 is a
characterlstlc solid state density for DT. For
example for a fuel compression of N/N. = 104, and
T = 100 keV during burn, Bpsy, = 6.10! 18 Gauss.

Regardless of detailed mechanisms we note
that fields generated in the compressed fueél
sphere and its surroundings are_embedded in the
plasma and thus decrease as r~ as the pellet
fireball expands. The field strength at.a radius
R equal to the chamber radius is thus

B a 6.107 (N—;ﬁl)% (;3)2 /1—: ,
S s B

where N cm-3, Tkev » B» and radius
to the compressed pellet plasma. For example 4
taking rq a 107, R = 107 cm, B ~ 1, N/Ng= 10
T = 100 keV gives B =5 6 Gauss as an upper 11m1t
for the residual field. ’

r, , refer

TURBULENT DYNAMO EFFECTS

If the magnetic Reynolds number, Ry , of a
turbulent plasma is large, the fluid kinetic
energy tends to do work on the field by lime
stretching faster than the field can diffuse
through the fluid eddies in which it is embedded.

An adequate theory or computer simulation for the
complex 3D motion that is inyolved in this process

. (16)
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is not avallable. However, some 2D MHD computer
models by Fyfe, Montgomery, and Joyce7, show that
provided both the magnetic and mechanical Reynolds
numbers are large, the magnetic énergy tends to
increase with an e-folding time ~ A/6V and
approaches the fluid kinetic energy density.

The magnetic Reynolds number for a plasma is

RM = A &/7 where T = c“/4mo is the magnetic
viscosity, A  the fluid motion scale, and &V the
turbulent velocity amplitude. -Using the plasma
conductivity for o  this becomes
-2 3/2
_ 7.5 10 7 X &V Tkev . (17)
R Z ok

The maximum value for & is of order the
sound speed, cg, s6 that at early times in the
expanding fireball a situation Ry >> 1 can in
principle exist. However, a3 the expangion pro-
ceeds and T decreases to say 1 - 10 eV, the:

.final chamber filled state (even if turbulent with

6V ~ cg) would have a small Ry . Thus, only if
turbulence occurs in the early-time expanding fire-
ball would this large fluid kinetic energy source
become available for magnetic field generation.

The question as to whether turbulence actu-
ally occurs however is difficult to answer. At
first sight one would expect the fluid expansion
of the pellet plasma to be principally a laminar
radial motion, in which case dynamo action would
not acenv. However, suppose the pellet retains
its layered structure (consisting of a high atomic
weight shell containing a low atomic weight pusher
and fuel plasma inside) well into its radial ex-
pansion. We then note that the sound speed in the
interior can be larger than the radial expansion
velocity of the tamping shell, in which case fluid
turbulence of the interior fireball plasma may be
superposed on the radial expansion.
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Fig. V-B-5/1. Displacement of an ion trajectory,. *
§r, in traversing a distance of 10%cm
across a uniform field, B Gauss, for ions
of various atomic weights and charge states.
Ion energies are taken as those correspond-
ing to a range of 250 g in Au.
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6. BEAM STABILITY IN THE TARCET_CHAMBER
W. B. Thompson, S. Jorna

In these notes we consider the stabiiity of a
heavy ion beam propagating through the target cham-
ber. 1In most schemes the beam has energies of
several tens of GeV, carries currents of ~1,000
amps (equivalent); and is focused geometrically
from an aperture of radius r; ~ 10 cm to a target
spot of rf ~ 1 mm over a distance of L ~ 10 m. The
propagation mode must thus be highly stable,-

If the target chamber were empty, the beam
properties could easily be calculated and the sta-
bility investigated. In that case the only serious
instability is the wriggle or fire hose mode which
has a growth rate

FZ._ nZze2

22y 10 (L)
(k7ry) log ke

or ' € 0.21 w, where w% = 4nn(Zzez/M)‘is the square
_of the beam p?asma frequency. For our beam N =
mar2 = 2.1 x 108 Ioq/8 = 4 X 10! em1, and with
(L - x) the distance from the head of the beam,

11 11

4 X 10 I(kA)

_ 4 x10
a 2
+ (r, - ro)(x/L)]

nr2 mir

]

1.3 X 109

- 3 I (kA)

{1 - 0.99x/L]

or for a limiting current of 1 KA the density is
in the range

1.3 x10” £ n < 1.3 x 103 en?

L/2
2-2

w, = (4ﬂn Ze ) = 1,3 x 103 Z(n/A)l/'2 sec-l.

Ions suggested vary from singly charged U, A = 238,
‘to 5 times charged I, A = 126. 1In the ftirst case

3 x 10% < w, <3 X 108 sec!,

while in the .second

.2 x107 <w <2 x 10 sec”!.

1]

The total growth equals (wg wp(x = 0))

1
| dy
0.1.01 -y

1w dta-_l_[w dx 1,0
S B 5 Bv 5 B

< i

~ L1 Ok i 100~6x108wd~0.2 for u*
5 Bv B

A/T3/2 gec-l,

5+
>1 for I
and is not important.

There is no intention, of course, of propa-
gating beams through a ‘'vacuum, but as we shall
show, beam effects are still characterized by wg,
even in the presence of a background.

The environment through which the beam
travels depends strongly on the pressure in the
target chamber. Pressures considered have ranged
from 1072 torr, about the lowest that could. be
reached with a repetition rate of 1 Hz for the
reactor vessel dimensions contemplated, to ~ 1
torr, which is close to the limit set by multiple
scattering of the beam particles (for the self-.
constricted beam it may be possible to exceed
this).

~ In the former case, the chamber might.be
filled initially with an at least partially ionized
gas at a temperature of ~ 1 eV. 1In the second
case, the first few centimeters of the beam pro-
duce enough ionization, both directly and by ava-
lanching to ionize the plasma fully and to estab-
lish a temperatur? of between 1 and 5 eV, yielding
a channel substantially wider than the beam, but
surrounding it. In both cases, the plasma rapidly
neutralizes both the beam charge and (almost
completely) the beam current, so that the net
current might be reduced to I o < 0.01. Ip.  An
immediate consequence is that the growth rate of
the wriggle or fire hose mode is reduced by a fac-
tor of 100 (assuming that the entire current chan-
nel shares the gross motion; since the plasma
current and the beam current almost coincide in
space, this seems a reasonable assumption; but we
shall examine it further),

Thao background plasma ig characterized hy its
plasma frequency wp = 5.6 x 104 /n sec™! and its
electron collision frequency v =3 x 10 n log
Here log A == 22.3 - 1.15 logyg n +
3.5 log1p T, T being the temperature in electron
volts.

For 0.01 torr (n = 1014 em™d) and T = 1 eV

wp > 5.6 X 1011 sec-l,

v=>1.9 x 10° sec'l,

) for 1 torr (n == 1016 cm'3)

w =5,6 X ].012 sec-l,
P
v=1,2 X 1011 sec_1 at T =1 ev
. 1 -
v=1.7 X106 0 sec 1 at T =5 eV,

In our analysis we propose to describe the
background plasma by.its dielectric coefficient



w2

e =1 - —b2— -
p w(w - iv)

Stripping of the beam particles must also be taken
into accoynt. _Since the relevant cross-sections
are ~ 10°*/ cm®, this is important at densities of
order 1016 cm-3 ywith _stripping to Zg ~ 40,, while
at n, = 1014 cp” Zg ~ 2. In the following we let

Eo(zf/Zo)x/L represent the change of charge
state with distance along the pulse.

The easiest way to describe the wriggle mode
is to compute the effective electric charge line
density in the rest frame of the beam, then to
calculate the unbalanced force acting on a curved
part of the beam. The effect of a plasma envi-
ronment is then to reduce the electric field by a
factor l/ep' hence to reduce the growth rate ['p

by 651 The mode grows for krg < 1 with maximum
growth for krg ~ 0.6 or K-V = 9.2 x 109 sec~l << w
Thus
: 1/2 |2
Ry / vy?
P~r,— |1+ l+\R_—)
w /2 v
P
1/2

which for v > k*V reduces to I’ “'FO (VK- v/ZwP)

The total gain involves ( wB(x =0), oL
1n Zf/ZO) '
t 01 o )
I w dt =w_ = IL e dx/(1-0.99 x/L) =
0 B Bv 0 : .

rwg(L/v) e [1n (0.01 oL + 0.5772]

and T .
t i S :
j r de ~ ‘ r. de % lnec BV 2" 1/2.
0 0 0 Z0 IO wp
B 1/2
) \1/2 )
v
X 1+ +f =
kv
-4 [t j 4% -3
== 7X10 J FO dt, for n = 10" ‘cm
t . =
~ 351073 j r, dt, for n = 104 8ca73.

Tn the latter case one scheme requires propagating
the beam constricted by the residual current to its
final radius. The gain then increases by a factor
of about 37 to 0.1 | 'y dt which is still small.

A second mode that may deform the beam is a
ripple mode. To understand this, let us first
forget about beam geometry and consider a plane

p*
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sheet of charge (again in vacuum) whose surface is,
distorted sinusoidally by.a displacement £ = gp
cos kz. The effective surface charge density
produced by this is & = -nOZeQn cos kz, where (,
is the normal displacement drawn out of the sur-
face. This produces an electric field

=2 = - ng2nzZel, cos kz
and a local acceleration

22

Z e
E = -2nn0 v ~C .

Ze

C =

=

and { oscillates with the frequency'wBﬁfii In the
presence of a plasma this result must be modified
by the dielectric coefficient, and. the dispersion
relation becomes the cold two-stream dispersion re-
lation with wp~wp//2. The resonant modes

(K'V = ) grow at the rate ~ w_(w /w )2/3 (for
small u)pand easily saturate. ghe asBociated wave-
lengths are now ~ 0.2 cm at n = 10 4 m'3 and -0.02
cm at n = 10 cm'3 and it seems unlikely that
these-are dangerous, although targeting at 0.1 cm
may be impaired. Non-resonant modes grow as wg
and are not neutralized -by the return current, and
hence grow fifty cimes faster than the wriggle
mode, still not fast enough to have much effect.
The constricted case is an exception, for hére the
gain is about 11,5.e-foldings saturating at rather
long wavelengths. Hence, surface ripples which
significantly expand the beam could limit.the

use of self-pinched beams.

MICRb-INSTABILITIES

In addition to the modes which disrupt the
spatial distribution of thé beam, there are ve-
locity-space ‘modes which do not appear to have-
much direct effect on the beam, but may affect the
degree of beam current neutralization by the
induced plasma current, The beam driven two-stream
mode is the best studied of these.

TWO-STREAM MODES

We consider these first in the hydrodynamic
approximation and include both the velocity spread
of the beam and plasma electron collisions. For
the beam .

v
+ , 7 - 1 Ze =
—_— 4 y = . = 9 25
e T VW ™ ptw B
’ 'an+ - -

—= 4+ vV = - .

5t TV, = (Vv
While for the plaswa electrons

v =

— +w =-2E >

5t + w_ -

dn_

TRl AR



and on combining these equations with Poisson's
equation we obtain the dispersion relation

[ex(x - iw)) - 1302 = )2 - 2] - ex(x - iw) = 0.

We note that for 8, wu =0, y =1, and x =1+ u
that u = (e/2)1/3 for u2 << 1. Near the resonant
point y = 1 with x = 1 + u this expression re-
duces to (if we neglect V)

2 2

u(u- - 87) = €

N =

which has real roots provided ¢ < (4/3/3)93. For
the unstripped beam €/83 = 0.14 for 6 = 0.01 and
this mode is suppressed by the velociLy spread in
the beam. For the stripped beam the ratio in-
creases by a factor z2/100 and the instability is
excited for Z > 16. The self-pinched beam is then
unstable by this criterion for much of its path.
For the converging beam, however, the stability
condition is not violated except very close to the
target leaving only little time for gain. One
might object that the hydrodynamic model is inade-
quate here, and that the beam dynamics should in-
clude Landau damping, or growth. The approximate
effect is easily obtainhed by modeling the beam as
a flat-topped distribution of width Av, going
linearly to zero at v £ (Av + &v). The charge
induced on the beam (in the beam frame) is then

2 2
4"6q =4 Z; j k(£/3v) b~

(w - kev)
w;kz v+Av -2
24Avn j E(v)(w - kev) dv ¢
i v=0v :
[ L2
iw_
B - k-v)2 _ szvz 28vAv
o
2 2 1 in
= +
wgk - ey ? - eyl 2(kev) (kbv) b

where the last term is present only if w/k lies be-
tween v & Av and v £ (pAv + &v), The effect on the
dispersion relation is to add a term

elxex - iv -~ D[¢x - y)2 - 62] 1—1; %%1
0

2 2
and to alteE the coefficient of (u - 0 ) from 1 to
1 + imelv/846v and the growth rate, already small,

is altered by a complex factor less than 1. Henc

kinetic effects do not seem important.
TRANSVERSE MODES

There is a non-convective electromagnetic
mode that will grow for wavelength small compared
to the beam radius with a growth rate of ~ Buwg.
This grows only for the beam duration ~ 10-8 sec
and in the worst case, the highly ionized iodine
beam, grows by a factor exp 20, or for highly ion-
ized uranium by a factor ~ exp 6. 1Its effects are
not clear; any beam shredding occurs right at the
end of the beam, and it may produce significant
magnetic fields near the target. On the other
hand, it does not appear to be disruptive.

PLASMA MODES

Near the end of its path, the current den-
sity in the beam reaches valucs of I~ 2 X 105
amp/cm2 for the low pressure case and because of
enhanced iouization ~ 8 x 105 amp/cm? in the high
pressure case. The electron velocity need to
neutralize these currents is of the order

: 14 -
vs ~ 6 X 1018 %43 c for n = 10 cm 3

> 0.4¢c for n = 1016 cm-3 .

Hence in both cases the electron velocity exceeds

- the electron thermal speeds and in the absence of

collisions one would expect ion-acoustic insta-
bilities to induce an anomalous registance. The
associated frequencies w < wg = 10° ~ 10”7 are much
less than the collision frequencies, hence one
could scarcely expect the usual collisionless
theory to hold. On the other hand the collisions
themgelvey appear Lu drive & similar moede unotable.
To analyze this roughly, note first that the
electron-electron collision frequency is great
enough to keep the electrons close to Boltzmann
equilibrium. On the other hand, the ratio be-
tween the momentum transfer frequency between
electrons and ions is about a factor of 100 below
the ion plasma frequency. We can then write the
ion momentum balance equation in the form (nee
glecting the pressure):

Vv v 6v+_VD = eE/M
where '
én kz
6v=\)'-r-1-—--\)_2.—
_ eng !
hence
. 2
. -(e/M)ikp + vv(kD/enU)b
+ C[igw - kv) + v]
and
w2k2
Py k°vv M
4n6q+ T @ - kev)( - kev - 1iv) 1+ k2v2 m b,



where v_ is the electron thermal speed, and the
dispersion relation becomes :

w - kv)(w - kev - iv =

1
2 ey V H
2 K kv
P e AR N WIS
ik +x kv ;
D . - i
where v = (m/M)v_. From this
(w - k-Q) =
2 r v k__I
2 Kk DY "p 12
= £ [t —= ;2 - D 1
iv v_-k'a"'

wp ~l

2 2 2 2 .
Now if k /(K" + Kk )>>(v/20 )° | e can neglect v2
and P P .

w - kv =

and a growing mode is possible, with a growth

5 12
1., %_ k : v V- k)
= vz : 14+ ———]-1i .
2 /2 ;k + kg v, wp_ k i

]

This is unstable if

v k
R —— N G B ICN IR
Pr Wik% + K ’ -

N

D

viv_=3 ><.1010 12/a0%/T

and the stability criterion is satisfied for 1000
ampere beams, for R > 1 cm at n = 10°* em3, 7 = 1.
R > 0.3 cm for n = 1016 em 3. The remaining flight
path is x =1 m,_or 6 nsec, In the low density
case yg < 6 X 107 and the growth of the wriggle
mode would still be less than exp (0.6) even if
the currents were completely destroyed. For the
high den;ity case where Z = 40, the growth ~ exp
(40 x 10'x 6.107°) ~ 11 and even if the current
were completely neutralized by anamoulous effects,
there .would be no great effect on the U beam. Fur
the I case a more careful calculation is required.

Note that the arguments presented here are
quite crude. Beam geometry has been handled in a
very primitive fashion, the plasma has been
. treated as if uniform and all relativistic effects
have been omitted. A completely convincing
version will correct these deficiencies and treat
the nonlinear consequences of the instabilities.
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7. ARGONNE NEUTRALIZATION EXPERIMENT

S. Fenster

Argonne is setting up an experiment on the
charge neutralization of beaEf of heavy ions
using 2 3 mA dc source of Xe = at 100 keV. This
beam will pass through a 3-inch bore triplet with
. gradient variable up to 15 Tesla/m. The ion beam
will tend to’ trap electrons with an inward radial
electrical field,

E = - 60.m 1 r volts/m
r Bi

Where J is the ion current density (amps/mz),

8, = Vi and r is the distance to the axis. Elec-
trons®will revolve around the magnetic field
lines at gradients of 15 Tesla/m. The experimenc
will determine whether enough lower energy elec-
trons are-present to achieve neutralization.

The potential at the edge of such a beam is

+90 volts with respect to its center. If a 200 V.

electrode ring surrounds the beam, the neutra-

lizing electrons may be removed. By pulsing the
electrode on with a rise time 7, <.1 psec and
observing electronically the increase in beam
spot size as a function of time, one can deter-
mine the time constant for removal of neutra-

. lizing electrons. Pulsing in the opposite ‘direc-
tion gives the reverse time constant for producing
neutralization. With this setup, electrons in-
side a quadrupole may get trapped around magnetic
field lines, so it may be necessary to place
clearing electrodes inside the magnets. A 10 MHz.

A. C. clearing field may also be tried.

_- We expect to vary the vacuum from the usual
1077 Torr down to 107" Torr to check the effect
ot residual gas on neiitralizarion.

A listing of beam sizes against the phase
advance per period and the parameter P in a FODO
Lattice has been set up, neglecting space charge.
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C. REACTORS

1. SUMMARY

J. A. Maniscalco
INTRODUCTION

The Laser Fusion Program System Studies Group
at Lawrence Livermore Laboratory has been engaged
in scoping studies to identify attractive reactor
concepts for producing power with inertial confine-
ment fusion. The scoping studies were carried out
by developing several reactor concepts and then
comparing them on the basis of their ability to
cope with the major problems affecting the techni-
cal feasibility of an inertial confinement fusion
power plant. These include:

1) The effects of the fusion microexplosion
on the first wall.

2) The effects of high energy neutrons and
cyclical stresses on the blanket struc-
ture.

3) The effects of the fusion microexplosion
on the final focussing elements.

During these comparative studies a fluid wall re-
actor design called the liquid lithium waterfall
emerged as a most promising reactor concept for
generating electricity with laser fusion. 1In this
section we will briefly describe the reactor con-
cept and analyze it with regard to the technical
problems listed above.

High energy yield per shot can be used to
minimize the effects of both driver and target
fabrication costs on the cost of electricity.
versely, high energy yield per pulse character-
istics increase the damaging effects of the radi-
ation from the microexplosion on the first wall
and blanket structure. This is one of the reasons
that led us to select a fluid wall concept for our
reactor. More importantly, in this approach, the
first wall and blanket structure are shielded from
x-rays, target debris, and neutrons by a thick
falling region of liquid lithium. We consider
target irradiation from a few sides with long fo-
cal length ion beams. At focal lengths on the
order of 10 m, it appears possible to design a
final focussing magnet that could survive the
damaging effects of the thermonuclear microexplo-
sion for a year or longer, sufficiently long to
avoid an excessive effect on the plant capacity
factor.

Con-
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REACTOR DESIGN

The 1lithium waterfall reactor design was
strongly influenced by our desire to develop a
simple concept that could be constructed with ex-
isting materials using current state-of-the-art
technology so that the decade or so required for
advanced material development and testing could
be circumvented.

The reactor concept (Fig. V-C-1/1) features
a thick continuously recyclable first wall of liq-
uid lithium that protects the first structural
wall from direct exposure to the microexplosion.
The waterfall is disassembled by each shot, and it
is reestablished between each shot. The lithium
is continually pumped to the top of the wvacuum
chamber through a reservoir region which separates
the first structural wall from the pressure vessel.
A small fraction of the lithium flow circulates as
the primary coolant to the heat exchanger. The
return flow from the heat exchangers is injected
through a vortex generator to provide protection
to the top of the chamber.

Mechanical
transport
mechanism

cop

+— Pressure
vessel

Falling ceramic
lithium balls-

N i stesl
a liner

balls

Mechanical transport
Laser transport tube mechanism
and vacuum pump port

Fig. V-C-1/1, Falling balls concept.



The principal purpose of the fall is to re-
duce the neutron radiation damage in blanket struc-
tural materials, allowing them to survive for the
useful life of the plant. Besides moderating neu-
trons, the fall also absorbs the x-ray output and
pellet debris. By keeping the fall separated from
the chamber wall, any shock wave produced in the
fall will not be directly transmitted to the struc-
tural wall.

The primary neutron damage mechanisms to re-
actor structural materials are atomic displace-
ments and gas production. For an unprotected
steel wall operating at a neutronic wall loading
of 1 Mi/m?, the damage limits would be reached in
only a few full-power-years. This would present a
severe maintenance problem and result in the gene-
ration of large amounts of radioactive waste. One
MW/mZ, is generally considered to be the lower
flux limit for an economically attractive fusion
reactor. At this wall loading, a fusion reactor
would operate with power densities that are an
order of magnitude lower than a light water reac-
EGE.

The product of neutron wall loading, in
MW/m~, and the wall lifetime, in years, is a fig-
ure of merit for any fusion reactor design. This
product, the allowable first-wall fluence, in-
creases exponentially with the protective thick-
ness of the lithium fall. We have evaluated the
requirements of a system that maintains a minimum
protective lithium thickness of 60 cm, and found
it provides an allowable fluence of ~ 90 MW-Yr/m®.
In other words, the system could be operated at
~ 4 MW/m? for the 30-year plant life at a 75%
capacity factor. Thus, for a given power, the
reactor can be made smaller with structures that
never require replacement.

It should be pointed out that fluids other
than liquid lithium could be used to perform the
functions of the fall. The primary constraints on
the fall material are that the substance must:

15 Have a reasonably low melting point
(less than about 300° C) so the fluid
state can be effectively maintained.

2} Have a low enough vapor pressure at the
selected operating temperature (>400° C
but as high as possible) to permit an
adequate vacuum condition to be main-
tained.

3) Have neutronic characteristics that per-
mit an adequate tritium breeding ratio
to be achieved.

4) Be compatible with the selected struc-
tural materials.

Tritium breeding considerations preclude the use

of a neutron absorber and require that lithium be
incorporated in the reactor system in a suitable

manner.

Other possibilities for the fall are lead and
lead-lithium alloys such as PbyLi. Lead, as the
primary constituent of the fall, degrades the
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neutron energy through (n, 2n) and inelastic
scatterings. Our neutronic calculations indicate
that a few volume percent of °Li in the lead
would be enough to maintain a tritium breeding
ratio greater than one. The use of Pb or PbsLi
would allow a lower system tritium inventory to be
maintained. On the negative side, recirculation
pumping power would significantly increase and
grain boundary corrosion of steels may present
compatibility problems. The various aspects of
these systems are being investigated.

The pumping power required to recirculate the
lithium fall has been estimated on the basis of
the kinetic and static head requirements with the
fall inlet conditions determined by two constraints:

- The fall must have sufficient velocity to
reestablish itself between microexplosions.

A minimum attenuating thickness of 60 cm
must be maintained.

The required pumping power iucreases with
chamber size and with pulse repetition rate. For
1-2 Hz, the power required is less than 5% of the
gross electric power production of the reactor.
Since the ion beam system operates more economi-
cally at higher repetition rates, multiple reactor
chambers may be coupled with a single driver.

The beam propagation group at the workshop
generally felt that it would be possible to focus
the heavy ion beam in a chamber with a background
pressure in the neighborhood of 1 Torr. This rel-
atively high allowable pressure makes it possible
to use liquid lithium in the vacuum chamber. Cor-
rosion considerationg require that, for use with
stainless steel, lithium temperatures must be less
than 500° C. As shown in Kig. V-C-1/2, the vapor
pressure of lithium at this temperature is less
than 5 x 10~3 Torr.

If fusion ¢hamber pressures less than 10.3
Torr are necded to focus the ion beam, the attrac-
tive features of the lithium waterfall reactor
concept can be retained by replacing the liquid
fall with a falling region of solid ceramic-
lithium pellets. Tn this concept (Fig. V-C-1/3)
ceramic pellets are continuously recirculated to
the top of the fusion through a resevoir region
between the first wall and the pressure vessel.
The ceramic pellets can be either transported
through heat exchangers or cooled by the flow of
high pressure helium gas in the rescvoir region.
Tritium is bred in the ceramic compounds and re-
covered as it diffuses out into the helium. The
use of lithium in ceramic form eliminates both
the corrosive problems and chemical hazards asso-
ciated with lithium metal. On the negative side
major uncertainties need to be addressed such as
the structural integrity of the ceramic pellets
and finding a means of efficiently transporting
the pellets into and out of the vacuum chamber.
We intend to address these questions this year.
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Fig. V-C-1/2. Vapor pressure vs temperature for
lithium and lead.
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Fig. V-C-1/3. Ceramic pellet concept.
CONCLUSIONS
The lithium waterfall reactor has emerged as

a promising concept which alleviates the major
roblems associated with inertial confinement

75

fusion systems. It eliminates the first wall
problems resulting from x-rays and pellet debris,
and minimizes cyclical thermal stresses. Also,
the thick falling region of lithium attenuates
neutrons to the point where the blanket structure
could survive for the lifetime of the power plant
at high power densities. The concept appears to
be adaptable to any inertial confinement fusion
system which can operate with fusion chamber
pressures greater than 10~2 Torr.



2. CONSTRAINTS DUE TO NUCLEAR INTERACTIONS IN

HEAVY-ION INDUCED FUSION, AND SHIELDING
REQUIREMENTS

R. Silberberg and C. H. Tsao
INTRODUCTION

There are several aspects of the heavy-ion
induced fusion process for which a detailed know=-

ledge of nucleus-nucleus interactions is essential:

(1) The modification of the distribution of energy
deposition in the fusion pellet due to nuclear
fragmentation and constraints on the composition
of the pellet, (2) the background radiation of
protons and neutrons at energies of ~ 200 MeV

due to interactions of heavy ions near the reactor
chamber and the accumulator ring while the reactor
is in operation, and (3) the background radioac-
tivity at the reactor and accumulator ring while
the reactor is shut down. We shall present here
some preliminary results obtained in two weeks
work in this field, and point out areas in which
further work is required.

CONSTRAINTS ON THE COMPOSTTION OF THE PELLET

In the present sample calculation we shall
adopt an energy of 300 MeV/nucleon (henceforth
abbreviated as MeV/u) for the beam particles at
the target. For 2°°Bi, the corresponding energy
is 63 GeV, and a few per cent less for other
prospective beam particles like Hg or Au.

Above 100 MeV/u, the total inelastic cross
section per proton-nucleus collision can be
approximated by the empirical equation (formulated
by us):

o (p+A) = 1.31% .10 ¢ 4272 (1 - 0.47/a%"%

and for nuclens with mass number A; colliding
with one having mass number A, by
=

1/3 2
+ A? - 0.4] 5

both cross sections are given in units of mb. A
more rigorous expression tor the latter (includ-
ing energy dependence) ls given by Karol (1975).1

; 1/3
o (AL + Ap) = 1.26%. 10 [A1

The fraction of nuclei that come to rest
without undergoing a nuclear collision is given
approximately by

Here R is the residual range (in g/cm®) of the
beam particle in the medium of mass number Aj.
It is assumed that the residual range of the
particle is negligible when its energy has been
reduced to a value such that the above cross
section equations are no longer applicable.

“R (g/cw?) (mb)
1673 4,

F = exp [

We shall now determine the
ing fraction" F, i.e., prior to
target into plasma. The actual

initial "surviv-
the turning of the
value of F will
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be larger due to reduction of the residual range
R in the plasma (Nardi et al 1977).2

The beam particles (®°°Bi) become nearly
fully stripped; the electrons retained are evalu-
ated by the procedure outlined by Barkas (1963).°
The residual range R and fraction F of 20°Bi
nuclei at 300 MeV/u that have not collided is
given in Table V-C-2/1, for target media of hydro-
gen, carbon; copper and lead, respectively. Since
the calculation is an extrapolation to heavier
nuclei, the uncertainty in the estimate of R is
~ 2%. A more detailed computer calculation, based
on the number of electrons retained as a function
of energy, is desirable.

Table V-C-2/1. Residual range and fraction of

non-colliding Bi nuclei,

Target R(g/cm?) F
H 0.80 0.42
(6, 1.86 0.75
Cu 2.48 0.90
Pb 3.36 0.98

One can see from Table V-C-2/1 that if the
medium in which the Bi (or Au or Pb) nuclei lose
most of their energy is light, e.g., consisting
of hydrocarbon, about half of the beam particles
will undergo nuclear collisions, and the forward
"tail"” (or snout) of the Bragg peak can be appre-
ciable in regions of the target where it is unde=
sirable. This could especially be the case with
a uranium beam--since most of the nuclear inter-
actions result in fission, Lhe residual range of
the fission fragment is nearly double that of the
parent uranium nuclide.

If the target medium, on the other hand,
consists of heavy nuclei like Pb, the interacting
fraction 1~F is ~ 2%, and the distorti on of the
Bragg peak due to nuclear interactions is negli-
gible.

THE BACKGROUND RADIATION IN REACTOR CHAMBER
AND THE ACCUMULATOR RING WHILE TIIE REACTOR IS
LN UPERATTON.

For this sample calculation, we assume an
energy release of 4 x 10° joules per pellet, a
ratio of energy output to energy input of 100,
and 10 pulses per second. This corresponds to
an energy input of 2.5 x 10%° MeV per pulse, or
4 x 10'® Bi nuclei (or Au or PbL) per pulse, i.c.,
4 x 10'® Bi nuclei per sec.

The richest source of neutrons in the fusion
reactor is the deuterium-tritium fusion, yielding
(for the above parameters) ~~ 10°“ neutrons/sec.
But the energy of these neutrons, and of their
progeny is about 14 MeV. On the other hand,
the neutrons from the fragmentation ¢of the beam
particles (e.g., Bi) are dominant in the outer
portion of the shield as shown in the next three
paragraphs below.



In p-Bi collisions-at 300 MeV, the atomic

number Z of Bi changes on'the average by 4 Z £ 10,

and the number of..neutrons emitted is ~ 1.5
larger. In heavy nucleus-nucleus collisions, . -
however, the degree of breakup is much greater
(Schroeder, 1977).4,Probab1y-~ 25 protons and
~-35 neutrons are emitted per collision of bis-
muth-nucleus.  Assuming 2%.Bi nuclei collide in
the target, ~ 3 x 1016 neutrons with an. average
energy E =5 200 MeV are generated per second.

Assuming a permissible radiation dose of
0.1 rem/week ¢orresponds to 1.3 x 10° neutrons/cm
per week at 10 MeV (Goussev, 1968).

We shall now explore the shielding necessary
to reduce the neutron flux to these limits. The
half-value thickness {in which the neutron flux
is reduced 50%) for the fragmentation meutrons
from Bi, (i.e. at 200 MeV) is 42 cm of concrete,
and only 9 cm for the 14 MeV fusion- neutrons
(Wallace, 1970).6 .Table
that the nuetrons from Bi,
require more shielding.

:though fewer in number,

Shielding required to reduce’ the
neutron dose to 0.1 rem/week, at
distance r from reactor.

Table V-C-2/2.

r(m) Shielding (m of concrete)
fusion neutrons Bi fregmentation
) neutrons
30 4 .14 o
3 ©11

1000

Appreciable shielding is also required at
the accumulator ring. Assume 1% of Bi nuclei are
lost from the beam and enter a medium of iron or

Tg Assume again a beam of Bi nuclei of 4 x
/sec; and an energy of 300 MeV/u. ‘About -90%
of the Bi nuclei come to rest, while 10% undergo
nuclear reactions. The number of neutrons per
interaction is agaiu assumed to be 35. Then'
~ 1.4 x 1012 neutrons are generated per second,
i.e. ~ 5% of that from interactions of Bi in the
reactor area. The required shielding is 12 m of
concrete if the working areas are 30-m from the
accumulator ring, and 9 m lf the working areas
are 1 km away. 3

i

The required shielding for the -linac can

be a little less’than 10 m of concrete— the exact

value depends on the fraction of Bi nuclei lost
per unit path length in the linac.

The ' accelerator and - reactor can be under-
ground, at depths approximately comparabie to the
shielding discussed above.

BACKGROUND RADIOACTIVITY WHEN THE ACCELERATOR
(i.e. REACTOR) IS SHUT DOWNse

The background radioactivity. in the reactor
is .derived from (a) interactions of neutrons pro-
duced in the2®2®H + ®H fusion process, (b) fragments
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. Since ~ 10

of the Bi nucleus and its collision partmer in
the fusion pellet, as the latter evaporates, and
(c) fast protons and neutrons from the fragmenting
Bi nucleus Ehat interact in the reactor walls.
neutrons per second are generated in
process (a) compared to ~ 10 in process (b) and
1016 in process (c), the radioactivity generated
by the first process should be dominant. Probably
» 1% of the fusion neutrons (~ 1 020/sec) will .
interact in the pellet ablator layer, generating
radioactive nuclei that will splash on the reactor
wall.

Also in the accumulator ring, the radio-
act1v1t§ after shut-down will be high. - About
4-x 1013 Bi nuclei/sec will interact yielding a
variety of radioactive products, and nuclides that
go .on and collide at the rate of ~ 10-°/sec. .;
Thus, the y-ray production rate in the accumulator
and the surrounding shielding can build up to
1015/sec. . .

A detailed calculatlon of the background
radioact1v1ty is, warranted but requires detailed
information on the configuration and composition
of the accumulator, the surrounding walls and
also of the reactor chamber walls. . Since the 14
MeV fusion neutrons can induce only a limited
number of nuclear reactions, e.g. (n,p), (n,0),

a choice of shielding material is possible that
minimizes the .number of radioactivé nuclei formed,
or restricts them. to a very short- lived species.
Yet, the radiation level may be so high that
procedures may have to be designed for remote
control of required repairs or replacement of
parts. ’
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3. TARGET INPUT REQUIREMENTS FOR HEAVY ION

FUSION .
R. O. Bangerter

INTRODUCTION-

This paper summarizes the requirements a
heavy ion accelerator must meet in order to ini-
tiate practical thermonuclear microexplosions.
Particular emphasis is given to the question of
maximum allowable ion energy.

ACCELERATOR REQUIREMENTS

Although fusion target design was not an
official part of the workshop, there were a suf-
ficient number of questions on the topic to justify
writing a brief note for the Workshop Proceedings.

Just as there are many possible accelerator
designs, there are also many possible fusion tar-
get designs. Some of these target designs have
not fully been evaluated. Furthermore we expect
that improved targets will continue to be devel-
oped. Consequently a number of iteratioms involving
close communication between target designers,
accelerator designers and reator designers will
be required to arrive at an optimized target -
accelerator-reactor system.

The target requirements which we have pro-
vided are based on our best designs so far, on
rather universal target design considerations,
and on our projections of future improvements in
target performance.

At the beginning of this workshop we decided
to focus our efforts on two sets of target require-
ments. These are given in Table V-C-3/1. The re-
actor corresponds to the moderate confidence level
target described in Table 1-1 of the 1976 Summer
Study Report.1 Progress during the last year
has increased our confidence in this case. We are
reasonably confident that the heavy ion demonstra-
tion ezperiment (HIDE) target parameters can produce
scientific breakeven.

The specific energy column has been a source
of some confusion and since it sets an upper limit

on the range (particle energy) of the incident
ions it has a large impact on accelerator design.
Consequently, I have written a small program to
calculate the range-energy curves shown in Fig.
V-C=3/1. The curves are for vgrious ions incident
on lead at a density of 2 g/cm’ -and a temperature
of 200 eV. These conditions are typical of den-
sities and temperatures in the beam deposition
region of a fusion target. 1In any case the curves
are only weakly dependent on density and tempera-
ture. For example, the calculated range of a 30
GeV uranium jon is 1,12 g/cm2 in lead at a density
of 11,3 g/cm3 and room temperature and 0.95 g/cm?
at a density of 2.0 g/cm’ and a temperature of

200 eV. The calculations include the effects of
both bound and free electrons and are similar to
the calculations presented by Mosher in Appendix
Al-2 of Reference 1.
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The new curves differ somewhat from those
given in F. 1-1 of Reference 1. Using again
30 GeV uranium as an example, the new curves
give a range that is about 1.5 times as large as
the old curves. I consider the new curves more
reliable; however, to my knowledge ranges of in-
tense, energetic ion beams in hot, dense material
have never been measured. It does not seem most
unlikely that the calculated ranges are in error
by more than a factor of two, but additional theo-
retical work is underway to improve the accuracy
of the calculations. It is also possible that
some relevant experiments can be performed at
existing heavy ion accelerators.

With the above qualifications in mind, I
have used the curves of Fig. V-C-3/1 to produce
curves of upper limits on lon energy as a function
of atomic weight, The specific energy is given
by € = E/m = E/2 nr2R where r is the focal spot
radius and R 1s the range in g/cm® (or other units
of area dansity). The factor of 2 in .the denomin- -
ator results from the fact that at lcast 2 bcams
are required for adequate implosion symmetry.

For targets having an input energy ~ 1 MJ the
minimum reasonable focal spot radius is ~ 1 mm
although for smaller 100 kJ targets 0.5 mm may be
allowable, Using these facts and assuming a mini-
mum specific energy of 20 MJ/g we obtain the curves
shown in Fig. V-C-3/2.

It should be emphasized that these curves
do not represent a sharp upper limit in the .
sense that any ion energy above the curve will
not work at all and all ion energies below the
curve are equally effective. 1In terms of specific
energy we expect target gain to increase rapidly
as the specific energy is increased from ~ 10 MJ/g
to~ 30 MJ/g. 1t is probably also true that for
a given specific energy there is some advantage
in going to a larger focal spot size and shorter
range; or, in terms of accelerator parameters,
thore is oomo advantage in low ion-enorgy, high
emittance beams. However, it seems likely that
ranges less than ~ 0.03 g/cm® or focal spot sizes
larger than ~ 1 cm are useful for targets in the
1 to 10 MJ input range.

We also note that ions have shorter ranges
by nearly a factor or 2 (in g/cm®) in low Z
materials than in high Z materials. It may be
possible to take advantage of this fact to increase
the upper limits on ion energy, but in so doing
we decrease the flexibility in target design.
For this reason I have excluded upper limits
based on low Z rangc-cncrgy relations from Fig.
V-C-3/2. 1In so doing, I am placing the 35 GeV
synchrotron case studied at the Workshop about the
upper limit. However, an increase in total energy
from 1 to 1.3 MJ (for a uranium beam) would bring
35 GeV back within limits. ' ‘

There have also been some questions about
pulse shape. Different target designs require
different pulse shapes. The typical pulse shape
taken from Reference 1 is reproduced -in Fig.
V-C-3/3. A research accelerator should have the
capability of producing variations of this pulse



shape and also simpler shapes such as a relatively
square pulse., Sufficient flexibility in pulse
shaping would be provided by a capability of approxi-
mating this shape via a series of 2 5 shorter pulses.

Finally it should be noted that the fall
time or shape of the pulse after the power has
reached its peak value for a time At is not impor-
tant. Energy arriving after this time is simply
wasted. Our design efforts are currently oriented
toward taking advantage of energy that is delivered
over a time greater than the At shown in Table
v-c-3/1.

Reference

1. ERDA Summery Study of Heavy Ions for Inertial
Fusion, LBL-5543, December 1976,

Table V-C=3/1. Summary of Accelerator Requirements.
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Fig. V-C-3/1. Range as a function of energy for
various particles incident on lead at a den-
sity of 2 g/cm3 and a temperature of 200 eV.

TARGET E (M) At (ns) P (TW) e MJ/g)
Moderate Confidence

Reactor Target 1. 6 100 220
HIDE Target 0.1 1.2 50 >20

. E is the total beam energy, at is the pulse length at peak power, P is peak power, ¢ is specific

energy (energy/mass) deposited in the target.
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Fig. V-C-3/2. ‘Upper limit on beam energy as a
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4, FINAL FOCUSING OF 35 GeV BISMUTH IONS

Eugene Colton
« . *+

Table V-C=4/1.

Results for Ion Charge of +4.

. Bore Radius L, Ly €x ey

In this note we investigate the parameters R (m) (cm)  (m) (m) (cm-mr) (emZmr)
of a final focusing system for Bismuth ions of ] ]
kinetic energy 35 GeV in charge states +4 and +1. 5.0 - 30 1.40 2.57 1475 2.01
These options were discussed at the recent IBF 5.0 50 1.96 '3.58 2.36  3.02
wOrkshop convened at Brookhaven in October, 1977. C - T .

10.0. - - 30 1.16 2.18 1.34 1.28
‘For 51mp11city, we just utilize a symmetric 10.0 ° 50 1.67 '3.12 2.00 2.00

quadrupole triplet to fulfill a p01nt to parallel
condition in both transverse planes. Space-charge
effects are not included. The outer quadrupoles

are horizontal focusing, and of effective length
Lo- The inside quadrupole has an effective length

Li, and is vertically focusing. The quadrupoles

TABLE V-C-4/2.

Results for Ion Charge of +1.

Bore Radius io Li

€ €
are separated by 0.5 m drift lengths and are - - R (m) (cm) (m)  (m) (Cmfmgl' (dmZmr)
1 h . V=C-4/1. K
placed as shown'in Fig. V-C-4/ 5.0 30 3.39 6.14  0.93  1.48
-]} QR 0!
I - 5.0 .- 50 4.48 8.28 1.19 . 2.14
sovmce | _ b A _ 2¢ RORE - d .- .
d(_ . ¥ 10.0 30 3.00 5.54 0.88 1.03
SR P & B 10:0 " 50 4.13 7.99 1.19 1.54
b b b o e Lt Lol '
Fig. V-C-4/1. Schematic quadrupole arrangement. -
R is the first drift length (e.g., radius of the ' n
reaction chamber). For this exercise we utilized E . BEAM ENVELOPES .35Gev 8| /’—-—-_
= 35 GeV Bismuth ions (P = 121.9 GeV/c), and a o 0.? — ___ €=lemmr.. . //
fixed pole tip field of 50 kG (superconducting N - EE : /
quadrupole). ® a4l —— €emmnr -/
-l
<
The optical constraints were satisfied by =
varylng the quadrupole lengths; the program g
TRANSPORT was utilized in the studies. Results =
-

were obtained assuming bore radii of both 30 cm

and 50 cm, each for two R values (5 m and 10 m),
In Table V-C~4/1, we list the quadrupole lengths
for the four cases mentioned, for an ion charge of
+4 (Hp = 101.6 x 10® gauss-cm). We also list the
normalized transverse emittance/+ passed by the sys-
tem ey = Xo X BY, and ey = Y, Yo By, where X,

(Y,) is the half-source width in the horlzontal
(vertical) plane. Xo and Y represent the largest
initial divergences which can be transmitted
through the system. For this case, we assumed a
spherical source (pellet) with.X, = = 0.1 cm.
We show in Table V-C<4/2 similar cases assuming a
ion charge of +1 (Hp = 406.2 x 10% gauss-cm). It
should be noted that the allowed emittance in-
creases with increasing ion charge under identical
conditions (because of the shorter quadrupole
lengths rquired).

VERTICAL SIZE (m)

Finally, and for illustration we display in
Fig. V=C=4/2 the transverse plane beam envelopes
for normalized emittance of 1.0 cm-mr ' (solid
curve), and 2,0 cm-mr (dashed curve), The con-
ditions are for the third row down in Table V-C-4/2,
namely, ion charge +1, R = 10 m, and rpgy.e = 30 cm.
It appears that beam envelopes must enter the
quadrupole system (from the left) with a size of
about half the aperture in order to be success-
fully transported. These conditions can be altered
somewhat by making the triplet asymmetric, but no
big gains are.to be expected.
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Fig. V-C-4/2...

Qi Q2 Q3
(HF) (HDF)  (HF)

Mouoenergetic beam envelopes
expected with use of a symmetric
quadrupole triplet which satisfies
a focus, to parallel condltlon We
assume T = 35 GeV Bi* 1ons, a re-
action chaiber radius of 10 m, and .
bore radius of 30 cm (shown cross-
hatched). See text for other
details.



DJ

A

=
1. SUMMARY
' . Everette F. Parker

Since this workshop has the HIDE develop-
ment as its main function, participation in the
ion source/preaccelerator (S/P) working group
was rather limited.

Most of the time was spent reviewing the S/P
programs at the various laboratories. These pro-
grams were described briefly in ‘the three (ANL,
BNL , LBL) program summary talks given at the be-
ginning of the workshop,
of these S/P programs are given in following
papers in this section of the proceedings.

The S/P working group also received very
interesting presentations on the space charge
neutralization studies being carried out at BNL;
the collective acceleration work at the University
of Maryland; and the heavy ion source work going
on in the Chemistry Department at BNL.

The key R&D issues in the S/P areas are the-
development of high intensity, high brightness
heavy ion sources, the development of high voltage
(1-3 MV) accelerating columns and associated high
voltage power supplies and the development of an
understanding of space charge neutralization, and
charge changing interactions at low energies. Each
of these issues is being studied at one or more of
the involved laboratories, and within the next
1 - 2 years we should have a firm understanding of
the mass, charge stalte, brighlness, current and
energy practically available for HIF.

While firm specifications must await the
results of the presently planned R&D program,
the S/P working group is highly confident that
an S/P system producing 100 mA of Xe*! at 1 Mev
with a normalized emittance of 0,02 7 ¢m mrad can
be built., It should also be pogsible to produce
higher charged states but at much lower currents. -
For Xe*?, one might expect 5 particle mA at 2
MeV; or for Xe*®, 1 - 2 particle mA at 3 MeV.

The production of higher charge states is
better accomplished by stripping a Xe*! beam at
several mega electron volts. It appears that a
Xe*! beam can be converted to a Xe*2® beam by gas
stripping with He. At 1 MeV, the conversion effi-
clency should be about 33%, and the emittance
zrowth due to scattering noticeable, but acceptable

More detailed description
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ION SOURCES AND PREACCELET:Z)&

(rms scattering angle of 2 -3 mrad). A peak
conversion efficlency of 36% occurs at about
3 Mev where the gas scattering is less than 1
mrad.

Although with considerably less confidence,
the S/P working ‘group feels a factor of 1.5 to 2
increase in the preaccelerator voltage'and ion
source current’ may be possible,

2. ANL IBF ION SOURCE/PREACCELERATOR PROGRAM

=

Everette F. Parker

‘The IBF system inputs to the source/preaccel-
erator (S/P) area are the specification of the
ion mass and charge state, the minimum acceptable
beam brightness and current, and'the minimum
acceptable injection velocity for the second
stage accelerator. The S/P area program then
becomes the development ofan adequate ion Ssource,
accelerating column, and a -high voltage power

supply

The S/P input to the system studies required
to arrive at the ion mass and charge state speci-
fication will be a push for charge state +1 and
for a mass which exists naturally in a gaseous,
monatomic, pure isotopic state. All of these re-
quirements stem from the desire to avoid the
equipment complexities, brightness dilution,
space charge effects, and power loss associated
with mass and charge state mixtures. The noble
gases represent convenient candidates for masses
up to ~ 130 except for the isotopic digtribution
of Kr (57% at Kr84) and Xe (27% at Xol3%). At
higher masses, Hg is available but it, too, suf-
fers from a poor isotopic distribution (30% at
ngoz). Natural isotopic and chemical purity is
limited to Bi, I, and Cs in the mid and heavy
mass range. These elements are, unfortunately,
not very convenient to deal with.

In, the first phase of the ANL S/P program,
we will develop a noble gas source. .'The low B8
linac stages under development at ANL will be able
to use an unseparated beam for some time. This
source will also have a Hg capability if a
higher mass is required. Before isotopic purity
becomes a practical problem we will, of course,

. have to develop a separation technique or a

source using a naturally pure isotopic element.



Like all of the other IBF system parameters,
the preinjector beam current and brightness re-
quirements have not been accurately specified.
Some very preliminary considerations indicate,
however, that for one IBF approach, 50 mA in-a’
normalized area of 0.1 cm mrad is required. for
injection into a collector ring. Assuming an
overall transmission efficiency of 50% and that
the source emittance will be diluted by a factor
of 4 or 5 by the time the beam reaches the col-
lector ring, we have set as an initial source
design goal, 100 mA in 2x10"2 cm mrad. The ANL
source program is discussed in Ref. 1.

The optimum preaccelerator voltage must be’
determined by a cost (difficulty and dollars)
trade-off study between the preaccelerator and
low B linac. The costs to the S/P people scales
as some large positive power of the voltage;
whereas, the cost to the low R- linac people
scales as some large negative power of the volt-
age. We have not yet carried out such a trade-
off study in any detail, but a cursory review in-
dicates that the optimum voltage may be between

1.0 and 3 MV. Design studies of a low R struc-
ture operating at 12.5 MHz indicates that ~ 25 mA
will be the current limit for Xetl at 750 Kev.
This limit shquld scale as 52/3: so a 50 mA

linac would require an injection energy of 2 MeV
if this analysis is correct.

The development of a 3 MeV, 100 mA Xe+1 beam
with a reasonable emittance represents a signifi-
cant advancement beyond presently available heavy
ion accelerators, so we have set our sights some-
what lower than this for our initial effort. Our
initial design goal is 1.5 MeV. The accelerating
column, while being designed for 15 mA/cm? of
Xetl.and 1.5 MeV, will be built in such a way as
to allow lower current densities and ‘energies to
be used. The details of the column design are
given in Ref. 2.

The power supply is a modified Radiation
Dynamics, Inc. 4 MV dynamitron. This machine was
selected originally because it was available as
excess NASA equipment. We now feel that it, or.
something similar, is more appropriate than the
Cockcroft-Walton we have more experience with.
The major reason for this belief is its compact-
ness at these high voltages and its small stored
energy relative to a '"bounced" C-W. This latter
characteristic should help keep arc-down damage
to a minimum. Thec ANL dcvclopment plans for this
machine are discussed in Ref. 3.
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3. ION SOURCE FOR ION BEAM FUSION
R. L. Seliger and R, P, Vahrenkamp

The selection of the best ion source for ion
beam fusion must be based on the ability of the
source to provide the desired beam current, emit-
tance, and long-life operation on heavy ions. The
performance of an ion source is basically deter-
mined by its ionization mechanism and the config-
uration of the extraction electrode.

The ion source we are currently investigating
for ion beam fusion uses a low-voltage Penning ion
discharge and has a single-aperture Pierce extrac-
tion electrode configuration., This choice was
based on our experience with it, which includes
demonstration of many of the desired performance
features. Figure V-D-3/1 contains a schematic of
an early (1973) version of such a source and a
Table of performance that was obtained for three
different Pierce electrode configurations. This
material comes from an earlier study' in which
aperture diameters of 1 mm and 4 mm were considered
for current densities ranging between 9 and 37
mA/cm® of argon., The beams produced in all cases
were far superior to the beams in our existing ion
implantation systems, which were produced by low-
voltage extraction (~3 kV) and low-gradient
(4 kV/cm) linear acceleration. We now know that
the improved beam quality was caused by the low
emittance of the Penning-discharge Pierce-extrac-
tion (PDPE) source. :

In 1974, we further refined our PDPE source
to improve its utility. An intermediate electrode,
in the shape of an equipotential surface, was
inserted between the focus and the extraction
electrodes to provide a simple means aof controlling
the focus of the emerging beam. Figure V-D-3/2 is
a diagram of the beam envelope obtained for the
three-electrode PDPE source; the beam current was
4 mA of argon at a final energy of 90 keV. The
narrow beam angle (y= 15 mrad) was obtained by
adjusting the intermediate electrode voltage to
make the beam waist coincide with the plane of
neutralization., Expansion of the neutralized

beam was then linear with z, which made it straight-

forward to determine the beam angle. With a waist
diameter of 2 mm,
cm, Comparing this measured emittance with the

minimum theoretical emittance
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obtainable from a source of emitting radius DA/Z
(which produces ions with transverse ion energy

eVt and accelerates the ions to axial energy eV,
without aberrations) shows the transverse ion
energy to be ~2.3 eV. Thus, the PDPE source has
low emittance because it can produce a high-

energy (90 keV) beam with only 2.3 eV of trans-
verse energy. The Penning-type discharge is
essential to achieving this because of its inhe-
rently low energy spread; the Pierce-type electrode
:onfiguration is essential because of its low
iberration.

83

‘very stable and reproducible.

the source ewmittance was 1.5 mrad-

Other desirable features of the PDPE source
are that it can generate heavy ions and can be
scaled to higher currents, On 30 September 1977
Hughes delivered a three-electrode PDPE source
to Argonne National Laboratory (ANL) that had
been modified to operate on the heavy ions Xe, Bi,
and Hg. Figure V-D-3/3 shows some operating points
taken at Hughes before delivery.

The complete source was not tested on Hg
because we felt certain of successful performance,
and we wanted to delay Hg contamination until
absolutely necessary. Source operation on Xe was
Xe appears to be an
excellent candidate for initial demonstration of
the high~voltage dc accelerator. A Bi beam was
also demonstrated in the PDPE source, but the
electrode surfaces became coated rapidly (in a few
hours) and arcing began to occur. When the high-
voltage insulator also became coated, we stopped
experimenting with Bi, We conclude that if long-
life operation of a PDPE source on Bi is possible
at all, it will only be achieved by a large
engineering effort to provide strategically heated
surfaces (e.g., electrodes at ~800°C), cool sur-
faces to intentionally collect the Bi and baffles
to shield the insulators. A similar strategy is
needed for Hg, but surfaces will remain uncoated
at a much lower temperature (e.g., 100°C). The
2-mA Xe PDPE source will be evaluated in a test
stand at ANL beginning next month. This will
generate much important data on source emittance,
beam neutralization, and heavy ion scattering,
which will help develop the beam dynamics of ion
beam fusion.

Work has also begun on a PDPE ion source
scaled up to 100 mA for ion beam fusion., A criti-
cal parameter in the scaling is the diameter of
the extraction aperture Dp. The choice of Dy
governs the required plasma density in the source
and the current density of the beam in the sub-
sequent stages of acceleration, The primary
wearout mechanism in the discharge chamber is ion
sputtering erosion; the erosion rate is directly
proportional to the plasma density, Although
source lifetime is not an immediate concern, high
plasma densities should be avoided. The ion
source current density dramatically affects the
design of the dc accelerator. Figure V-D-3/4 shows
the electric field necessary to balance the diver-
gent space-charge forces in a collimated beam with
current density J and atomic mass M as the beam
accelerates in a dc accelerator at a constant
radius., As shown, the electric field is a weak
function of the mass; only varies from 2,51
for Ar (M = 40) to 3.76 for Hg (M = 200). The
electric field is stronger function of the
current density (J2); depending on the value of J
chosen, ‘the electric field could be changed by up
to a factor of three. We have tentatively chosen
J =15 mA/cm® for Xe, which corresponds to a rea-
sonable electric field of 60 kV/em at 0.4MV.

In this region of acceleration, the Pierce
accelerator electrode design that will be used
will couple perfectly with the Pierce extraction
system and provide a high-energy, parallel, low-
emittance beam. Geometric scaling of the 2mA Xe



PDPE source by a factor of five is required to ob-
tain 100 mA of Xe at J = 15 mA/cm®. The extrac-
tion aperture diameter D, would then be 3cm. Two
significant goals of the ion source development
program are to demonstrate that a stable plasma
sheath can be formed with this ‘'size extraction
aperture and that a low-emittance beam can be ex-
tracted. Work toward these goals is about to be-
gin on an ANL/Hughes program.
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4, ANL HEAVY ION PREACCELERATOR DEVELOPMENT
J. M. Watson

A substantial part of the IBF program at
Argonne National Laboratory is the development of
a high-current high-voltage preaccelerator for
heavy ions. There are several advantages in
making the preaccelerator voltage as high as
possible. The large space-charge force of 100 mA
heavy-ion beams makes their transport difficult
at low energies through reasonable apertures with
desirable current densities. A higher preaccel-
erator energy would also alleviate some of the
expense and complexity of low-beta linac cells.
Although most of us are acquainted with high-
power 750 k V dc supplies used as injectors at
high energy accelerators, reliable high-current
accelerators capable of several MV have been de-
veloped and marketed since 1960. Above 1 MV
these newer power supplies appear superior to the
Cockcroft-Walton preaccelerators. They have very
little stored energy, so spark damage is minimal,
and they are much more compact through the use of
an insulating gas. The pressurized gas vessel is
only a minor inconvenience if adequate pumping
and gas storage are provided and the vessel is
equipped with quick-opening flanges.

In July of this year we obtained a 4 MV Dyna-
mitron from Goddard Space Flight Center for our
preaccelerator development program. Our initial
objective if to generate pulsed 100 mA beams of
1.5 MeV Xe+ ions. This is twice the voltage at
which most of us have experience, so the acceler-
ating column for this energy and current density
will be a challenge, but hopefully the extra-
polation of our present techniques will be suc-
cessful. The designs of the source and acceler-
ating column are also described in this workshop.

The Radiation Dynamics, Inc. (RDI) Dynami-
tron~ ig a parallel-input, series-output voltage
multiplier which converts high-frequency ac power
into high-voltage dc power with good efficiency
(60%) . The radio-frequency (125 kHz) power is
capacitively coupled to the rectifier stages via
a pair of semi-cylindrical electrodes (dees)
which surround the rectifier column. The recti-
fiers are connected to a series of semi-circular
corona shields which together form an inner,
cylindrical envelope around the column. The
corona shields perform the combined functions of
receiving rf power from the driving electrodes,
filtering the dc potentials and preventing corona
discharges from the rectifier terminals and other
high-voltage components. Since no capacitors or
transformers are used in the rectifier column,
the stored energy is very low and the risk of
component damage due to spark breakdown is mini-
mal.

We have reassembled the Dynamitron minus
source and accelerating column and are presently
carrying out high voltage tests. The rf oscilla-
tor is shown in Figs. V-D-4/1 and V-D-4/2 and the
rectifier column and rf electrodes in Fig. V-D-4/3.
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The experimental hall (Fig. V-D-4/4) where it is
located will house both the preaccelerator and the
beginning cells of the low-beta linac. This will
transport the beam into an adjacent hall where

the higher energy systems will be developed.

At the conclusion of the high voltage tests
in November, the Dynamitron will be disassembled
for the modifications needed to accept the new
column and source and to achieve intense pulsed
currents. The pressure vessel will be lengthened
three feet, have a new flange added for mounting
the column downstream of the rectifier stack, and
have a quick-opening flange inserted at the term-
inal end. The present stack has 94 high-vacuum
rectifier tubes which have a maximum dc current
rating of 25 mA and output voltage of 50 k V dc
per stage. These will be replaced by 82 solid-
state rectifier modules (Fig. V-D-4/5) rated at 50
mA and 50 kV dc per stage. The new stack will also
be reconfigured to a full-wave circuit which will
allow twice as much current at a maximum voltage
of 2 MV. The dees will also be reshaped and
moved closer to the stack to increase the capaci-
tive coupling since the voltage holdoff spacing
can be reduced.

In January, the preaccelerator will be re-
assembled and pulsed high voltage tests will be
conducted. In preparation for 500 py sec pulsed
beams at a repetition rate of 1/sec, we expect
the accelerator will have to operate at the de-
sired voltage for approximately 10 msec per pulse
to achieve good regulation. The voltage between
pulses will depend on what leads to the most
reliable operation of the column. The source
will also have its gas and extractor voltage
pulsed, so it is not obvious whether the column
will operate better by lowering the voltage be-
tween pulses or by going to a higher voltage to
condition it for the next beam pulse.# The pulsed
power capability will be measured during these
tests by using a variable-resistance water load.
It is expected to be at least 50 mA with the pres-
ent oscillator. An attempt will be made to boost
this to pulsed currents of 100 mA by adding energy
storage to the oscillator high-voltage supply and
new or additional pass tubes if necessary. If
this should prove too extensive, a RDI oscillator
capable of this power is already commercially
available.

The 100 mA Xe+1 source and column should be
installed by June 1978. The conditioning and
reliability tests will then begin in an effort to
provide an intense low-emittance beam suitable
for injection into the first cells of the low-
beta linac.

If the 1.5 MV, 100 mA goals are successful,
we intend to pursue the development of higher
voltage machines in collaboration with RDI. The
accelerators would probably have the accelerating
column within the rectifier stack as in the origi-
nal design. This simplifies and stabilizes the
voltage division down the column, but it would
require a short, large-diameter stack to match



the columns needed for intense heavy-ion beams.
Of course, several-MV accelerators such as this
would be very useful as injectors for high energy
accelerators as well as having many practical
applications.

Fig. V-D-4/2. Dynamitron rf oscillator: High
voltage power supply compartment.

Fig. V-D-4/1. Dynamitron rf oscillator: Series
pass tube compartment.

Fig. V-D-4/4. 1IBF Preaccelerator hall. Low beta

linac will penetrate wall in far corner into
ad jacent hall.

Fig. V-D-4/3. Dynamitron cascaded rectifier
system with vacuum tubes.
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5. LARGE-APERTURE PULSED 1-AMPERE CESIUM SOURCE

W. W. Chupp, A. Faltens, W. B, Herrmannsfeldt,
D. Keefe, S. Abbott, and E. Hoyer

We have begun the development and construc-
tion of a large aperture (10 inches diamter)
pulsed heavy-ion source. This source is designed
to produce 2 microsecond bursts of 500 keV Cs 1
ions with a current in the one-ampere range. Cs
are produced by directing bursts of neutral Cs
atoms onto an iridium hot plate. This develop-
ment is well underway.

In addition to this we have set up a smaller
test system to test components which may influ-
ence the design of the large ion source and also
to obtain early information about unusual diffi-
culties that might not have been anticipated tor
the big source. In this test we have installed
and tested a puff valve using Xe gas and nude
ionization gauge detectors. Hot tungsten wire
detectors have now been installed in the system
and tests with cesium vapor are underway. cst
ions have been observed with these detectors from
the hot surface in about the approporiate quantity
expected for the test conditions.

Concurrently, a heated iridium plate has been
installed in the test tank and an existing sub-
microsecond Marx generator has been modified to
generate pulses a few microseconds long over a
voltage range variable from 100 kV to 200 kV.

This will permit application of voltages and field
in the presence of Cs ions and vapor comparable
with those expected in the large aperture source.
Because cesium contamination can enhance electron
emission we feel it necessary to check tolerable
voltage gradient levels in this test set-up be-
fore proceeding to the final '"one-ampere' source.

S

88



6. ;ﬁg COLUMN DEVELOPMENT

ANL

Everette F. Parker

At this early stage in the IBF program there
are no firm specifications on the preaccelerator,
so the selection of initial design goals in this
area is somewhat arbitrary. From the studies
completed to date, it appears reasonable to con-
clude that an ion mass of 150 + 50 will be re-
quired at a current of some tens of milliamperes
at the highest practical energy. We have there-
fore chosen 100 mA (~15 mA/cm?) of xetl at 1.5
MeV as our initial preaccelerator design goals.

There are a number of problems associated
with the design of an accelerating column capable
of meeting these goals and, unfortunately, many
of them do not lend themselves to any kind of
optimization analysis. Instead, one is forced to

_use "educated guesses," '"gut feelings," and
"rules-of-thumb." The design we have arrived at
is shown in Fig. V-D-6/1. Its key parameters are
listed in Table V-D-6/1.

The problems we are most concerned about are:
protecting the insulators from ions.and sputtered
metal, minimizing the electric field gradients at
the metal-insulator joints, and producing an
adequately high field gradient to keep the space-
charge-induced beam size growth to an acceptable
level.

‘The insulator protection is provided by the
double "T" arrangement shown in Fig., V-D-6/1. Any
ion or metal reaching the ceramic surface is the
result of at least a two-step cascade, unless it
is produced locally as a result of X-rays,or field
emission. The thick shields, while incorporated
to minimize fabrication costs, will provide some
protection from X-rays. The lower "I's" concen-
trate the field at the center of the ceramic-
washer gap, thereby reducing the field gradient
at the metal-ceramic joint to a minimum.

] The diameter of the column was kept as small
as possible, and a large number (30) of gaps were
used to minimize the stored energy per gap.

The ceramic-metal joint is shown in Fig.
V-D-6/2. It consists of the epoxy-indium ring
joint used on the AGS column, but also incorporates
the step in the ceramic used on the FNAL columns.

A high gradient column using this joint has given
trouble-free service on the 2GS for the past three
years.,

In order to carry a Xe'! current density of
15mA/cm® to 1.5 MeV in a Pierce geometry, a peak
field of 83 kV/cm is required. While this might
be obtainable, we will not count on it. We will
use a Pierce geometry to as high an energy as
practical, then use a constant gradient the rest
of the way. This means that the beam will exit
the column with a divergence, the magnitude of
which depends upon the current density and the
amount of constant gradient acceleration. Fig.
V-D-6/3 shows the approximate divergence vs current
density for two values of peak gradient. Practi-
cal considerations of quadrupole construction in-
dicate that divergences up to about 15-20 mrad
can be handled by a focussing triplet mounted in
the ground end of the column. From Fig. IV-D-6/3,
we see that this implies a peak field gradient of
almost 60 kV/cm for the desired 15 mA/cm? cyrrent
density. Sixty kV/cm is higher than any gradient
in service that we are aware of and may be diffi-
cult or impossible to realize. Should this be the
case, we will have to use stronger quadrupoles
and/or lower current densities.

The column will be designed in a manner which
will allow both the peak and average field gradi-
ents to be adjusted moderately easily.

The ground end quadrupole triplet is about
one meter long and has a bore diameter of 8 cm
and a gradient of 25 T/m.’

The detail design of this column will be
completed by early November and part procurement
is underway. Assuming no delivery problems, we
expect to complete this column and be ready for
initial testing by the spring of 1978.

.

Table V-D-6/1. 1,5 MV, Xe*! High Gradient Column Parameters.

'Voltage

Current density

Current

Total length
Accelerating gap length
Wall field gradient
Number of sections
Insulators

Lens and shields
Metal-ceramic bond
Accelerating field geometry

.<l.5 MV

<15 mA/cn?

<100 mA

117.3 cm

34 + 10 em

15 kv/em

30 )

Coors AD 90 ceramic (90% A1203)
Titanium

Epoxy with indium vacuum seal
"Pilerce'" up to 400 kv, then
constant gradient to 1.5 MV
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7. TESTS AND DEVELOPMENT OF DUOPLASMATRON AND
MULTIAPERTURE HEAVY ION SOURCES FOR AN RF
LINAC

D. J. Clark, R, M, Richter, E. Zajec,
R. Brokloff and J, E. Osher -

The goal of the program of ion source devel-
opment for an rf linac has been to produce currents
of up to 100 mA of the heavier gaseous ions such
as argon and xenon, of good emittance (.02 = cm mr,
normalized) and charge state 1* following the rec-
ommendation of the 1976 Summer Study.! Existing
facilities and hardware utilized included the
470 kV Bevatron injector, the 750 kV injector for
the 50 MeV ESCAR linac, the 80 kV Bevatron test
stand, a 20 kV LLL test stand and existing duoplas-
matron and CTR sources, A summary of test results
is shown in Table V-D-7/1. We have also befited
from the experience of the CTR source groups at
LBL and LLL, and discussions with K. Ehlers.

At the Bevatron injector beams of 30 mA of
neon and 25 mA of xenon were accelerated through
the low gradient column to 470 kV, using the
Bevatron duoplasmatron source. The beams were
pulsed with 0.5 ms duration at 2/sec. No beam
emittance or charge state measurements were made
in this set-up.

The 750 kv injeétor with its high gradient
column was used to accelerate neon to 500 kv,
using the standard duoplasmatron., Fifteen mA was
measured, with.an emittance of .02 = .05 v cm mr.,
normalized, with mainly 1* charge state. The
transmission was not optimum for Nel*, but only
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was done by J. Osher at Livermore.

for Ne®* and above, because of the column quadru-
pole strength limitation. Ne®* was about 1% of
the total beam.

The requirement of 100 maA of Xel® corresponds
to an equivalent (scaled) proton current of 1.1
amps from the same source at the same extraction
voltage, so the high output current capability of
the multi-aperture source (tens of amperes of pro-
tons) matches the requirement better than a sin-
gle-aperture duoplasmatron or PIG source. Figure
V-D-7/1 shows a survey of source current and emit-
tance. The CTR sources of LBL and LLL appear
brighter than duoplasmatrons, so one of these was
selected for development on the 80 kV Bevatron
test stand. A source previously used by the LBL
CTR groupe was kindly loaned to us and was modi-
fied by adding an accel.-decel. extraction system
similar to that used in J., E. Osher's MATS III

source.?® The LBL source is shown in Figs. V-D-7/2
and V-D-7/3. Thirteen circular holes of 2 mm dia.
within a 1.5 cm diameter are used in the extrac-

tion apefture plates. The predicted current is
10 mA Xel™*. Development has been aimed at trans-
porting the beam 1.3 meters to a Faraday cup us-
ing a magnetic quadrupole triplet, and understand-
ing the effect of various source parameters upon
beam intensity, divergence and transport. Typical
source operating parameters for good transmission
are: +20 kV on source, +10 kV on extractor
(accel.-accel.), arc pulse 1 ms wide, 2/sec.
Langmuir probe measurements show the plasma to be
uniform to 5% across the apertures. Beam current
is 5 mA at the source and 1.2 mA focused into a
4 cm dia. cup 1.3 m downstream, expected to be
mostly Xel*. Tests with a biased mesh in the
beam gave no improvement in transmission, indicat-
ing space. charge neutralization is probably ade-
quate. Gas pressure measurements along the beam
line show pressures of 1-5x107° Torr, giving a
calculated 10% loss due to charge exchange to Xe°.
A larger aperture single extraction hole (4mm
instead of 2mm dia.) has been recently tested and
gives a factor of 3 increase in brightness com-
pared to the 2 mm hole case. ' The extraction mode
in this case was 18 kV accel. and 1 kV decel.
Future measurements are planned on beam diver-
gence, emittance, and charge state distribution. -
A beam profile monitor and more pumping.will be
added.

A test on krypton using a MATS III source®
A 25 aperture
accel.-decel. extraction system was used. A dc
current of 75 mA at 20 kV was measured calorimet-
rically at 1.1 meters from the source. The emit-
tance appeared to be comparable to the .02m cm mr
required. The beam current scaled approximately
as V°./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 design of a new
type of structure for a high gradient column. In
seeking a simple, low-cost design the insulators
will be made of two flat plates rather than a
series of circular rings. .A preliminary model is
planned using lucite instead of ceramic; later a



Table V-D-7/1. Heavy Ion Beam Summary.

Lolumpy

After Column

Source
. _ Voltage I n . 1 €n
Source Type Ton Type (kV) (mA) (rr cm mr) (kV) Gradient QMQ (rr cn mr)
Duoplasmatron Ne . 470  Low 30
. . Xe 470. ‘Low 25 )
Ne 500 High 15 .03-,05
" LBL-CTR
13-2mm aper. Xe 20 11.1.2
1-4mm aper. Xe 18 61,2
LLL MATS III - Kr 20 75 ~,02
Note: Charge state of ions is believed to be mostly +1;
o
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ceramic version will be designed if first tests References
are promising.
1. ERDA Summer Study of Heavy Ions for Inertial
: Fusion, LBL-5543, p. 4 (1976).
: 2. W. R. Baker, et al., BNL 50310, p. 145 (1971).
: ' 3. J. E. Osher and G. W. Hamilton, LBL-3399
p. VI - 7-1, (1974).

Fig. V-D-7/3. LBL CTR multi-aperture source.
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E. LOW BETA LINACS

1. SUMMARY

R. Kustom, A. Moretti, J. Staples,
T. K. Khoe, J. Keane

INTRODUCT ION

The Low Beta Linac group interacted mainly with
the Preinjector Source group and the HIDE Linac
group. It became apparent earlier on that the main
problems faced by the group were: 1. the transport
of high intensity beam through the low-f linac and
therefore, the determination of the space charge
limit of beam transport and 2. the structure or
structures to accelerate the beam up to the first
Alvarez structure in an optimum economical manner.
The most severe design problem for the low-B linac
is the first accelerating linac tank after the pre-
accelerator where, of course, B is the lowest. It
was the consensus of the group that every effort be
expended to increase the terminal voltage of the ion
source to at least 1 MV with 2 MV being most desir-
able. Since the first stage is both source and
transport limited, it was decided to cascade the
tirst linac tank and its source in a tree fashion
with frequency jumps of two at the branch point to
reach final required beam current. Scenarios which
take Xet3 to 240 emA, 200817 to 400 emA and 200Al*
with stripping to A3+ to 400 emA were developed.

In the cvent that it was not possible within
the time frame for HIDE to develop the 1 MV to 2 MV
source terminal, other linac structures were exam-
ined which could transport intense ion beam currents
at very low B. It was determined that the most beam
current that could reasonably be expected from fu-
ture multiple charged ion sources was about 60 emA.
With 50% capture efficiency, the first linac tank
would have to accelerate 30 emA. Linac structures
deemed possible to transport 30 emA at a low B of
0.004 were a long set of independently phased cav-
ities with single drift tube and strong quadrupole
focusing operating at 12.5 MHz (1) and a 5 MHz,
m-3m WiderSe structure similar to the GSI and LBL
designs (2,3), however, scaled to a lower frequency.

SPACE CHARGE LIMIT IN THE LOW BETA LINAC

The method used to determine the transverse
and longitudinal space charge limit on beam trans-
port is described below. In all cases the trans-
verse space charge forces dominated and they pri-
marily determine the transport limit.

94

ESTIMATING THE SPACE CHARGE LIMIT FOR A LINAC

A linearized method is derived which predicts
the transverse space charge limit in the adiabatic
approximation. Numerical results of the proce-
dure agree within reason with macro-particle
procedures.

The beam envelope equation

2 2

=—=kr-kr-kr+&
2

dz & s r3

is linearized by setting the l.h.s. to zero and
replacing the beam radius by an averaged envelope
radius a. In a periodic focussing channel of cell
(not period) length L, the focussing term is

2
- (4

where A , is the phase advance per cell. For a
packing factor A = % the required gradient is

where R is the beam rigidity and 902 = 3.5 for a
FD sequence, 1.12 for a FFDD sequence, or .52 for
a FFFDDD sequence., A constraint that must be im-
posed on the overall problem is that the quadru-
poles be physically realizable with sufficient
aperture to result in the required acceptance of
the linac.

The electrostatic gap defocussing term per
gap is k‘,A =%_ where

v

56 _ g Ff'zap. 1 _1Tsiné

8 B W(A) 59 = Y s
mpc 8

is the deflection parameter for an off-axis
particle.

The space charge force is considered to be
a linear defocussing force.
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operating over the cell L which gives

- q_e I(Q-f)
kg =900y —3 5 32
mpc B a

where B <1 is the bunching factor, I the average
electrical current in the macropulse and £ is a
form factor related to Lhe beawm shape, approxima-
ted by
__ a
2r_+a

z
- where r, is the bunch half-length.

The three focussing terms can be combined to.
give the saturation current as a function of aver-
aged beam radius a:

3 2 2
_2__ é__ A wy - .-
1= 900 ( ) ( ) { [« I ? gaps L12 -2

where ¢ is the unnormalized emittance area/m of
the beam.

If the expression within [ ] is negative, the
focussing is outside the classical stability lim-
mit. The emittance term serves notice ithat some
- additional beam aperture is needed for finite
emittance beams. The minimum beam size requlred
for .zero current is

1/4
2
a = 7 £
A’ -z
gaps
indicating that a ¢ L%, approximately, But for
large transported current,
' 1/2

g Igy =, £
8% 9'[900 B W (— 2 53 ]

indicating that in the presence of space charge,

a g L.

As far as longitudinal motion is'concerned,
for the linacs considered here, the longitudinal
space charge force is smaller than the longitudinal
restoring force. A minimum gap voltage can be
established as ’

v =207 £
min m B ;2 T sin $s

where LC is the length of the accelerating cell,
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and f is defined above. This Vi, is usually far
below the gap voltage in the example given in the
linac study.

An upper limit to the gap voltage exists also,
related to electrostatic gap defocussing force de-
rived above for the requirements for transverse
stability. This upper limit has been frequently
imposed in the numerical examples given for the
low-g sections.

An additional constraint that limits the har-
monic number for a structure is given by the buck-
et depth and phase acceptance of the linac. The
formalism is not reproduced here, but its practical
consequences limit one to n £ 5 in low-g m-nm
Widerde type structures before the phase accep-
tance suffers.

LONGITUDINAL SPACE CHARGE LIMIT IN LOW g LINAC

In the presence of space charge the bunch

width is given by (see ARF report ACC-1l: Hearth-
fire, 5/31/77), where,
86 =3 (1-k)b ' (1)
k=_3_1_za_L_(08_-0134)

Zﬁz L3 E 51nb
I = average beam current (electric)
Z_ = 120m ohm
d = beam diameter
L = bunch length
E = average axial field

b = synchronous phase angle from rf peak
o

X =.c/f = free space wave length.

Substitution of
L= A EENCL) b BA
2 2
in Equation (1) and solving for 1 gives 

3 b 2 B d E sind, k (1-k)3
L= . "~ 1-k-a 2

_— EN

where a

The right hand side of Equation (2) has it maximum
value for

k =1/3 [1+0.5a +1.125 a’] .

Substituting this into Equation (2) one obtains



. 602 BdE sinbo 2
1 - 6T [1+ 1.5+ 2.54°]
Example
= d.OAicm,
E=1.5 MV/m,
A=24m (f=12.5 MHz)
bo = 300, :
B =0.004 . . ,
Equations (2) and (4) given
a = 0.2792
I = 40 mA
[HEZD.§

LOW BETA LINAC STRUCTURES

ANL, BNL and LBL are currently designing low-
B8 linacs to accelerate intense heavy ion beams.
The work at ANL centers on independently-phased
cavities using Xelt from a dynamitron source. The
dynamitron source is being developed to produce 100
ma of Xelt at a final energy of 1.5 MV. It is ex-
pected to be operational by June 1978. The BNL
work centers around a coaxial quarter wave folded
line resonator with 12 drift tubes. The drift
tubes can be easily changed in this design to study
beam blow-up and rf sparking. They expect to ac-

celerate 5 to 10 mA of Xelt from a 750 kV Cockeroft-

Walton by December 1977. The work at LBL centers

around a 23.4 MHz WiderBe accelerator for SuperHilac

(3). They expect to accelerate 8 to 10 ema of Xe
from a 750 kV Cockcroft-Walton terminal by late
1980

t. M

INDEPENDENTLY PHASED CAVITIES (ANL)

The low B linac concept under development at
Argonne to accelerate and transport high in-
tensity heavy ion beams is the use of independently
phased cavities with single drift tubes and strong
quadrupole magnetic focusing in between the cavity
drift tubes (l). Models for the independent linac
cavity are shown in (Fig. V-E-1/1, 2, 3). They are
the %-wavelength folded line resonator (Fig. V-E-1A),
the capacity-loaded coaxial line resonator
(Fig. V-E-1/2) and lumped-inductor resonator
(Fig. V-E-1/3). The .cavities have ‘been designed to
resonate at 12.5 MHz with an aperture of &4 em. The
beam transport limit has been calculated to be 30
mA Xelt. The shunt impedance of the resonators is
high enough so that only 12 kW is required for the
rf copper wall losses.

_ The current plans are to build high power test
models of the capacity loaded coaxial resonator and
the lumped inductor resonator. The %-wavelength
coaxial resonator is thought to be too expensive to
construct at this time so the decisién to build a
high power test model of it has been delayed. Con-
struction of the other models is scheduled to begin
in December 1977. High- wer testing is sceduled
to begin in February 1978, It is planned to have

]
five resonators with- their rf power amplifiers
installed by October 1978 when testing with the 100
mA Xelt 1,5 MV dynamitron will commence.

BROOKHAVEN LOW BETA PROGRAM

In order to .conduct experiments on emittance
blow-up, longitudinal acceptance as well as exper-
iments in rf sparking phenomena, three steps have
been taken: ‘

1. -Completion of a 750 keV Cockcroft-Walton

preaccelerator with a Xe source that is
expected to deliver 5.0 to 10 mA. It
has been run'at over 1 mA Xetl,

Construction of a 12 cell heavy ion
BA/2 accelerator structure.

Recommiséioning of a 20 kW-50 MHz rf
transmitter.

The rf transmitter on loan from LBL was mod-
ified to deliver 20 kW rf power at a frequency of
16.6 MHz. - It can run pulsed or C-W. Center fre-
quencies up to 60 MHz can be set-up in less than
8 hours. This unit has supplied 20 kW at 16 and
50 MHz into a resistive load. .

The low-beta accelerator section has been
constructed. The resonator is a folded A/4 res-
onator with a Variable short to tune to 16 MHz.
The accelerating'seqtiqn has been built so that .
acceleration gaps can be easily changed, so that
various types or number of drift tubes can be.
inserted. Presently the drift tubes contain no
quadrupole focusing but n-3m or 3m-3w cells could
easily be installed in the future. In the present
configuration kinetic energies of 1.1 MeV are ex-
pected to be reached. It should be noted that
this type resvnator could have a window back in
the coaxial section where the gradient is down by
a factor of 10-20. Since the resonating structure
is not in vacuum, machine costs are reduced.

Presently, all units have been run with the
exception of the accelerating structure which was
just assembled in our lab. It is expected that
Xe ions will be accelerated in December.

RF DEFLECTORS FOR COMBINING TWO LINAC BEAMS

The output of two linacs operatlng at fre-
quency fg, 180° apart, which are combined.and
further accelerated by a following linac at fre-
quency 2f, can be accomplished with minimal trans-
verse emittance dilution with an rf sweeper. How-
ever, with beams of finite transverse emittance
and high rigldity, a single rf electrostatic or

- magnetic sweeper is hopelesslty inadequate in
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strength. A method is described here which would

allow, in principle, this obstacle to be overcome.
This combiner is analyzed here as a sweeper turned
end-for-end.

Consider a FODO magnetic focussing structure
of the same period as the following linac, which
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in a typical case, would be a w-3m WiderSe struc-
ture operating at A = c/fo. The magnet period is
4B\ with a filling factor A = .5, each magnet and
drift section having a length of BA. If the quad-

ruple gradient B' = 3.47R/(2BA)2, the phase advance’

per period is .n/2, where R is the beam rigidity.
If a small angular deflection A 8 is introduced
every 2 periods, with appropriate sign, then the
total net deflection § for N deflectors is N A8,
as shown in Fig. 1. The averaged beam size will
remain constant through the length of the FODO
channel.

If the beam is allowed to exit the channel at
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Periodic Deflector.

a waist with size parameter By, then the size
function will grow as B =g B ° + L2) in a drift
length of length L. The nef deflection § L must
be greater than the beam size y = /B ¢ at the end
of L for the beams to be effectively separated by
a septum magnet, as in Fig. 2. This effectively
fixes the parameter N.

If 2
Shalealn

is the particle rigidity, then the angle A 6 from
an electrostatic (magnetic) deflector of length g



>f field strength E (B) is

where T is a transit time factor approximated by

sin 3

Tl B

)
BA

for a uniform field cavity and by 1 for a slow
wave structure matched to the velocity of the beam,
such as a helically wound deflection plate. Uni-
form field structures that are an appreciable
fraction of BA would be avoided for beams with all
but the shortest bunch length to avoid deflecting
different sections of the bunch different amounts.

As a numerical example, consider the diffi-
cult case of combining two 200A " beams of B =
.2771 with a maximum allowable beam radius of .0lm
and an unnormalized emittance E/m =.2.107° m-rad.
Each cavity, one per 4 B) period, is assumed to
be BA/4 long, A = 7.5m, (T = .90), With a trans-
verse E - field of 5 MV/m, each cavity deflects
the beam of an angle A9 =4.32 * 10~ radian.

Tabl
dius a, r
the numbe
transvers

e V-E-1/1 lists the beam g function, ra-
equired total deflection angle § and N,
r of cavities required.. To limit the

e beam growth in the drift space to a

reasonable value, L should be kept below 5 meters,

requiring

at least 65 cavities. A lower limit of

L is set by a practical upper limit to the number
of deflection cavities needed. A few longitudinal
cavities would also be located at points where the

deflected

beam crosses the axis, every m phase

advance, Fig. V-E-1/6.

Table V-E-1/1. Number of Deflections vs Drift
Length.
L(m) B(m) a(m) 8(rad) N
0 5.0 .0100
1 5.2 .0102 .0102 236
2 5.8 .0108 .0054 125
3 6.8 L0117 .0039 90
5 10.0 .01a41 .0028 65
10 25.0 .0224 .0022 51
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' EQUILIBRIUM PHASE~SPACE DISTRIBUTIONS
_W. P. Lysenko

This will summarize somf work done at the Los
Alamos Scientific Laboratory™ which may be rele-
vant to the heavy-ion fusion program. Limits on
beam current and emittance in proton or heavy ion
linear accelerators may be calculated by deter-
mining equilibriunm phase space distributions. This
is a matching procedure which takes into account
space charge forces. We make use of the following
result: If the distribution function is a function
of the conserved single-particle Hamiltonian

£(x,p) = F() e¥

then the distribution is time independent. We use
the following model ,

p2 kr2 kzz
LA
2m 2 2

H = + ed(r,2) (2)

in which § is the unknown space charge potential.
Thus we assume linear restoring forces which are
. constant in time. Azimuthal symmetry is assumed
so that there are only two degrees of freedom.
For the function F we use one of the following

n-1
nB(H0 - H) , H < HO (3)

F(H) =
‘ { 0 ,HZH -

in which B and Hy are constants and n is a non- -’
negative integer. These are the same functions
considered in the original work of Gluckstern,
Chasman, and Crandall® which treated the corre-
sponding one-degree-of-freedom problem in the
coordinate r.

To solve for the space charge potential we
integrate the distribution function over momentum
and use the Poisson equation.’ After normalizing
the variables in a certain way the following
nonlinear Poisson equation is obtained

2 _uun+1/2
. Ve =1 . ,u>0 (%)
: 1o Juso
r° + oz
where u(r,z) =1 + $(0,0) - &(r,2z) - TR

The space charge parameter p is defined by

2 + auz
- ——-——-.r -~
M > T o (5)

in which p, and u, are the ratios of the space
charge forces to the external restoring forces at
the bunch center in the radial and axial direc-
tions, respectively.” The constant ¢ is the ratio
of the two force constants

@ =k,/k.. ' (6)
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Equation (4) may be solved numerically for the
space charge potential which consequently speci-
fies completely the distribution in phase space.

We 'may now write results in terms of physical
parameters to give’some scaling laws. The current
and beam radius may be written

I =G, (s,a,n) (nf)3/% (“ghr)llz(%),' 7

‘ 1/2
o= Gwan) (Eéhr? 8, ®)

where G, and Gy describe the space charge physics
of the problem. In these formulas, T is the
normalized emittance, f is the accelerator fre-
quency, A is the atomic mass, and q is the charge
state of the ion. Instead of the force cgonstant k
we have written the results in terms of p _— the
transverse phase shift per length 2B\, in order to
relate these results to an alternating gradient
focussing system. As an aid to understanding these
scaling laws let us note that for a fixed pole-tip
field, the phase shift varies as

e @ e ®

A general conclusion that we may draw is that for
a fixed emittance, higher currents may be obtained
with higher frequency accelerators although there
is an upper limit because the beam radius measured
in terms of the cell length (which scales with the
bore radius) also increases with frequency. If we
disregard emittance and just fix the quantity x/BA
so that the beam occupies a certain fraction of
the bore, then we see that low frequency accel-
erators are favored for high’ currents when beam
quality is of no concern. The space charge physics
effects contained in G, may be summarized simply
by noting that, for a given accelerator and a
given current, the emittance decreases with the
space charge parameter u.
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F. HIGH CURRENT BEAM TRANSPORT

o

Ingo Hofmann
INTRODUCTION

A goal of this workshop has been to under-
stand the actual physical processes that lead to
limitations in the power transmittable through a
long periodic transport system in a regime where
space charge defocusing is no longer small com-
pared with the externally applied focusing. A
strongly justified formula describing the actual
current limit in a given structure as imposed by
transverse space charge effects is crucial in the

design of accelerator systems for heavy ion fusion.

In an rf linac this limiting current is impoortant
at the low energy front end, while the induction
linac technique with pulse shortening during ac-
celeration makes operation at the space charge
limit desirable throughout acceleration.

Other major topics of the workshop has been
addressed to the possibilities of correcting for
aberrations in the final focusing system and to
the question of space charge neutralization with-
in the beam. Additional work presented in the
workshop will be found in other sections of these
proceedings. :

CALCULATIONS LEADING TO CONSTRAINTS IN BEAM
TRANSPORT

The use of scaled equations for studying beam
transport in a FODO system and subsequent descal-
ing have suggested a '"figure of merit" 73

Ymax
such that the constant C employed in the formula
for power transport (originally suggested by
Maschke, Ref. 1)

4/3
¢ (3)

is found as C=3.43-1015

2/3 5/3  2/3
520 @0 2 -1

; 773 (ref..Z)..vAccual

max

values of this "figure of merit" derived on the
basis of a stability analysis (Ref. 3, 4, 5) pre-
sented in the workshop are given by Laslett in
this section. The analytic work has considered
perturbations of a matched K-V beam within the
framework of the Vlasov equation. It reveals a
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series of unstable modes of oscillation for arbi-
trary values of phase advance o  leading to in-
homogeneous density across the beam with thresh-
olds in. terms of tune depression gE (<.4) that
are quite independent of whether a continuous
solenoid or a periodic focusing structure is con-
sidered. These unstable modes are not fluid-like
and require consideration of evolution in the
velociry space. Tn addition to these unstable
eigenmodes of the K-V beam, resonances of eigen-
modes with the period of the structure have been
discovered to further reduce the range of stable
values of intensity in an interrupted solenoid and
even more in a FODO lattice. The unstable enve-
lope mode occuring for o, > 90° falls in this
class of resonances, while higher order resonant
modes have been found dangerous also for g, < 90°,
For g, < 90° a tune depression of > .5-was
suggested as safe (Ref. 5). °

The complete absence of Landan damping makes
the K-V beam appear as a very singular model. In
addition, the linearized Vlasov theory becomes
invalid after very modest growth of the unstable
modes due to the cvolution of a highly non-linear
‘space charge force (except for the envelope modes).
This necessitatcd consideration of other than K-V
mndels and study of non-linear saturation of in-
stabilities, possibly through computer simulation
where analytic methods fail.

A study of the scaling laws for power trans-
portation applying to different situations with
varying constraints on some of the parameters
appearing in the general formula has provided very
useful formula for designers of beam lines and
reconciled different standpoints. This study is
also (see Reiser in this section of these Proceed-
ings) useful in that it compares the different
notations being used by various authors. It pre-
sents an approximate analytic expression for the
matched envelope solution, which is fairly acc-
rate for small o.

Lawson and Reiser, in thc next paper of these
Proceedings, summarize a discussion of the physi=
cal nature of some parameters of interest in a
continuous solenoid. It compares the theoreti-
cal predictions with existing experimental work
done in the past in connection with electron guns.
While the effect of mismatch in the experiment
requires additional consideration, the comparison
docs not show any incompatibility.
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COMPUTER SIMULATION

Results of computer simulation of a large
number of particles (@ 107) distributed on a four-
dimensional hyper-ellipsoid in transverse space
as initial condition and propagated along a qua-
drupole system with thin lenses have been pre-
sented (Ref. 6). The simulations follow orbits in
the self-consistent electric field. . They give
evidence of unstable growth even at g 90°
(where envelope modes are stable) and support in
this respect the analytic results. Non-linear
saturation and growth in phase space more than in
real space were observed. A detailed comparison
with the theoretical predictions was not possible
during the Workshop, but it was felt-that system-
atic computer studies are essential for a better
understanding of the stability of realistic beams.
Analytic predictions should serve as guide line
for such studies.

Another type of orbit tracing code was based
on summing up Coulomb interactions between a mod-
erately large number of infinitely long rods
(Ref. 7). Applications of the code and an in-
crease of its speed by possibly applying a poisson
solver are in progress.

CORRECTION OF CHROMATIC AND GEOMETRiC ABERRATIONS
IN THE FINAL FOCUSING SYSTEM

Target requirements necessitate the pro-
duction of achromatic spots and corrections for
geometric aberrations. Three contributions have
opened possibilities for corrections through the
use of a series of quadrupole and sextupole com-
ponents. Space charge effects have been neglected
in these approaches, though they are likely to be
important for the dispersive properties of the
lenses and also at waists that might be produced
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at different positions along the channel. Hence,
consideration of space charge appeared to be high-
ly justified for future work (see Brown, Bruck,
and Halbach in this section of these Proceedings).

SPACE CHARGE NEUTRALIZATION

The participants were aware that limitations
imposed by some of the phenomena mentioned in this
summary might be substantially relaxed by the in-
troduction of space-charge neutralization within
the beam. The lack of a theoretical model describ-
ing the process of electron accumulation. in the
bunch was strongly felt. Experimental work on
this topic is in progress at Brookhaven National
Laboratory and planned at Argonne National Labora-
tory (see Fenster, in section V-B of these
Proceedings).
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2. TRANSVERSE SPACE CHARGE LIMITS - SOME NOTES
AND SOME QUESTIONS :

J. D. Lawson and M. Reiser
INTRODUCTION

Recent work by the Berkeley group1 on the
transport of focused K-V distributions suggest
that under some conditions the distribution is un-
stable. This is found also in numerical simula-.
tions by Haber in matched periodic systems though
a clear correspondence between simulations and
theory has not yet been achieved. Based on the
theoretical studies, the Berkeley group recom-
mends (a) that the phase shift per period in a
periodic lattice should not exceed m/2 and (b) that
the relative betatron phase shift with and without
space-charge, (u/p,), &hould not fall below 0.4-
0.5. It is interesting to note that the second
rule applies also to continuocus solenoids.

Sincc perfect "Brillouin flow" corresponds
to uw/ug = 0, well below the stability criterion
suggested above, and further, many experiments
have been made on beams which do not appear to de-
part greatly from Brillouin flow, it seems rele-
vant to investigate the experimental evidence.

In order to see more clearly how these.effects
might relate to other known and understood phenom-
-ena, it is also interesting to look at the physi-
cal nature of some of the parameters involved.
In this discussion, we confine attention to the
continuous solenoid. :

PARAMETERS FOR A UNIFOQRM SOLENQTD

The simplest form for the envelope equation
of the beam in the solenoid is

o2 _K _ e _ .
a' + — a 3 0 (1)
ko a

where x, is the orbit wavelength in the absence
of space-charge, K the ''generalized perveance,"2

and me the (un-normalized) emittance, For a
matched beam a" = 0, and from equation (1),
4
o+ ke’ == @
X
o

where me is thc acceptance of the channel of
radius a when K = 0. The condition ¢ = 0 repre-
sents "Brillouin flow" so that from equation (2)

7 = 1. (3)

We note that this is equivalent to the commonly
quoted result

0. = 2w, : ) %)

where w = eB/ZYm° and wp = /K Bc/a is the plasma
frequency.
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In this Brillouin case, the flow is laminar,
i.e., all particles move on concentric helical

orbits in the laboratory frame and on straight
lines in the rotating Larmor frame. . When the beam

has a finite emittance and, hence, condition (&)
is not satisfied, the individual particles oscil-
late in the Larmor frame with a frequency w given

by e —
(2 12 f 1%
w=Jup - Fe = 1 - 2 (ui ) . (5)

In terms of the ffequencies W and w_, equation
(2) may be written as P

g%, , 6

NS

1 2
wo =sw_ +
L 2 7p a

so that if we know w_, wp, a, and B, the emit-
tance ¢ can be determined, Dividing through by
w s and noting that o = a wL/Bc, one can put equa-
tion (6) into the form '
. €2 wZ
Se1-5%
« “L

By comparing (5) and (6), we obtain the reiation

N =

(€))
ez 1 f;

=—2=1-Em2- (8)
o 1 .

- . : .
=—2__1 -_iz’ (9)
e a2 ' o1
where Q/2u” represents the Derkeley notation,

Accurdluyg Lu the Berheley studies,l the bsam
is unstable when w/wL € 0.4, and hence

w .
L<o.77.
w
P
Note that the Brllluulu-fluw coudilivue, wheire
e=0, w/w_L = 0, corresponds to wL/wp = 0.707.

(10)

SIGNIFICANCE OF sz/ﬁ'

The parameter Kxi/az, wi/Zwi, or Q/Zu2 varies
from zero for a matched beam in the absence of
space charge to unity for Billouin flow in which
e = 0. It expresses the extent to which the space
charge force or external force dominates the beam
behavior. It is interesting to note in this con-
nection that it can be written in yet another form:

\

Kkz 2
o = -( a
o ()

where XD is a length corresponding to the lebye

(11)



length in a Maxwellian plasma. For a K-V distri-:

bution, we define XD as

A2, = e (kTY/ng’ (12)
where
2
{kT) = % ("’—2 ) 82c2. (13)
X

Thus, if Ap << a, w/wy ~ 0, but if Ay >> a, w/ug

~ 1.

From our understanding of plasma equilibrium
and stability, can we draw any concluions from
this result? .

BEAM RIPPLE

Before we compare theory with experiment, it
is important to understand the nature of the "beam
ripple' observed on imperfectly matched beams.

The envelope equation of small perturbations,
a= a+ p, may be found by linearizing equation
(1) about the matched solution. This yields

o+ (5 + K42 o0 (14)
x a a
o
If Xr is the ripple wavelength, then
1.1, k, 3, (e_2+_1)
X2 k2 g2 Gt & %2/ (15)
r o o

where use has been made of equation (2). When the
oscillation amplitude is large, non-linearities
will be introduced, and there may perhaps exist
resonances between harmonics of the wavelengths

Xr and X, _where X is the orbit wavelength. Writ-
ing ¢ = a®/x, equation (15) can be written
—;=2(—;+—12-) (16)
x x x
r o .

Further parametric effects may occur if the focus-
ing structure is periodic rather than uniform.

COMPARISON WITH EXPERIMENT

‘'One problem in the comparison of the theory
with the experiment is that actual distributions
are not K-V. A good gun or source will have a
uniform distribution in real space at the exit,
but the velocity space distribution arises from
thermal emission velocities, aberrations, and (if
applicable) grid structure effects. Even in the
absence of space-charge, the transverse density a

distance Ao/4 beyond the gun is nonuniform because-

of the rotation through n/2 of the "phase space
diagram." After an additional distance A,/4, a
futher rotation produces an image of the cathode.
For a gaussian velocity distribution, the intens-
ity distribution across the beam can be determined
once the focusing properties of the channel (which
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can vary with z) are known.3

In the presence of space-charge, of course,
the problem becomes quite intractable analytical-
ly because of the aberrations associated w1th the
nonuniformity of the distribution.

Despite these difficulties,‘it is worthwhile
making a comparison with experiment; to do this,
we return to equation (8). We have not yet had
time to discuss this with tube experts, -but, as a
start, a comparison can be made with experiments
published by Brewer® in 1959.

Brewer injected an electron beam from a mag-
netically shielded gun into a long solenoid. The
aperture radius a at the entrance into the sole-
noidal region was fixed, and from the electron
current and kinetic energy, he calculated the
electron plasma frequency wp at this point. The
magnetic field, and thus the Larmor frequency wy
was then changed in a systematic way to determine
under what conditions a smooth, matched (or un-

" rippled) beam in the solenoid could be achieved.

Brewer used an apertured plate with a 0.002-in.-
diam. hole which was passed across the beam to
obtain a plot of current density versus radius at
many axial positions along the beam. The best
beam with practically no variation of the density
profile along the entire distance within the sole-
noid was achieved for

= 0.9, which implies 2 = 0.62.
o

(17)

_°8|E
=

This value is higher than the ideal Brillouin flow
case, i.e., the beam had a finite emittance which
could be calculated from equation (6), and thus a
higher magnetic field was required to achieve a
matched beam. We note that the corresponding fre-
quency ratio w/ is safely above the instability
limit predicted by the Berkeley group. On the
other hand, Brewer also obtained a reasonably good
beam closer to the Brillouin value. For

W
-L = 0.75 and thus & = 0.333 , (18)
w, wp .
the beam had only a small ripple in the variation
of the cross section with axial distance. This
ripple could be explained by the fact that the
beam was not- perfectly matched. At any rate,
there was no clear indication of a destructive
instability even though the frequency was somewhat
below the theoretical threshold found by the
Berkeley group. We do not feel, however, that this
data is conclusive, and the matter needs further
study.

CONCLUDING REMARKS

A vigorous ongoing program on these questions
can be foreseen, perhaps more computational than
analytical. It is worth checking whether some-"
thing can be learned from existing tube experience



and from new experiments with electron beams.
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3. A DESIGN PROCEDURE FOR CORRECTING SECOND-
ORDER GEOMETRIC AND CHROMATIC ABERRATIONS
IN A BEAM TRANSPORT SYSTEM

Karl L. Brown
DISCUSSION

Consider a beam transport system consisting
of a periodic array of static-magnetic-optical
elements as a function of distance s, along the
optic-axis. At any position s, the first order
optical properties may be described by a matrix
R and the initial conditions of an arbitrary ray
represented by the vector i, such that i(s) =
R(s)i(O). The components of the vector yx are the
transverse position and angle coordinates of  the
ray x,x’,y,y’ and the deviation in momentum B = §
of the arbitrary ray from the central trajectory.

Now assume that the periodic array of magnetic
elements is composed of a series of magnetic multi-
pole components M,(s), such that the subscript
n = o refers to the dipole components, n = 1 to
the quadrupole component, and n = 2 to the sex-
tupole components. The following five conditions
are imposed upon the design of the system:

(1) Ry (s +2) ==-R.(s)
x plane

(2) Rp,(s +2) = = R ,(s)

(3) R (s + 4)=-R,(s)
33 33 y plane

(4) R34(s + 4) = - R34(s)

and the multipole components are distributed
according to the rule

physical
layout of
the system,

(5) M (s +2) = Mn(s)

CONCLUS IONS

i) The optic axis of the system is deter-
mined by the distribution of the dipole
components via equation (5); i.e., by
Mo(s + 4) = Mo(s).

Equations (1) through (4) may be satis-
fied by choosing a periodic array that
has equal focusing power in both the x
and y planes, such as a FODO array of
quadrupole components well known to
AGS machine designers.

ii)

If conditions (1) through (4) are satis-
fied, then it follows that R(4) = - I
(minus the unity matrix) for the mono-
energetic trajectories and R(24) =+ I
to first order for all trajectories
independent of their momentum. In other
words, at position s = 24 the system is
achromatic to first-order in the compo-
nents of the vector y(s).

iii)
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iv) Because of the symmetries imposed by
Equations (1) through (5), it follows
from the driving terms of .the differen-
tial equationI that all of the second-
order geometric matrix elements (aber-
ations) are zero at position s = 24 where

R(s) = + I.

v) We are now left (to second order) with
only the chromatic aberrations of the
system. All of these may be eliminated
by the appropriate distribution and
strengths of the sextupole components
Mp(s + £) = Mp(s) without disrupting the
monoenergetic trajectories. ‘

To understand how this is possible, note that
the monoenergetic matrix transformation between
any two positions a distance f apart is
R(s + 4, s) = - Ix,y in both the x and y planes.
Therefore two identical sextupole components lo-
cated a distance f apart exactly cancel each other
far as monoenergetic trajectories are concerned if
the intervening system is linear. However, this
conjugate pair of se tupoles may couple to the
chromatic aberrations if there are dipoles present
in the system to create a dispersive trajectory.
In order to couple to all possible trajectories, a
minimum of two such conjugate pairs is necessary
in each transverse plane (x and y) separatéd by a
sufficient distance to couple to both normal-modes
of the harmonic-oscillator, i.e., to the trajec-
tories represented by Rjj(s) and RIZ(S) in the x
plane and R33(s) and R34(s) in the y plane. Thus
a total of at least 4 sextupoles (2 conjugate
pairs) is needed in each transverse plane to cor-
rect for all pussible chromatic aberations within
a + I transport section. If these two conjugate
pairs in each plane areé positioned 90° phase shift
apart then the system is degenerate and all four
sextupoles in each plane will have the same
strength. In this case only two variables are
needed (4 sextupoles tied together in the x plane
and 4 tied together for the y plane). Thus the
transformation matrix is equal to + I at position
S = 24 to both first- and second-order in the geo-
metric and chromatic terms.

The best location for the sextupoles for each
plane is where the beam envelope ''Beta'" function
is a maximum for that plane (i.e., within or close
to the focusing quadrupole - components for that
plane). Thus there is a "natural’ location for
the x plane sextupoles components and also for the
y sextupole components in a typical periodic array
such as a FODO array of quadrupoles.

Chromatic aberrations for systems external to
the + I section may in principle be corrected by
the sextupole pairs within the + I section if
enough free sextupole variables (conjugate pairs)
are available in each plane. How successful this
will be depends upon the magnitude of the cor-
rections required and the resulting sextupole
strengths needed for the correction. If the
sextupole strengths required are too high then the



interlacing of sextupole pairs will ultimately
disrupt the "assumed linearity" between conjugate
pairs and the correction scheme.will run into dif-
ficulties from higher-order trajectory distortions.

It has been subsequently shown that the above
results may be extended to a more general result as
follows: - ’

Assume that a periodic array of N identical
unit cells, .each composed of dipole, quadrupole, and-
sextupole components, is adjusted to have a phase
shift of (2m/N) per cell. Then if the phase shift
percell is equal to or less than 909, the total
system of N cells will have a phase shift of 2m and
‘the system may be adjusted such that éll second-~
order geometric and chromatic aberrations are ‘es-
sentially zero. - The geometric aberrations are zero
by virtue of the 2m phase shift and symmetry of the
system. The chromatic aberrations may be 'adjusted
to he essentially zero by two families of sextupoles
(one for the x plane and one for the y plane) and
again because of the total system symmetry.
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[ OUTLINE OF AN ABERRATION CORRECTED OPTICAL
CHANNEL WITHOUT SPACE CHARGE

H. Bruck

INTRODUCT ION

This beam transport line guides a particle
bunch from a storage ring to the target, located
at the center of the ring.

The present device has been conceived to
prevent spectral analysis and coma aberration,
owing to the deflecting sector, and also chro-
matic and spherical aberrations. Space charge is
not considered here.

The device includes the following elements:
(1) extraction from the Sstorage ring, (2) adapta-
tion to (3) the deflecting magnet sector, (4) col-
limator lens, and (5) 1Om drift space to the tar-
get plane.

The full circle of a storage ring offers
room for about 15 exit channels of this type.
Nevertheless, if these channels are each slightly
inclined with respect to the storage ring plane,
there may be enough room for ~ 50 channels, half
of them accepting beam bunches from above, and
half of them from beneath the storage ring.

SPECTRAL ANALYSIS AND COMA ABERRATION

No noticeable aberrations are caused prior
to the deflecting sector. But the latter, beside
chromatic and third order aberrations, causes
momentum analysis and coma, decreasing thus the
brilliance and the homdgeneity of the beam.

The sector has a periodic AG structure and
some further symmetry properties:

{a) Let the total nuimber of tfajectory
oscillations per sector be an integer of the same
value in x and in z.

(b) Let the sector field structure be a se-
quence of symmetrical periods, each period having
the length of half a trajectory oscillation.

Such a period is formed for instance by the
lattice 3F M D M %F or by this lattice, several
times repeated.

Furthermore one supposes that the chromatic
aberration (of type {; = C (4p/p)a) and the third
order aberration (essentially spherical of type
€y =C3 ) of the sector are corrected in the
usual way by conveniently located hexa- and octo-
poles, preserving the symmetry condition (h).’

Under these conditions, not only spectral
analysis, chromatic, coma and spherical aberra-
tions are corrected, but furthermore the sector
exit plane forms an afocal image of the entry
plane. (See more in appendix.)

COLLIMATOR LENS

Leaving the deflector, the beam enters the
collimator. The collimator system first enlarges
the beam section, and then projects a very small
image of it onto the target plane, 10m away. The
collimator behaves like a low-8 insertion in a
storage ring, except that it acts not only in the
x-, but also in the z-plane. The collimator
comprises two focalizing multiplets with optical
properties similar in x and z. ’

Unfortunately, the small first order image
in the target plane is prohibitively enlarged by
the collimator's chromatic and spherical aberra-
tions, which can each be estimated at about + 10mm
under current conditions (incident beam angle at
the target o~ 5.107¢, momentum spread Ap/p ~
5.1073). :

The spherical aberration can be corrected by
octopole lenses, located in the vicinity of the
collimator. The chromatic aberration cannot be
corrected by hexapole lenses in the same locationm,
because all particle momenta are superimposed.

Nevertheless, this latter aberration can be
corrected within the magnet sector, by the con-
dition that the beam there is not adapted to the
sector: ' ’

" If the beam is adapted, its sec¢tion forms a
circle in phase space representation. Chromatic
aberration rotates the phase space. But a ro-
tated circle remains a circle. '

On the contrary, an unadapted beam, if it is,
monochromatic, resembles in phase-space a dia-
meter of a circle. If there is momentum disper-
sion and chromatic aberration, the corresponding
diameters are dispersed and rotated. This dis-
persion and rotation can be compensated by hexa-
poles, located in the sector in places where the
momenta are separated. It can be overcompensated,
correcting simultaneously the chromatic aberra-
tioh of the subsequent collimator.

APPENDIX
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ACHROMATIC AND AFOCAL DEFLECTING SECTOR

The present theory applies to periodic trans-
port channels of various shapes and arbitrary
lengths. For simplicity of language we suppose
the sector to be an arc of angular extent

Ly b
A LA

The equations of the trajectory in the de-.
flexting sector are N .

d2x

+ K x = f
d'62
N
2
d z + K; =g
d ¢



The function f contains zero order and
second order terms in x and z: .

: 2 2

_ 2 ; ’ 2 v

f .a, + a,x + a, x 22 + b2 z (2)
2 . . '

The ‘term a_ = (R"/{) Ap/p is responsible for
spectral analysis of the beam, and the four fol-

lowing terms for coma aberration.

The dependence of focalisation on momentum
and on the third order terms do not appear in
these equations. They are supposed to be correc-
ted by hexa- and octo-pole fields. Orders higher
than three are not considered.

Solutlons of the homogeneous equation (1)

(with £ = 0) is
Xy = é c. + B S, ;
(3
zH =C cz + D sz
L and s being the pseudo-cosine and sine
£iaétions.**fiven the previously defined symmetry

properties of the sector fields and the connection
between the periodicities of field and of trajec-

tory oscillations, the functions c¢ and Sx,z

have also strong symmetry properties, so that the
‘trajectories, equations (3) form in the sector
exit plane 6 = + T an.afocal image of the entry

plane 6 = _T_?t .

It has to be shown that this is still true
for the trajectories, 'satisfying the full equa-
tions (1) with £ # O:.

Solution of this full system (1) is

x=x%_ + P
)
z = zH N
where
0 0
P(B) = -c_ j s. fde + s:fc £do (5
L X X X
SLLA - I
z 2
The function P (e)ﬂexpresses a deflection. 1In the
entry plane g = - 3 » we have according to (5):
Iy opre- Oy -
() = P'(-3) = 0. (6a)

By virtue of (2) and (3) and the symmetry
properties of . and s, one easily realizes,
that p(8) is an éven funcflon with the same peri-
odicity as ¢ and s . Consequently also

X,2 X,2

s

PG+ o) =

+ .= (6b)

.
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Therefore the image formed by trajectories,
satisfying equations (4), solution of the full
perturbed equations (1), is still afocal, inde-
pendent of trajectory amplitude or particle momen-
tum.

The influence of parametric resonance and
coupling have not been considered, given the small
number (S5) of trajectory oscillations in the sec-
tor. Furthermore it is also possible to spoil
slightly the symmetry conditions, allowing for a
small, but nevertheless notably reduced amount of
spectral analysis and coma.

This report, in its conclusions, is in accor-
dance with a paper presented by K. L. Brown.



5. PRODUCTION OF ACHROMATIC SPOTS WITH A BEAM
TRANSPORT SYSTEM CONSISTING ONLY OF QUADRU-
POLES AND/OR SOLENOIDS

Klaus Halbach

INTRODUCTION

It is the purpose of this note to describe
some unfinished work that may have a béaring on
the problem of producing a small beam spot on a
target for HIF. One of the important results ob-
tained so far is an existence proof that shows
that it is possible, at least in principle, to
design systems, containing only quadrupoles and/or
solenoids, with vanishing first and second deriv-
atives of the spotsize with respect to momentum
both at the target and at the exit of the last
lens.

FORMULATION OF THE PROBLEM

If we assume that an accelerator produces a
populated region of transverse phase space that
can be represented by an ellipse of area mne in
each transverse dimension, and if we describe the
spotsize in the customary manner by detining

(spotradius in a transverse dimension)? = Bg, then
the minimum B_ obtainable at the target, for a
given BL at tge exit of the last lens, is given

by

2
Br =L /BL, ¢H)
where L is the distance from the last lens to the
target. The design objective is to obtain that
spotsize over a range of momentum without 51gn1f-

icant increase of B

ﬁ% Al
\\" ‘//
= o,
Fig. V-F-5/1 Fig. V-F-5/2
Fig. V-F-5/1. BT vs §(= QE) for a poorly designed
system. P
Fig. V-F-5/2. BT vs §(= éﬁ) for a system in which
dp
_T = 0.
ds 5=o0

Figure V-F-5/1 represents By vs §(= Ap/p) for
a poorly designed system. Clearly, it is advanta-
geous to scale all magnetic fields such that
dB /dg§ = B% 0 for § =
In general, even for this system the increase of
BT over the desired momentum range may be much
too large. We therefore require, possibly as a
starting point for further optimization, that S%
= 0 also. Since a blow up of the beam is undesir-
able at the last lens, we also require that Bj
0, and Bﬂ = Transforming all of the above
nentioned conditions to the end of the last lens,

0 as shown in Fig. V-F-5/2.

it follows that onme has to satisfy the following.
conditions at the reference momentum:

Bl

L=0; 8= =8/, 2

where o is the off-diagonal element of the phase
space matrix at the end of the last lens. Its
value, expressed by the last of Eq. (2), is re-
quired in order to satisfy Eq. (1). 1In addition
to satisfying Eq. (2), the beam also has to fill
the given aperture of the last lens.

RESULTS

The existence of systems satisfying Eq. (2)
has been proved by designing a system, consisting
of three thin dispersive lenses, that satisfies
Eq. (2). That particular system is not reproduced
here because it was designed only to demonstrate’
that there are no basic prohibitions against sat-.
isfying Eq. (2) by a linear system, and because
its characteristics (lens strengths, distance be-
tween last lens and target, etc.) are such that
it is useless for practical purposes.

Work on the design of a usable system has
progressed far enough that one can state that:

It is very likely that such systems can
be built with realistic elements for
realistic phase spaces and target re-
quirements, satisfying Eq. (2) for both
transverse dimensions.

a)

b) It is unlikely that one can design these
systems for beams with large Bp without
producing several small waists. Even
though these waists do not occur simul-
taneously in both transverse dimensions,
they are likely to produce space charge
problems when very large beam currents
are used.



THE "FIGURE OF MERIT", q]umax2/3, FOR BEAM

TRANSPORT THROUGH PERIdBIC FOCUSSING SYSTEMS
L. Jackson Laslett.

6.

LIMITS FOR FODO FOCUSSING SYSTEMS

Recent investigations1 of the stability of
high intensity beams (Kapchinskij-Vladimirskij
distribution) have indicated that it may be pru-
dent to design and operate transport systems in
such a manner that

(1) the zero-intensity phase advance of
individual particle betatron oscil-
lations per period of the structure
(00) not exceed 90 degrees.

and

(ii) the intensity be limited to values
such that O not be depressed below
40% or 50% of g,.

These two conditions may impose substantial
restrictions on the-beam current that one can
plant to transport, The implications of these
conditions can first be examined by reference

to the scaled envelope equations® and then by
de-scaling in accordance with additional restric-
tions (e.g., maximum pole-tip field for a quadru--
pole transport system). 1In this case the de-scali
procedure indicated the significance27§ the
"figure of merit', defined as Qu/py in terms
of the scaled variables. [Thus

1/3 2/3
= A 5/3, 2/3
I =¢, (q) BQ @Y ;——9375
max
where
2 1/6

5/6

2 4 o rp

3.66 x 10% MKS-A units

-- as given by the second of Eqns. (3) of Ref. 2]
We accordinglyzygesent below a table of

this quantity Q/ugax for o, = 90 dog., and for
the slightly less marginal g, = 80 deg., and for
the tune depressions o/o, = 0.50 and o/o,
0.40 (the latter value 0700 perhaps belng close
to marginal). The lattice designated by p = 0
is a symmetrical FODO structure with no gaps
between the individual quadrupole elements, while
that designated by p =
gaps of length equal to the length of-the indivi-
dual quadrupole elements themselves. These data

thus serve to supplement results recorded earlier

in Ref. 3. .[The quantity ® (= /K L) is the half-
period of the fociussing structure, expressed in

scaled units.]
ng

of Merit for FODO Systecms,

. Table V-F-6/1. Figurco
For c/o0 = 0.50 For c/co = 0.40
p=0, 8 = 1,570796326795
oo = 90"
2/3‘ 2/3
c Q ug Vo Q/u, o Q ug - Vo Q/u,
45° 1.457 2.9024 1.490 0.716 | " 36° 2.035, .3.223 1.674 0.933
p =0, ® = 1.49668994341
o = 80°
(o]
40° 1.375 2.879 1.586 0.679 I 32° 1.922 3.204 1.780 ° 0.884
p=2, ' 8 = 1.86361748098
= Y
o, = 90
45° 1.228 3.234 1.599 0.562" l 36° 1.716 3.592 1.797 0.731
p=2 6 = 1.77643752505
o =8
[o]
40° 1.158 3.201 1.705 0.533 l 32° 1.619 3.562 1.913 0.69
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Somewhat more detailed data are recordéé as an
Addendum, . '

LIMITS FOR SOLENOIDAL FOCUSSING SYSTEMS.

The quantity (u2 - %2) can play the role
of a figure of merit for a focussing system formed
by a continuous solenoid -- thus, from the second

of Eqns. (4) in Ref. 2,

- 2 1,
I =CB Byie g - ),

where
. - \
c, =7 (3—) =25 x 10° MKS-A units,
4 4 “o
or more simply [e.g., from the definition of Q1:

_L am ‘
125 GO 3, GW e

1.25 x 106 BS(BY) eN.Q.

A limit to transportable intensity in such a
system (and probably alsv for an Interrupted-
solenoid transport system) again must lie close
to a value such that c/oo > 0.4,

For the continuous solenoid, one obtains
(from the envelope equation in scaled variables)

2

u =

1+ (22 42

and from the single-particle equation

- Q.
w/wo = 1 -

For w/w ='0.50, one obtains Q = 3.0 and

2

u = 1.5 (u2 = 2.0)

I
2

u
For wﬁuo = 0.40, one obtains Q = 4.2 and

Wl - -%_ = 2.1 = 2.5).
u

IMPLICATION -CONCERNING THE MASCHKE=COURANT
FORMULA .

For quadrupole focussing in a FODO lattice,
descaling of the results obtained from study of
the scaled equations }eads to a transportable
beam current given by
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i gested earlier are adopted.

1/3
I=3.66x 10° (%) 8 23 @y

5/3e 273
Q x

N

X "[MKS-A units]*

2/3

max

if the "pole-tip field' limitation B'(a,), =
K[Bp](ax)m < B. is imposed. ‘Expressed as beam
power, t roggh introduction of the factors
-1y & %%,

qQ€

P =3.43x10° _ Q
2/3 X
max
4/3 - :
A 2/3 5/3 ¢ 2/3
x & 8 @ e P .

4
in the range 8%53 - 0.93 if the limitations sug-

One thus obtains

The factor _%93 has been seen to assume values

2

4/3
P=c éi) 2/3 (By)5/3 ey /3 (1)

Bq

where the coefficieq;lg falls in the range #g to 3)
x 10*%, For Q/umax. = 0.7, C = 2.4 x 10°° and
thus is 1.5 times the value (1.67 x 1015) suggested

~ by Maschke.

It is gratifying that the result obtained
here indicates a coefficient quite close to
that proposed by Maschke in 1976. It will be
recalled that Courant indicated at that time that
Maschke's formula appeared to be conservative,

*ne,. is the normalized emittance, so that the
actual emittance is mey/(BY).
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DENDUM

Background Data

c0
(deg.) p=0 p=2
90. 1.570796326795 1.86361748098
80. 1.49668994341 1.77643752505
60. 1.31844943075 1.56609291708
30. 0.94733104711 '1.12622633002

COMPUTATIONAL RESULTS

p =0, 8 = 1.570796326795

Q' v v, g, deg. Q/u02/3
0. 2.19328005 1. 90.000000 (0.)
1.45742 2.9025023 1.4898640 45.000057 0.7162583
2.03553 3.22339166 1.67445715 36.000003 0.9328292

pP=2 "7 B = 1.86361748098

Q' u, v, o, deé. Q/u02/3
0. 2.4447567 1.0729641 90.000000 (0.)
1.2284 3.2345569 1.5991859 45.000056 0.5616468
1.7157 3.5920809 1.7974079 35.999510 0.7314937
—7=0 § = 1.49668994341

Q' vy v, o, deg. Q/uoz/3
0. 2.1282038 1.0826523 80.000000 (0.)
1.37491 2.8790852 1.5864476 40.,000082 0.6793679
1.9218 3.2039376 1.7803018 32.000141 0.8842712

p=2 B = 1.77643752505
- Q' u, v, o, deg. Q/u02/3
0. 2.3667256 1.1631666 80.000000 (0.)
1.158387 3.2012124 1.7049021 40,000000 0.5333071
1.619155 3.5623385 1.9132891 32.000027 0.6941686
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7. HIGH-CURRENT BEAM TRANSPORT CALCULATIONS:
SCALED VARIABLES, CONSTRAINTS, AND SCALING
LAWS

M. Reiser
INTRODUCT ION

The limitation of the beam current due to
space charge effects is one of the most crucial
problems in the design of accelerator systems for
heavy ion fusion.. What is the maximum current that
can be transported in a given periodic focusing
channel? How does it vary with the experimental
parameters, i.e., what are the '"scaling laws'?
What- are the consequences of constraints on the . -
pole-tip field, the ratio of the aperture to the
length of the magnets, the choice of the zero-
intensity phase shift, and the lower limit for the
phase shift with space charge? These are some of
the major questions that are being asked by the de-
signer and that were discussed .by members of the
beam transport group at this workshop. The fol-
lowing is a brief description and comparison. of
the numerical and analytical methods of solving
these beam transport problems. .Various useful
analytical formulae for FODO and solcnoid channels
are presented, and the underlying constraints and
limits of validity will be discussed.

THE K-V ENVELOPE EQUATIONS, COMPARISON OF NOTATIONS

All of the theoretical work on beam transport
done so far involves the solution of the Kapchinskij-
Vladimirskij (K-V) equations, either by numerical
or by analytical methods. One of the difficulties
in the comparison of results is the fact that there
is no general consensus on notation. Different
workers and groups use different symbols, and some-
times the same authors change the notation from one
report to the next. It would be confusion to survey
and compare all relevant papers with regard to no-
tation, computational approach, etc. Most of the
numerical work so far was done by the Berkeley
group. The most accurate analytic approach, on
the other hand, is the smooth approximation method
presented in reference 2. We will therefore re-
strict ourselves to a comparison of these two tech-
niques. In the table below, we compare the
Berkeley notation, particularly that adopted in
reference 1, with our notation used in reference 2.
(MKS-A units are used unless noted otherwise.) ' -

For easy reference and comparison, we present
first the K-V envelope equations in the Berkeley
form [Eq. (1)] as well as in our notation? [Eq.
(2)]. The independent variable in both cases is

the path length s = vt = Bct along the focusing
channel. '
2
d a_ ‘K a 4 2 NRP 1 €2 1 o
2 “x'x A .2 3 a +a 22 3°
ds B X B Y™ a;
X
d a 2 Nr 2 1
7+ Ka -t s 2773 "0
ds yy B a.ra BTy ay
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dX  Ax_ 2K _ e _
2 V% T X =0
ds - X
) ()
dy 2K €
S t+tAKY - == - = =0
2 : :
ds®. ¥ X+Y ¥
where .
ZeB ¢
k = 02 for quadrupoles (3)
o
and
s ZeB c2
K = K ‘————3'> for solenoids 4)
X,y 2AM c
2 :
M,c  is the mass unit. group chooses

The Berkelez
lt to be the proton mass, i.e., mpcs = 9.3826 x

10° eV; we use the atomic mass unit based on 1 c,
i.e., Mye® = 9.3148 x 108 eV. The difference is
obviously negligible in beam transport calculations.

Table V-F-7/1l. Comparison of Symbols.

Berkeley Group

(Ref. 1) Description. Ref. 2
A,q Atomic mass number and A,Z
charge state of ion
B,y - Relativistic velocltyzan% B,y
energy factors Y=(1=-8%)
Te (also Normalized emittance g, = TBye
X X N :
ﬂeN) Un-normalized emittance e
a Semi-aperture of magnets*. a
Length of magnets. 4
Length. of space between
magnets L
2L Length of one channel S
Period
2 Fraction of lattice oc- /(L + &)
p+2 cupied by magnets’
a, a Beam envelope in x and y X,Y
x’ Ty . .
direction
a Maximum envelope radius X = a
for matched beam with same max
emittance me¢ in x and y
(i.e., € =€ =¢) and with
- with
space charge*
Maximum envelope radius for X ma
matched beam w1thout space 0,max
charge
Kx’ Ky Focusing function in K-V kﬁf «§ .

envelope, equations



Space-chafge factor in K-V 2K

N
2
2}

ﬁi— —523 envelope equations (N=
BTy number of particles per
unit lenth, r =classical
proton radius; K=''generalized
perveance'') i
BQ Pble-tip field in qua- B
drupoles* e
BS Axial field in solenoids Bs
I Electrical beam current I
1/q Particle current 1/2
P Beam power P
i or O . Phase shift (or "ad- "
o o " . o
vance') per channel period
(""cell") with no space
charge
b or @ Phase shift with space '
charge )
Maximum of amplitude (or =
Courant-Snyder) function g,max
with no space charge . max
Maximum of amplitude func- B = w2
tion with gpace charge max max
Acceptance o
F=/k1L Focusing parameter 8 =vVr £

Q=20

*Comment: In the formulae for a matched beam, "a
is always understood to be the maximum beam radius
and BQ or Bo as the magnetic field at r=a although

" we often refer to them as the magnet semi-aperture
and pole-tip field.

NUMERICAL SOLUTION OF THE K-V ENVELOPE EQUATIONS

For numerical integration of the K-V equa-
tions, it is useful to introduce dimensionless,
"scaled variables'" as was done by the Berkeley
group. They define a scaled envelope function

_ A/2 104 =172 .
Yy T B K ) )

and a space charge parameter

ag? M
Q= ’ (6)
A Asy2€K1/2,

which measures the ratio of the space charge

force to the amplitude of the applied focusing
force and the emittance . The advantage of this
method is that one has only one parameter, Q,
rather than three, and one only needs to calculate
the scaled envelope Uk (y) and the phase shift ux(y)
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as a function of Q. For a matched beam in a FODO
channel, the transportable current is determined
by the maximum of the scaled envelope function, up,
and Q according to the relationl

1/3
_ A 2/3 5/3 2/3 _Q
I-= CZ(q) B T(BY) ey 2/3 )
. um

where Cp = 3.66 x 106 (MKS-A units). Laslett calls
the ratio Q/u%/3-the'"figure of merit"  (F.M.) It
can be calculated from plots of uy and p versus Q
by specifying the zero-intensity phase shift pg

and the lower limit of w/pg due to &nstabilitieg.
The recommended numbers are p, = 80 and p = 30
which yields the result F,M, = 0.7 and for the

beam power

/ 2/3 2/3

s \4/3
) o N

o 15/A
?[w]—2.4x10 Q

3
q (y-1)B

®v)° . (®)

ANALYTICAL SOLUTION OF THE K-V ENVELOPE EQUATIONS

The K-V equations can be solved analytically
by the smooth approximation method. In the
parameter regime of interest to heavy ion fusion,
i.e., po S 90°and high currents, this method is
quite accurate (the maximum error is in the range
of a few percent compared with the exact numerical
results). For a periodic focusing channel, the
following general results are obtained (in the
notation of reference 2) for a matched beam:

[ ' 2.
1<~S—°a[1 - e/] (9
where ) 2
owm A o oamax (i0)
0,max wo,max
and hence
€ 2 .Xi max
2) = —al8ld
(a) 34 s . an

The generalized perveanée K is related to the beam
current I'by ~

k=2 5 (12)
I0 B3Yj,
where:
ot AL 74 ‘
-Io =1,7=31x10 3 [amperes]  (13)

is the limiting current. Thus, one gets from (9)
for the electric beam current that can be trans-
ported through a periodic channel the relation

: A 33% o 2
I=051 7 BY" 3 all - (/7] (14)



The interpretation of these results is straight-
forward: The transportable beam current I is pro-
portional to the average force per channel period
(represented by po/S) and increases with the chan-
nel acceptance M. High current transport requires
that the emittance me¢ is significantly less ‘than
the acceptance. A matched beam with given emit-
tance m¢ would in the absence of the space charge
force have a maximum radius of Xo max* Due to the
space charge, it acquires a larger cross section
with maximum radius X a,x = a. The "acceptance"

ne may be understood in two ways, namely, as the
available transverse phase space area that the
matched beam can occupy 'in a channel with given
semi-aperture a, or, alternately, we can say that
‘the beam with emittance m¢ and with space charge
looks like a beam with effective emittance ceff =
o and no space charge. .

We now define a space¢ charge parameter u (an-
alogous to Q of the’ Berkeley' group) by

KS I S 1 . (15)

The phase shift p with space charge and the maxi-
mum value of the amplitude function wyax with
space charge are then found to be simple functions
of u and given by the expressions

= p /1 + ;2 -'u] s ’ (16)
E/l + u + u] . 17)

&

w =
max O max

Furthermore, Eq. (9) may be written in the form
1l o [ (e) ] . .
==2:1 - (&

YT2e o, (18
Solving (18) for e/« yields

€ .

£E=-/1 + - 1

p t{ u (19)
and hence, in view of (16),

=B (20)

Ho

R Im

Our theory thus yields the surprisingly
simple result that the ratio of the emittance ¢
to the acceptance ¢ (or effective emittance,
€eff) is equal to the ratio of the phase-shift
with and without space charge, u/po-

The relationship between tﬁe‘parameters Q,
u_ of the Berkeley group and our parameters is as
follows:

2K L
Q=T/2'—=%’ 2D
K €
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or
2y . o
[+
R 22
Q T+ L/5o u f?r'FODobchannels, ’( )
and
4”’o g . )
Q= ?I-:fz7z$§ u for solenoid channels. (23)
.1/4 Vmax /B - Yo, max
u, .= ——=—————‘—, (24)
no Ko/ (elost/? /E _
or

u = /o Yo max E/l + u + u] o (25)

QUADRUPOLE CHANNELS OF THE FODO TYPE

It is convenlent to express the factor uoa/S
as well as wo,max in terms of the focusing param-
eter 6 = /k,l and the ratio a/4. For FODO chan-
nels, one finds

" . 2 : .
L= (5) e, : (26)
where 1/2
9 = 0.5675 (5 Zo 2 27
= Ve - A BYa) ’ (27)

and L/% is the ratio of free-space distance L be-
tween magnets to the .length of the quadrupoles.
Analytical expressions for the functions H(6,L/Z%)
and w% {4 and a plot of H(8,L/%) versus 6 for
differént values of L/% may be found in reference
2. Table V-F-7/2 lists some values for pg, 8,
H;G,L/l); and w //2 for a FODO channel with
L/4 = -

0ymax

SOLENOID CHANNELS

For a periodic channel with solen01ds, one
finds the equlvalent expre551ons

o a\2
La=(3) reLm, (28)
where . \
R A le . .
9=0.16 7 g5 . , (29)

The functions F(9,L/4) and w% ﬁax/z for the sole-
noid channel are given in reférence 2, and Table
V- Ff7/3 shows a few values for L/£ = 1.

CONSTRAINTS AND SCALING LAWS

The analytical theory is particularly useful
in elucidating the parametric dependence of the
beam current and the effects of various con-
straints on the scaling laws. For design studies,
it is very important to know the scallng 1aws
which show.how the beam current or power varies
with the experimental parameters (A,Z,B,Y,€,Bq,a,



‘l,L). This was recognized very early by A.
Maschke, who first derived a power law of the form
(8) for a quadrupole channel, except that his co-
efficient was slightly different (1.67 versus
2.4).

. We shall see below that this scaling law can
be obtained from our general formula (14) under
the condition that po and w/pg are fixed. The
consequences of these as well as other constraints
and the validity of relation (8) and other scaling
laws that can be derived from Eq. (14) will be
discussed.

FODO CHANNELS

The expression (14) for the beam current in a
periodic channel is a general analytic solution
of the K-V envelope equations (for a matched beam).
Note that it is not an explicit function of all
experimental parameters, and that different scaling
laws can be derived from it depending on the con-
straints that are imposed. In the following we
list the most important formulae beginning with
the general expression for a FODO channel.

(a) Beam current in FODQO channel with no con-
straints: By substituting (26) into (14),
one obtains

2
2 %28 neo,u/nN1-(e/01
(30)

Where 6 is given by (27), e/o by (10), (11),
and H(O,L/4) is defined in reference 2. To
determine how the beam current varies with a
given parameter, say, B,, one first calcu-
lates the value of 8, the H(O,L/£) and wg nax
using the formulae in reference 2 (or inter-
polating from the values given in Table
V-F-7/2 if L/4 = 1).

9 << 1 << m: In thlS case, H(B,L/4) ~

eﬂg(L7£), and one gets

ev<Boz) g(L/ﬂ)[l e/y?]
(31)

7
I, -=1.55x10
(Al

(b)

= X
I[A] 1.61 10

where g(L/4) is defined in reference 2; for
L/& =1, g(l) = 0.167. Note that in this
limit, the particle current, I/Z, is inde-
pendent of the chargc state Z. For high-
current beam transport, one tries to operate
at a phase shift po close to 90°, and thus
formula (31) is not very useful.

o and L/£ fixed: This condition implies
that the focusing strength 8 of the_quadru-
poles, the function H(8,L/2), and w% max’ %

(<)

is fixed. Hence, from (27)
. B 2
Z o & _
‘EBya C1 s (32)
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(d)

and from (10)

2 w2

a“ = %}ﬂ al = c3az 33
Therefore,

2 ,ZB \2/3,C,\2/3
a\ _ 2/3
(z) BY) (C1> « (34)
Eq. (30) then becomes

1/3
A 2
r=c,(3)  @n7"% 823 3 (e/m?)
(35)

The constant Cy depends on the value of 6.

For = 80° L/L =1, one finds (from Table
v-F-7/2) 6 = 0.888, H(8,L/L) = 0.553, Yo .max/
/4 = 2.5113 which yields C) = 2.45, C3 =
6.307, Cy = 1.6 x 10%, and thus
1/3

_ 6(4) 7/3,.2/3 2/3 2

I(477L-6X10 &) e P el
(36)
The corresponding beam power (for o 80°,
L/2 =1) is
4/3
) 15/a 7/3.2/3 2/3
prey = 1-5x107(8)  en 5% (v
2

[1-Ce/)“] (37)

oy L/%, and w/po_fixed: If instabilities
impose a lower limit to the phase shift with
space charge, (u/uo)min, as inferred from
the studies of the Berkeley group, the ac-
ceptance o cannot exceed the value

o —E - f e (38)
max (u/uo)mln l
in accordance with relation (20). 1In this
case, we have
2 3 2 .
Bli-cerm® = /3 ct1-/e21 = 6,0, (39
and the maximum beam current is given by
1/3
A 7/3.2/3 2/3
= szz(i) By BT e (40)

This has the form of Maschke's scaling law.
For u, = 80°, L/%4 = 1, and p = 30°, we find
fa = 1.65, and hcnce :

1/3

(BY)5/3 2/3 2/3

€N s (41)

- 6(a
o)

4/3

(BY)

~ 15/A 5/3 _2/3 2/3
=2,48X10 (z> B e

P (y-1X42)

wl



(e)

Note that the numerical factor in (42) dif-
fers by only 3% from.the result (8) obtained
by exact numerical integration. This demon-
strates that the smooth approximation method
is indeed remarkably accurate in the param-
eter regime that is of interest to heavy-ion
fusion. From the derivation, it is obvious
that one must be cautious in the interpre-
tation and application of the scaling laws
(41) and (42)., These formulae are useful for
design purposes, i.e., as long as one can
assume that with increasing emittance of the
beam, the acceptance of the channel can be
increased proportionally. However, once a
focusing channel is built and actual param-
eters differ from the design values, one must
use the more general relations (35) or (30)
(depending on whéther the phase shift pg
remains fixed or not when parameters are
varied). Specifically, in a channel with
fixed acceptance «, the beam current can be
increased only by reducing the emittance €.
The seeming contradiction between the scaling
laws (35) and (40) is thus explained by the
fact that the latter implies that « increases
proportionally to ¢ while in (35) o is an in-
dependent parameter.

Bos L/%2, u/po, and By fixed: The additional
constraint that the magnetic field B, has a
given value, uniquely determines the two
geometry parameters a,{ (i.e., the magnet
size) when particle mass, charge state, and
energy are given. The values of a and £ fol-
low from Eqs. (32) and (33)., Since the ratio
a/l cannot become too largel (a = £/2 would
appear to be a reasonable limit), duadrupole
channels are not useful below a kinetic en-
ergy that can be calculated from Eq. (34).
With a/4 = 0.5, o = f1¢, one gets from (34)
the relation

o N 1
o o
For our example of wo = 80, p = 307, L/L =
1, we get
3 .
Bf, = = 54.9 . (44)
1 C1

Using (44) and the nonrelativistic relation
for the voltage,

one can express the relation (43) in the form

4
Vil 2 2.56X107B (118, prad] * (45)
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Thus, when B, = 5 T, = 2X10-5 m-rad, one
finds that the use of FODO magnets in low-
energy beam transport is no longer practical
at voltages below 2.56 MV. Note that this
lower limit for V ig independent of. the mass
and charge state of the particles.

SOLENOID CHANNELS

(14) for periodic solenoid channels.

Similar scaling laws may be derived from Eq.
The results

are summarized in the same order as in the FODO
case.

(a)

(b)

(c)

(d)

Beam current in solenoid: channel w1th no con-
straints [from (14) and (28)1:

8 8%,3(2) o,/ 01-c/?]
46)

- 7
I[A] 1.55x10

where 6 is given by (29) and F(8,L/%) is de-
fined in reference 2.

In this approximation

<< 1, p, << m: i imation,
F(6,L/2) = 64/(1+L/2); hence, with (29),

_ 52 2 4 2
1[A3—4.0x10 A BY(BSa) 7;;[1-(e/a) 1.  (a7)
By and L/4 fixed:

B £
. .
z _$_ - (48)
2
al = —2aMAX g ooy (49)
L 3
2 c, ZB
a 3 s :
(E) N <) ABY @ S
2
I-cp YZBsa[l-(e/a)z] . (51)

For u_ = 80° L/L = 1, one finds (using Table

V-F-7/3 8 = 0.9644, F(8,L/L) = 0.42, vo, max/

Jt = 1.2893 which yields ¢1 = 6.03, c3 = 1.66,
cp = 3.0x107, i.e.,

Iy7=L-79%10 BZYZBSd[l-(e/a)Z] X (52)

Bo,L/ L, w/we fixed: In this case we get

with @ = f1¢ and
2 2

all-e/)7] = fle[1-1/f1] = fqe (53)
the scaling law

~ 2.2
I= c2f3B Y'B e , (54)
which has the same form as Courant's Eq. (17)
in reference 4. For po = 80°, L/L =1, and

= 30°, one obtains £ = 2.667, £5 = 2.29,
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6 -F- d ‘h 1
1 = 4.1X10 ByB €. , 55 Table V-F-7/2. Parameter data for a FODO chaane
[al BYBgey %) with L/g = 1.
15 A 4. .
P = 3.73X10 > 2 Bvey-nm e, - . (56) , ,
"y 8 . wo,max//z H(e,}./Z)
Note that, in contrast to the FODO case, the
beam power varies only linearly with the .
parameters (A/Z), Py, B , and g, . For the 90° .9318 - 2.5328 .0612
ratio of the beam curreit in a FODO channel . . .
to that in a solenoid channel (with the same 85° .9107 2.5178 .0585
constraints) one obtains from (41) and (55) - o
80° .8882 2.5113 : .0553
iFODO 3 Bi/3. 13 : 75° .8643 2,513 L0518
FODO 0.64(29 @ 2= M sy :
SOL s 70° .8388 2.5243 L0479

(¢) pg, L/, pfp,, and Bg fixed: As in the FODO

case, the parameters a,f are fixed by these

constraints when A, Z, and By are given. Téble VI 7/3: Plaraacter dala fur a sulewuid

Their values can be calculated from (48) and = channel with L/4 - llm__ﬂ
(49). For po = 809, L/L =1, u = 30°, one
flndg . ‘ “ 8 w Iy CF(8,L/L)
. [o] : o, max - :
ZB ¢, \1/2 .
a _ 0.857 s N
2By A . (58) R
- . 90 . 1.0769 1.2469 .5052
The voltage where £ = 2a is given by " 85° 1.0211 1.2659 L4629
3 ‘ "80° - L9644 1.2893 - .4200
Vo] = 1370 1N morad] (59 75° ".9071 1.3175 L3771
o . :
which, for the same magnetic field and emit- 70 -8491 1.3507 . -3348
tance, is seen to be more than an order of ;
magnitude lower than in the FODO case. It is . We want to briefly comment on two of these
interesting to compare the current-carrying questions, namely, (a) the current limit at low
capability of solenoid and FODO systems at energy where the potential well due to the space
the low-energy point where quadrupoles become charge becomes comparable to the kinetic energy
impractical since £ = 2a., By substituting of the particles, and (b) the cffects of mis-
By from (43), using (44) for the constants, match between beam emittance and channel acceptance.

into (57), one finds for this limit
With respect to the first question, the

IF B . : . . potential V_ on the axis of an axially summetric

oDo . o . -

T = 2.4 5 . (60) beam is given in terms of the beam current I, and
SOL . s mean axial velocity, Bc, by

This relation depends only on the ratio. of _ I (61)
the quadrupole field By to the solenoidal Vo " 4me Be

field Bg. For B, = Bg, we see that, at the ° .
low-energy quadrupole limit £ = 2a, the FODO A particle is stopped when all its kinetic energy

channel can transport 2.4 times more current is converted into potential energy, i.e., when
than the solenoid channel. (The ratio L/a (nonrelativistically) '

for the solenoid magnets would of course be

greater than 2 in this case.): 2 1 2.2

-2 (Y-D)AM c ~7 AM C B" = Zev. (62)

QUESTIONS AND COMMENTS

The preceding analysis, like most beam
transport studies done so far, is based entirely
on the K-V equations and matched-beam conditions.
In a critique of this approach, the Berkeley _ 7 A
group! discussed a number of questions that can IL =3.1x10 7 B(y-1) ~ 1.55 x 10
be raised, such as the effects of image fields,
more realistic’phase-space distribution functions, (63)
etc.

By substituting (61) Lnto (62), one finds for the
limiting current I = Ip:

7 3

B

N>
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le compare this with the focusing limit (55) of a
iolenoid channel and find the energy where this
current is egual to I;. From (55) and (63), we
find for the ratio I/I the expression

B ¢ .
I Nz .
IL 0.2§4 7 &’ (64)
B
and, henée, for B when I = IL:
2 z '
= £ 3
B 0.264 = B ey (65)
The equivalent voltage is
123 B (66)

Vi) © s(11°NIM-rad]’

10"% m-rad, one gets

1]
N
x

For Bs =5T, eN

Vv =0.0123 MV = 12.3-kV.

The initial accclerating voltages at the iuu

source are in the range of 100 kV to 1 MV and

thus safely above this limit. We conclude therefore
that this effect should not pose a limit to the
transportable beam current. N

Concerning the second question on beam,
mismatch, a definitive answer is not yet available
at this point. The beam current propagates in the
form of pulses which experience various processes
(acceleration, transverse stacking, longitudinal
bunching, etc.). Under ideal condilions, one can
match only a slice of the pulse along which the
current and emittance are the .same. The rest of
the beam (particularly in the leading and trailing
edge of the pulse) could presumably be mismatched.

~The Berkeley .group argued in reference 1 that the
rate of increase of current with time (or distance)
is sufficiently slow that the transverse motion
will adjust itself adiabatically to the matched

conditions if it is matched at the entrance to the
‘channel where the current is low, However, Lemaire
showed results from numerical integration of the

K-V envelope equations which appear to indicate that
small changes in beam current may lead to mismatch
and relatively large oscillations of the transverse
beam cross section.® This questicu was only briefly
discussed by the beam transport group at the end

of the workshop. Clearly, further studies are
necessary to determine whether mismatch is an im-
portant effect,;and, if so, what provisions must

be made in the design of the focusing systems
(larger .apeitures, elc.) Lu avold unnecessary
particle losses,
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8. SATURATION OF SPACE CHARGE DRIVEN INSTABILI-
TIES IN BEAM TRANSPORT SYSTEMS

;I. Haber and A. W. Maschke

Instabilities in the presence of space charge
can limit the power which may be transported in a
focused channel. Several classes of Eerturbations
to a matched Kapchinskij-Vladimirskij® system have
in fact been found to be unstable®»3. Numerical
simulations have been performed‘ which indicate
that a parameter range exists where these instabil-
ities saturate without major growth in the beam
emittance.

x
x

la

Fig. V-F-8/1.
after 100 magnet pairs (b).

e i1}
4 - 4 L
[ .
] x (1) -fe Py ]
ee - [ X}
P P
X > X -
-8 -84 5
[] X ies -8e Py
2a

Fig. V-F-8/2.
after 100 magnet pairs (b).

Phase space of 90° focused system in the presence of space charge.

Phase space of 130° focused system in the presence of space charge.

Figure V-F-8/1la is a plot of four views of
the initial four-dimensional x-py-y-p, phase spacc
of the numerical system. Two thousang of the ap-
proximately 16 thousand simulation particles in
the system are plotted. The thin lens quadrupole
focusing system has a tune of 90° per lens system,
which is detuned by space charge to 30°. This
system goes unstable and evolves in a complicated
fashion until a steady state .is reached after about _
forty magnet pairs and little subsequent evolution
occurs. Fig. V-F-8/1b shows the phase space after
100 magnet pairs. Numerical tests have shown that
these results are essentially independent of

1b

At t = 0 (a), and

2b

At t = 0-(a), and



sariations of numerical parameters such as time
step, system resolution, and number of particles
when they are varied by factors of two from the
conditions used.

Even a system subject to instabilities of the

K-V envelope equations is found to saturate, al-
though the emittance growth in reaching steady
state is much greater. Fig. V-F-8/2a shows the
initial phase space of a 130° per magnet system
detuned by sapce charge to 70°. Fig. V-F-8/2b
shows the steady state this system has reacheéd
after 100 magnet pairs.

Though the detailed parametric behavior of
these steady distributions has not yet been exam-
ined, the results here appear to be typical of
those obtained in several runs. The optimistic
conclusion appears to be that these instabilities
present no barrier to transporting beam powers in
the vicinity of the Maschke current limit.
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9. ESTIMATE OF .THE LONGITUDINAL SELF ELECTRIC
FIELD OF AN ION BEAM

A. A. Irani
INTRODUCT ION

The self electric field on the axis of an
ion beam of radius a in a conducting cylinder of
radius b is given by

=B 4
Ez Y2 dz &)

where A\ is the charge per unit length and g, the
geometrical factor, 1s a function of the radii a
and b. The above formula assumes that the radius
of the conducting cylinder is much smaller than
‘the length of the ion beam (b << L) and that E,

is calgculated away from the edge of the beam
(’z|<'7|). For the HIDE parameters}, i.e., loose~
ly speaking a 50 TW, 100 JK, wulti-GeV heavy ion
beam, the assumption b << L is- no longer valid and
hence Eq. (1) cannot be used. Since for an un-
neutralized heavy ion beam it is necessary to
apply ramp voltages to compensate for the longi-
tudinal self fields it is desirable to know
exactly what these fields are. Here, exact ex-
pressions for Ez on the axis of the ion beam are
obtained and are compared under different circum-
stances with the approximate results given by

Eq. (1l).

THEORETICAL CALCULATIONé

We consider the Green's Function approach;
i.e., we calculate the fields due to a point'charge
moving inside a cylinder of radius b. The calcu-
lations are carried out in the frame of reference
of the moving particle and the fields are later

transformed back to the laboratory frame. Then
according teo Peigeon's Equation
o = -mq 6 (x - x). (2)

Now, as is usually done for simplicity, we pick our

origin of coordinates to be at the point 5' and
after obtaining the final result generalize our
solution, Then, in cylindrical coordinates

o4 = -Anq--%(,?-ﬁﬂ 3

and wc obtain

12,0 2 2g .,
rar | dr & - kzéd = -2 %)
_ ® -ik z )
where §¢ fJ. dz e 2 8@ is the Fourier Transform
- 3

of &4, -

The solution to the differential equation
given by (4) using the boundary condition 8¢ = 0
at r = b is

B
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Ko(kzb) Io(kzr)

8 = -2q Io(kzb) — + 2q Ko(kzr)

5
where -the standard notation has been used for the

Bessel functions.

) dk ik z _
Then using 66=f EFE e 2 84, solving the
- :

integrals by contour integration and generalizing
the result we obtain )
4 17
J Lk (x-r")] Yo(knb)e-kn(z-z )
1 Jl(knb)

=19
66 = ¢

Gieag

(6)

where the kn are given by Jo(knb) = 0 and

6B = - - 66 = [{E2m) 1

z g-g b

o Y Jo Lk (er’)] ¥, (k b)

Xz

-klz-zﬂ
n .
n=1 Jl(knb)

€ N
(7)
Now, for the charge distribution

2
L 2
=£°2_3[sz]

ma L

S

which is constant in the r.direction buLparabolic
in the z direction and where Q is the total charge
in the bunch we get on axis (i.e. at x, = 0)

a 7
: k Yo(k b) J,.(k r
E - %'6—0‘-5‘3.21:/‘1:' ar’ ¢ -2 O(J“(i b;( = )x
z ma L n 1 n
- ° i
L/2 L2 2 -k (z-z')
dz’ [Z— -z’ ] e n .
for zzL/2
-L/2
- )
2 -k (z-z")
fdz'[i‘— 2% ™ - (8)
-L/2
L/2 L2 2 kn(z-zf)
/ dZ'[l‘— -2'%7e for-L/2s2sL/2
z
_L//’2 oL PRLACED for e<-L/2.
-f dz'[— - 2""]e
4
(_ "L/2




Solving the integrations and transforming back to
the laboratory frsme ‘coordinates we obtain

Y (k b) J (k 2)

E = 12;95 L -0 L. f(z) (9
%2 abyL k © J;(k b)
n
o k_y(z-L# k -
(L 2 e- ny(z-L;(Z) 9 - nY(Z+L/2)
knYL k yL
where )
£(z)= : for z2L/2
L k yL .
n
for-L/2<zsL/2
.\ eknY(z-L/Z) . 2 kny(z+L/2)
-+ 4L - e
n n
~ for z<-L/2

and with the k_given by JA(k b) =
n o' n

Picking another charge distribution

P_ﬂ—ZZL 2
2 naAL3 (a%-x )(Z_ Z)

which is parabolic in both the r and z. directions
and carrying out the calculations as before we
obtain that on axis:

48 2J1(kna) - knaJo(kna)
E,*3 274 — % & X
z a by’ L n
Y (k_b)
X 2. fi(2) (10)
Jl(knb) .
RESULTS
2
From Eq. (1) for A = Q L. 22]
L3 4
12 . .
Eg= 335 2 (11)
YL . P
. - E) < A
with g = 142 Ln.(a for pl 3
ma
and g = 3 + 2 Ln. (b) for p_ = 22 (az-rz).
2 a 2 ﬂa4

As an example consider a 50 TW, 100 KJ, 25 GeV

Uranium beam. The length of the ion beam is L =
cms. Then taking a = 10 cmg, and a charge state
Z =5 for the Uranium beam, we plot E; ohtained

from Eqs., (9) = (11) for b = 20 cms. in Figure

V-F-9/1 and for b
conclude that since the assumption b << L is not
satisfied the results obtained from Eq. (11) for
E, in the region away from the center are higher
by a factor of 2-3.

=20 cms, and L = 260 cms., Here the linear

esults of Eq. (1l1) are pretty accurate except near

for r < R with Ermax. at r =

='13 cms., in Figure V-F-9/2 and

Figure V-F-9/3 is a plot- for

the edge Of the ion beam. Note also that because
of the charge distribution of the beam the maximum
value of E, i$ not at the edge of the beam. A
simpler example illustrates the point. For
example--for a sphere of constant density E.
9§ for r < R with E, max. at r =R and

R
of density p = l—gs (R2-r2) Ey = _gg[Rz-%r?}
8TR /5 2R

3 .
"Finally, since analytical expressions for E,
are possible only for certain charge distributions
of the beam and only on the axis of the beam nu-

merical computation seems necessary. An interest-
ing charge distribution under consideration is

. P

2 2. [L 2
p = 2822(3"”) G ~ ¢
a L

which corresponds to a uniformly populated ellipse
in phase space? and for which Eq. (1) breaks down
at the edges giving an infinite value for Lk, there.
Also using Eq. (6) we can make numerical estimates
of Er(r,z) and compare it with the results ob-
tained from the axially infinite beam case.
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10. EMITTANCE GROWTH IN HIGH CURRENT BEAM
TRANSPORT
Samuel Penner

INTRODUCTION

The possibility of using high-current beams
of heavy ions to initiate an inertially-confined
fusion reaction has stimulated interest in the ac-
celeration and transport of very intense beams.
The Kagch1nsky-V1adimirsky (KV) envelope equa-
tions( provide a first guide to the current-
carrying capability of a tramsport channel for the
particular case of a beam whose charge distribu-
tion in the four-dimensional transverse phase
space is such that all of its two-dimensional
projections are uniform charge distributions with-
in a boundary ellipse. The Berkeley group has
studied the stability of the solutions to the KV
envelope equations analytically by the method of
linearization of the Vlasov equation about the KV
solutlon coupled with appropriate perturbatlons
(2,3,4) The unrealistic beam distribution con-
tained in the KV equations, the inability of the
analytic approach to predict further beam devel-
opment beyond the initial perturbation, and the
need for a mechanism for studying a more general
and realistic- problem (including, for example,
beam image forces, non-linearities in the focusing
fields, energy spread in the beam, etc.), led us
to the development of a numerical simulation ap-
proach to the high-current beam transport problem.

In our approach, we solve numerically the
coupled equations for individual particle orbits
within the beam, subject to external (focusing,
accelerating, etc,) forces as well as the space
charge forces generated by the beam itself. We
report here our initial results for the transport
of a high-current beam through a symmetric FODO
quadrupole channel. We find (for sufficiently high
currents) rapid initial growth of the emittance of
the beam during which the beam transforms to a non-
KV space charge density, followed by a much more
gradual increase in emittance as the beam contin-
ues to propagate along the channel.

CALCULATIONAL METHOD
The equations of motion for individual par-

ticle orbits in the paraxial ray approximation can
be written:

2 .

dx Q (x=x")n(x',y")dx"dy"
—= = =K (s) x +

ds2 2N ')’[l 'J:l (x-x')2 + (y_y.)z
2 v

945 - R (s) y + (y-yn(x',y")dx'dy’
as? I (x-X')2 + (y-y')z'

(N

Our notation is the same as that of Lambertson,
Laslett and Smith (3 (LLS), except that here
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4q2Nr
Q=—=* @)
AB vy s

is an (unnormalized) measure of the beam current.
The charge density in the beam, n(x;y) is normal-
ized such that

I j n(x,y) dx dy = N, (3)
Xy

where, as in, LLS, N is the number of particles per
unit length of the beam.

If the charge density n is chosen to be con-
stant within a boundary ellipse with semi-axes
ax and ay, and zero outside the ellipse, our Eq.
(1) reduces to the KV individual particle equations
of motion given by Eqs. (39) and (40) of Ref. 1.

We approximate Eqs. (1) with a finite set of

equations:
dzxi &E X - xi
= K (s) %y +o5) 2 2
ds (x;-x.) +Hy.-y.)
J=1 J 1 J
it

(4)

and similarly for yi- We solve this set of equa-
tions numerically to obtain xj(s) and yl(s) for
all particles i as a function of s, using a fast
Adams method differential equation solver. Two
aspects of the numerical method require partic-
ular attention: The choice of initial conditions

dx dy
x3(0), 3(0), ¥;(0), 33
the singularity in the space charge term of Eq.
(4). A detailed discussion of these problems is
beyond the scope of the present paper, but we’
briefly sketch our approach in the following
paragraphs.

(o), and the handling of

An initial set of orbits can be chosen from
any desired distribution function by random
sampling techniques. To date we have used the KV
distribution as the sample function. All possible
one and two dimensional projections of thé sample
set are compared with the corresponding projections
of the KV distribution and are found to differ from
it in a way whic¢h is completely consistent with
the statistics of the sample size. This test and
others convince us that the initial orbit distri-
butions chosen represent the KV distribution with
random noise superimposed. We do not impose any
particular perturbation, as is done in the analytic
work, but the randomness assures that our distri-
butions contain components corresponding to all
the perturbations examined. > By exémining
the beam behavior for several different randomly
chosen initial orbit sets, we test the sensitivity
of the results to the magnitude and character of
the perturbations. Our small-sample results (M =
249) indicate considerable sensitivity. to the



details of the perturbation.

The singularity of the space charge force is
a well-known problem inherent in the simulation )
of a real particle beam by a relatively small
number of representative orbits. We avoid the
singularity by making the replacement

2 2 2
- + -y 4
(x].L xj) vy yj) r

in the denominator of Eq. (4) if (xi - x,)2 +
(yi - y.)2 < r2. The cutoff radius r(s)-is chosen
to be ’
2 .
r =a(s) ‘a(s):c/M, (5
X y :
where C is an adjustable cutoff parameter; We
find experimentally that the transport calculation
results are quite insensitive to the value of C

(in the range .1 < C < 10 at least). The depen-
dence on sample size M will be discussed later.

CHARACTERIZATION .OF RESULTS

There is a problem of how to present the
results of a transport calculation in a compact
but meaningful way. Phase space plots of the in-

. dividual orbits of the type presented to the
workshop by I. Haber (7) are very informative but
not immediately quantitative., A useful concept is
the RMS emittance

- g Ax dx, , 1/2 ‘
e, = 4UxING D - ) T . (8)

and similarly for the y plane. HRere the symbol

{) indicates averaging over the values of the en-
closed variable.
the RMS emittance over the two transverse planes.

e=(e, €)' . 7

This measure of emittance is easily calculated
numerically, and for a KV distribution is identi-
cal .to the emittance defined by the beam envelope
in phase space. For our randomly-generated ini-
tial orbit sets chosen from the KV distribution,
the mean deviation of the sample g from the KV
distribution was 0.3% for a group of samples each
consisting of M = 249 orbits,

In our calculations of high-current traneport
through a symmetric FODO channel, we observe
growth in all quantities which are obviously re-
lated to the beam quality, e.g., the eanvelope
size ax(s), the emittance defined by the envelope
of the beam in phase space (¢), and the RMS emit-
tance ¢, as defined above. The '"noise'" relative
to the average growth of ay(s) is quite large,
presumably because of our small sample sizes. The
envelope emittance, g, is also quite noisy in its
growth, but defining this measure of emittance is
ambiguous and awkward, even for large samples.
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For present purposes, we average

On the. other hand, the RMS emittance growth
shows much less noise than ay, or g, even for quite
small samples. In the limited number of_cases we
have examined, the fractional growth of ¢ is larger
than that of axy and smaller than that of ¢. This
observation implies that the space charge distri-
bution changes from a KV distribution (g = ¢) to
one with a more diffuse density in its exterior
regions than at its center, and that most of the
growth is in the momentum variable (i.e. §X)
rather than in the coordinate variable (x).
trends are illustrated in Figs. V-F-10/1a,b.

These

NUMERICAL EXAMPLES

Our program uses dimensioned variables. The
examples we give here correégond to the transport
of 100 GeV singly charged 233y jons in a channel
in which each quadrupole magnet and each inter-
vening drift space is 5.076 meters long (p = 2 in
the notation of Ref. 3). The magnetic field
gradient in the quadrupoles is 2.381 kG/cu, and
the initial (unnormalized) beam emittance is 0.93
cm mr. The phase shift per period of the structure
is p_ = 80.0 degrees (when Q = 0). These results
can ge scaled for other energies, ion types, charge
states, etc., as shown in Ref. 5. The only free
variable, once yu, and p are specified.is the
parameter Q* = Q/¢K?%, which measures the beam
cyrrent. We report our results solely in terms of
Q~. For each value of Ql, the initial orbits are
chosen corresponding to a matched input beam, as
determined numerically with the KV envelope equa-
tions. We have made a number of approximations to
speed up the calculation. These include

a. Forces due to image currentos in the bcam
pipe are ignored.

b. The quadrupoles are idealized - they have
no higher multipole components and their
magnetic fiecldo otart and cnd abruptly.

¢, 'The beam can be represenred by a small
number of orbits (usually 249), and a
culuff on the interparticle force can be
used as discussed above.

Approximations a and b are not essential, and we
can easily investigate their effects in future
work. Computer time limitations do not permit a
major increase in the number of.orbits carried
since computing time is very nearly proportional

to M2. This limitation can be circumvented by
changing the method of calculating the space charge
force, and will also be examined in future work.

As mentioned above, each random sample of the
initial orbits represents a different perturbation
about the KV distribution. In order to allow for
different perturbations, we repeat the calcula-
tion for each value of Q1 with several statisti-
cally independent samples. In Table V-F-10/1 we
summarize our results for the percentage growth in
¢ in the first period of the FODO structure. For
comparison, we give numerical values for the beam
enveloE§ growth rate calculated by Laslett and

Brady( from the theory of Refs. 2 and 3.



Table V-F-10/1. Emittance Growth in One Period(2)

Percéntage emittance growth(b) ) .
Ret. &

Q1 1 2 3 4 5 Results(c)
.31 0.0 0.2 -0.3 0.0 0.0 0.0
1.00 1.3 1.8 0.1 0.6 1.0 2.8
1.35 1.9 3.5 0.4 1.7 4.4 26.9
2,20 4.7 9.3 0.1 5.3 4.8 { 22.2
: . 28.3
4,00 16.9 27.3 6.6 16.2 17.0 { 32.2
. 23.0
5.00 32.4 38.4 12.4 25.3 25.8 28.9
: ' {173
23.7

(8) Samples of 249 orbits.

(®) The various columns, represent different sample
The initial orbits are basically the same in
each column, but scaled to the proper matchlng
conditions for each Q

(c) . L 1
Multiple entries for one Q" value represent
growth rates for different initial
perturbations.

CONCLUSIONS

Our calculations indicate beam emittance
growth at high currents for space charge densities
similar to the KV distribution, in qualitative
agreement with the Berkeley work. (2,3,4) From
Table V-F-10/1, it appears that growth rates of
the instabilities may be significantly smaller
than the Berkeley results, except perhaps at the
highest current (Ql 5.0) studied.

The initial rapid growth in emittance ‘appears
to damp out rapidly in the few examples studled
as illustrated by Fig. V-F-10/2 which also in-
dicates that our qualitative conclusions are not
strongly sensitive to the small size of the gam-
ples studied.

The need for further more detailed studies is
clearly indicated. 1In particular, we plan to
study the.propagation of beams whose initial phase
space density is more characteristic of physical
particle beams than the KV distribution.

S.
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G.

1. THE EFFECTS OF THE LONGITUDINAL SPACE

CHARGE ON BUNCH COMPRESSION
T. K. Khoe

INTRODUCTION

Expressions are derived in this note for the
voltages, times, and drift distances required for
longitudinal bunch compression either in a single
pass device followed by a drift space or in a
ring.

Assuming a parabolic linear density distri-
bution, the longitudinal spdce charge force on a
particle at the end of a bunch is (S. I. units)

where N is the number of particles in the bunch,
q is the charge state of the particle, 2L is the
bunch length = B c A t, and g is a geometrical

factor. For a cylindrical bunch of radius a and
length 2L (L >> a), we f1nd
g = Iln &—i—k with no vacuum chamber
(free space)
g=1+21n E in a cylindrical vacuum
chamber of radius b < <L
g=1+21n %% halfway between two paral-

lel plates; distance be-
tween the plates h < < L.

BUNCHING IN A STRAIGHT LINE

Defining a longitudinal beam emittance byv
the relation

NN I
. ] 2y o o

one can write the differential equation for the

longitudinal beam envelope variation in the form

2 2
€

== 4
2 L3

3N q2 r, 8

oA YS a2 L2

(3)

where

1y
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LONGITUDINAL BUNCHING

A is the atomic weight of the particle;
2.

e -

r =————2=1.547x10
4n €, ™ ¢

18m, and

mc2 is the rest energy of a nucleon (931.5

MeV) .

Multiplication of Eq. and integration

gives

(L
ds

dL
(3) by 52

’

2

- -y - e -

%)

where

2 3N q2 r 8 ’
- )
2 Ay 8

The bunch length has a

Tlnlmum value when 3— = 0.
Using the relation L‘

B c A t, this gives

2 2
(%%)o M ( c A t ) {1 - (___iﬂ) } +
2 'At
AhGege)e o
Now ) _
@) - ) atily. o

where U is the buncher voltage and T is the. kinet-
ic energy of the particle in the center of the
bunch. Substituting Eq. (7). in Eq. (6) gives

2 2
(y(\lf-f- 1)g;U) =(Bc2A§ >

min
1, . (Atmin) i
] At
o

G-

Substituting equations (2) and (5) in equation
(8) and solving for ey s we obtain the expres-
sion for the buncher voltage,

Atmin

At
o

(29)
B c At
min

>’ (8)




o= | [ () b, )2 1_(‘“mm)2]
» Yd P/ o8%min _ Ato |
LS N3r ;y + 1) 0 2 tmin) 1/2 ©
Ay 8 cbt to

To find the drift distance one has to inte-

grate Bq. (4). First this is written in the form
dL _ 11 . 2 2 2
where
2
R i
¢ <ds> + Lo + \L )

Performing the integration, we find

), L
o o

' 1/2
2

.- 2 Q2 L. - ez]
mln min

v

-1

C

r

(QL -jCL
4o b

S \ds

| (10)
= (dL\ - - 0%
/e (ds)o Ly €L, - Q

27

_SJ

=1
=3 B c At

N

n
e -2k V21
- min . min

-1 .
where Lo 2 B c Ato and Lmin min® In

the case that Lo >'> Lmln
(2), (5) and (8), that

x_ﬁx+_1)__
- q el L

we find,

1

. (1)

The requirements are illustrated by the following
example. Taking A = 238, q = 1, T'=_150 GeV,
= 1.6766, v B = 1.346, Otmjn = 1078 scc, At

2.9 x 108 (AR) —_/_AB> - 1.56 x °

P Y f\ me

and g = 2, we find %ﬁ

180 MV and S = 11,262 m.

sec, o

1074, N=2x 1013

10 3

1.2 x

2

, or U=
BUNCHING IN A CIRCULAR COMPRESSOR

For bunching in a ring, the longitudianl
emittance can be written in the form

e =0 ¢ 38 dAé

hT];DAAé%R, " (12)

where h is the harmonic number = number of

bunches in the ring,

P R L
= 2' a8 - -
. Ye Y yx v y

Yi T transition energy

is the number of radial betatron
oscillations per turn,

v

using equations

‘and A ¢ =

(g
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E_S.
R

w is the rotation frequency ,

R is the mean radius of the compressor,
and . :

h B c
2R

A‘é = ot

The différential equation for the longitudinal
beam envelope becomes

2 22
4 b4 +afag -L - =013
dt Ad Ad
‘where
2
2 _fc Ll | e U
o () 2 (16
2TY A m ¢
, 3na el fe .
Q = 3 (15)
2Avy "R
U = bunching voltage per turn

The definitions of the other quantltles ‘are
the same as the preceding sections.

Inltlally 02 a4 -

d A é)
)

dt
P 2
minimum value when Q° A ¢ -

d b é

> 0, and It

reaches its

decreases. If (

= 0 and

starts increasing since 4 # continues to decrease.
. _ d _
one has AddA— A ¢min when rral 0.
hand if/ > > U, one has 4 ¢ = A ¢
o max

\ dt
d jté = 0 for the first time.

on,

On the other

when

From this point

520,

is equal to zero

the bunch behaves as in the case of (

A g
4 ¢‘min dt

when
again.

Ad
dt

Multiplication of eqdation (13) by

and lntegratlon give

d A4 d A é 2 2 2,
( dt ) ( dt )o a (A by - 88D+
1
2q? (- \+e (5 - —5) a8
\Aé A 2 A ¢2'/
- o
To si 11[y the discussion, we assume that

1
3§ In this case,. we have

QZ ( s éz - A diin ) T A ¢02 A ¢min<A¢ min)
+ ( 4 ¢o Z dmin )2 ( 4 éi -8 ¢iin ) '



Y

ince A éo -4 ém. # 0, this equation can. be re- For an example, we take
uuced to n :
’ 2
2/ . 2
? (o +od. Vet —u
\ o min A ¢° A émin . ,n | = 0.35, h = 20, N
[ . 2 ‘>, ’
( AdAS . \ ( s do +4 émin ’ A ¢
o 'min

From Eqs. (11), (13) and (14), we derive

.A =238, y=1.6766, 8 =0.803, q =1, R = 318.3 m,

2 x 1083, ag . = 0.0784,
mln M

0.224 and (A—PP- )0 =1.56 x 10°%.

(o]

2 These give
3 Ngqgh r, g

= U ' -5
2 3 7 ) € = 3,916 x 10 ~ +
2w yame® AYRAGLE (8B A 2y Amc
2 2 -
h I'nlag Ap : - : -
+ — ( 7 )o . (17) 1.785 x 107> = 5.7 x 107
q 4 dmin

or

U=133MV

To find the unchéng time, we integrate equa-
tion (16). with (4.8

at = 0, Eq. 16 may be
vritten ' To calculate the bunching time, we have
daéd_ .0 by e gy - S M =024, o = b g = -
dt e (b 8) +c(aé) - o A ¢o 0f224’ @, = 4 ¢min 0.0784, oy
- 2 2 _ .2 B . i - -1 B °
2 (g) A g - (5\ ]1/2 (18) -0.0195, .= - 0.283, k* = 0.436, sin = k = 41.3,
where ‘ sin"l k' =48.7°, 4 = 43.9°, 0 = 1.88 x 10%;
' ) ] K (k) = 1.803, E (k) = 1.382, F (4, k') = 0.81
A C=A“‘§+AL¢ <§)2+<AZQ)2' '
: AL . o and E ($, k') = 0.727.
Integration of equation (18) gives These give
Qt = 2 @, K (k) + 0 t, = 2.2 or t, = 117 y sec (al4 turns?.
b l‘~< C o) (a - )1 1/2
LA\% 79 ) %2 ™%/
o, - o, \1/2 r :
212 [Lm) - KW [ F (4, K +
@, -«
1 2 .
K(k) E($; k' )] ‘ Qa9
wﬁere o> az, 03 and.lor4 are the roots of the equa-
tion
sgt - coadt+2 (g—)zAé&(—é)ZEb'
and s

@ > > a3 >q,
K (k), E (k), F (4, k') and E (4, k') are elliptic
functions where ’
(‘* '“)(0’3'%)
R s e waree SINCORID
(o1 7 ) (2 ) ‘
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2. BEAM BUNCHING IN A FINAL STORAGE RING

Glen R. Lambertson

In this note, we consider the possibility of
carrying out the final bunching of a particle beam
for heavy ion fusion in a storage ring or synchro-
tron using parameteres as follows:

Total kinetic energy Q = 1 Magajoule

Kinetic energy per particle = 35 Gev

Burst duration on target At = 6‘nanosec(a)

Particle mass (Bismuth) . Amp = 209 MP =
196 Ge_V/c2

Particle charge qe = 1 e

Ring radius R = 400 meters

From these we calculate for later use

B =v/e = 0.529
vy = -pH M2 . 1.18

N =1.78 x 10%*

total particles

For the bunching calculation, we shall use

. the approach of D.  Judd 1 in which the length L
of a beam particles acted on by an electric field
with linear gradient dE/d{ = 2Epgx/L evolves ac-

cording to the equation [MKSA units]

d2L 2qe [ 6gqeN :I
=+ ~1E - -
max 2.2

Z 3
de Ampy (4ﬂeo)Y L

2
4ce£ 1. )
( 3 ) 3=0 : M
where the geometrical factor g ~ 1.5,

1

- 9
4n€° =9 x 10° meter/farad,

and mg,;= longitudinal emittance area in (z,A4By)
space. This equation may be adapted to motion in
a ring under the action of a sinusoidal voltage
V sin h6 per turn with N/h particles per bunch
by setting * :
oy ™ 9!53 , (with %%5 < 1 for iinearity),
4TR | .

and replacing Y'3 by ('“/Y)=(Y-Z - Y;i)Y-1§

N by N/h, and ¢, by ez/h.

2

Following Judd's definition of dimensionless

(a) Beam power .during the six nanosecond portion
of the pulse should be 100 terawatts. The
use here of 1 magajoule, or 170 terawatts
may be regarded as an over-specification
affording some degree of safety factor.
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variable, the equation becomes

2
94t pp2-2s5,3 -0 @)
2 2 .2
dt
in which

p = L/LO

T = t/T

L =Lat t =o0
(o]

6 29 eN 4rR?

: 2.2 .3
(4ﬁ€o)Y h'Vv LO

P =
2 2, 2
16 Ampc (rﬂ)ez 4mR

S = -
qevh3 v Lda

) 2
2 Ampy 4R

T = Zqe(-DRV

For oﬁr case, assume S << P to allow dropping
the emittance term and let dp/dT = 0 at T = 0., A
first integral is. then :

@ -ap (-5 . - o

If most of the bunéhing takes place while circu-
lating in the ring and a large compression is ob-
tained, as needed, then P << 1 and the final mini-"’
mum bunch length is approximately (as found by
Judd)

Prin = 2P. . (4)

From this result and thc definitions of P and
p we can calculate the voltage per turn, V, needed
to produce a 6 nanosecond bunch of length

Lmin=BcAt=(O.529)(3x108)(6x10-?)=0.9525 meter.

The beam must initially have a bunching factor Bgf
of about 1/4 to assure linearity of the bunching,
field used. This initial length is .

2TRB .
Lo = — with Bf 1/4.
Substituting in Equation 4 we obtain
12 g qgaN

2
(4ﬂ€O)Y Lmin ﬁ(Bf)

vV = 3

_ (12)(1.5){1.6x15'19)(1;783x1014)(9x109)
- (1.39)(0.9525) m(1/16)

17.78 MV/turn. .

To supply-this bunching voltage with r.f.
cavities, assume that 207% of the circumference
can be filled with cavities that could provide an
average vgltage gradient at frequency. f of
50(£/106)% kv/m. In a full turn, then, bunching
voltage would be



%

<
[}

(0.2)(2nR)(5x104)(th/ZnR 106)

/2

1
6.31 h MV turn

In this case, h = 8 would be needed to give 17.85
MV/turn at a frequency of 0.505 MHz.

Before adopting a harmonic number, we must
examine the transverse space charge conditions
during the bunching in the ring. We shall propose
that some final bunching shall occur after leaving
the ring in 1200 = 628 meters of transport to the
target. While still in the ring, one could hope
to bunch to the point where the space charge fields
sh}ft to one-half its normal value, i.e.

Av®/v® = -0,5. - This limit, if permissible, would
allow -a maximum bunching factor while in the ring
given -by:*

. 2 2
1 g
< (mpye) ALY Lo ()
f ' q Nrp v :

Use Bye = 10-5 radian meters emittance

v~ 10
rp = 1.53 x 10-18 meter
Then % = ﬁlO-s (209)%2{529)(1.3?1210)
f (1.78x10" ") (1.53x10 " ") (2) .

= 88.64

(For comparison, the value for Av = 1/4 is 1/Bg =
8.86,, smaller by just the factor v = 10). At the
target we must have a final bunching that would
correspond to

_ 21TR . 800 1

1 - _ 2639
B hL
t min

0.9525 h  h

A detailed and correct treatment of the bunch-
ing process will not be attempted here, but it will
be useful to note that over the major part of the
process in the ring, the bunch length is given by
the approximate integral of equation (3)

pwcos T/ /2 ' '(6)
This expression gives the approximate bunching time

as T = 2,22 T, An evaluation of T gives

_ 317 -6

T n x 10 sec.

Hence the bunching time is about

* This formula neglects the substantial change in

v when A is large. Hence it underestimates
the allowed limit by a factor 2, -1/2
: . Av
1+ —
2
v
[¢]

-1/2 ‘
(1-0.5) /_%/5. Alternatively, one could say that
the numerical results above corresponds more
correctly to a-change of v from 10 to 7.81.
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t = (2.22) 3%1 x 1076 - 104

10 = —;— microseconds.

In terms of turns in the ring this is

%%%; = &ﬁﬁﬁl turns.

A drift distance to the target equal to one
quarter turn occurs outside the ring and we may ask
what value of h would permit the bunching to be
less than 88.6 at extraction., Using the approxi-
mate equation (6), we find that the harmonic number
must be greater that 5.1. The correct bunching
formula will require a larger number,. so the space
charge condition'as well as.the need to raise the
r.f. cavity frequency indicate a value of h = 8,
which we shall adopt.

The parameters of the bunching process .are

then:
= 8, frequency = 0.5053 MHz
V = 17.85 MV/turn, e.g. 503 m (20% of circum-
ference) of cavities at 35.5 kV/m
Bunching at start =4.0
at extraction = 56.6
.at target = 329.9

Bunching period in ring= 5.53 .turns

Distance to target = 0.25 turn = 628 meters
The foregoing has explored only bunching by
r.f. cavities in the ring. Stronger fields could
be generated by pulsed cavities, but no examination
of the use of pulsed cavities in a storage ring has
been made. Pulsed cavities could, of course, be
used in the external transport lines to augment
and complete the bunching initiated in a ring.

Reference

1. D. Judd, paper IV-C-3 in this publication.



H. VACUUM CONSIDERATIONS ' _ ~

1. SUMMARY’
D. Blechschmidt and H. J. Halama

INTRODUCTION

The vacuum system for Heavy Ion Fusion ma-
chines can be divided according to pressure into
4 parts:

a) Ion Sources

-b) Linear Accelerators

c) Circular Accelefators, Accumulators and
Storage Rings

d) Reactors

Since ion sources will need rather convention-
al pumping arrangements and reactors will operate
with greater pressures, depending on their mode
of. operation, only items b and ¢ will be treated
in this report. In particular, the vacuum system
design will be suggested for the machines pro-
posed by various scenarios arrived at during the
workshop. High mass numbers will be assumed.

From the vacuum point ‘of view, the selection
bétween the linear and circular machines will be
determined by the beam loss and hence by the mag-
nitude of cross sections for various beam-beam and
gas-beam interactions. Since these cross sections
are known to within an order of magnitude,
the vacuum design is accordingly only approximate
Very high cross sections at small ion velocities
will, however, impose a lower limit on the oper-
ating energy of circular machines, i.e. E > 1 GeV.
‘Higher charge state (electrons in first shell
completely stripped) should be favored.

Since, in linear accelerators the ions travel
in straight lines, these machines have a signif-
icant advantage over circular machines.

CROSS SECTiONS AND LIFETIMES

The lifetime .and quality of an ion beam is

_governed by the interactions of ions with the
residual gas and with each other. To date the
relevant cross sections are not well known. Only
a few experimental results exist and theoretical
data are not abundant. Nevertheless the assess-
ment of vacuum requirements is based on.the know-
ledge of these cross sections. Predictions of
beam lifetimes for a given vacuum system to better
than one order of magnitude are practically 1mpos-
sible under present conditions
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We have therefore attempted to set up some
useful and simple relations allowing a reasonable
guess of cross sections for vacuum purposes. They
have been established from experimental(l }(2) and

theoretical (1) (3-6) results. Besides the above
references the discussions with Y. K. Kim during

the course of the workshop were very useful. To

a theoretician they might look like a brute force
approach, yet they give figures which rarely differ
from cross sections published- elsewhere by more
than a factor of ten.

a) Multiple Scattering

Multiple scattering leads to emittance blow-
up. This is usually more deleterious than the
subsequent particle loss to the vacuum chamber,
in particular if the chamber diameter is large
compared to the rms beam size: the beam loss rate
may be small and the pressure rise due to wall
desorption not excessive, but ‘the beam size might
grow to beyond a tolerable limit.

The time during which the rms amplitude of

the beam in nitrogen gas grows from zero to X
(em?) is given by 7

IS S -
MS 2 :
) <B> pq

The ion energy and charge state are denoted by
E(GeV) and q, the structure function is given in’
cm and the residual gas pressure in Torr N -
equivalent. The blow~up rise time is pruportional
to the sguare of the residual gas atomic number,

i.e. o ZT

b) Nuclear Scattering

Ions involved in a scattering event are
immediately lost from the beam, either by being
scattered into a large angle or by losing a large
fraction of their kinetic energy. There is, for
nuclear scattering, an energy threshold (which
can be derived from Xxion < target nucleus) of the
order of a few MeV/amu. Beyond the threshold,
cross sections vary strongly over the energy
range and can be considerably higher. For rela-
tivistic ions the cross section in nltrogen gas
is approxlmately

-25 2/3 -2 2
. em

oNSNlbxlO A B



there A denotes the ion mass number. The nuclear
sca?tering cross section scales approximately with
AT2 3 where the target mass number is Ap. :

The beam lifetime t is then obtained from the

relation tTBcon = 1, with n = number of gas nuclei/
cm”, hence '
T lx100 P g
NS
. : 2/3
Ap

for nitrogen.

c)

Residual Gas Ionization

Ionization of the residual gas does not
directly lead to beam loss because of the small
energy loss involved. However, the electrons
produced in these events tend to accumulate in the
positive space charge of a dc beam and hence may
lead to destructive plasma resonances. In bunched
beams they give rise to multipactoring or similar
effects since under certain conditions they can
never escape to the wall before they are pulled
back by the next bunch. An effective clearing
system must, therefore, be provided. A second,
even more dangerous mechanism is the bombardment
of the vacuum pipe wall by positive ions created
and accelerated by the beam. These ions are highly
efficient in desorbing gas from the wall, enhancing
the ion production rate further and eventually
leading to vacuum breakdown (pressure bump) as
observed at the CERN-ISR.

Theoretical cross sections are available and
can be used to extrapolate from low-energy data.
For protons up to 28 GeV the agreement is very
good, For nitrogen we have very approximately (8)

o. =8 x 10-19 B-Z ZZ/3 cm2-

i I
. . . 2/3
The cross section varies about with 2t where
Zr is the target atomic number. Hence the ion
production rate ;

-1
sec .

9 )2/3 -1

1/7_. =1 x 10" pzZ 8

I

For U1+ for example at 1 GeV and at a pressure of
10-H Torr, 1/t = 2 sec~! which is’as serious as
operating the CERN-ISR at 2 x 109 Torr. Assuming
a maximum acceptable momcntum gspread of AP/P = 10-4
and an average energy loss of 10 eV per ionization
the beam lifetim is =~ 1% hours. 7
d) Charge exchange with the residual gas

This is from the vacuum point of view the i
most serious limitation to beam lifetime. 1In a
guiding field the change in the ions' charge state
entails its immediate.  loss from the beam and con-
sequent bombardment of the beam chamber. Little

is known about the effect of such a high energy-
bombardment except that most of the energy is
transferred to the bulk of the chamber material
wherce it enhanees the outgassing rate'’’, The

surface desorption yield may not be much larger
than that caused by the ions accelerated in the
beam space charge field (11). The increase in
bulk outgassing may be considerable and it is
doubtful whether the vacuum can be kept stable over
a sufficiently long time. Other problems are
induced radioactivity, metal sputtering and ab-
lation of the chamber material.

Stripping and capture cross sections are not
well known. ‘A review of experimental data is
given by Betz , together with some semi-empiri-
cal formulae. More recent theoretical investi-
gations have given additional information (4) but
experimental results are scarce.

The available data can be obtained using
"brute force" relation for the stripping cross
section for nitrogen gas .

°S ~9x 10-19 q-2/5 B-Z cmz,
and for capture cross, section

10

.

o~ 3x -28 qs/z 67 el

The formulae have been checked with both experi-
mental and theoretical results and were found to
agree to within roughly one order of magnitude
for g > 0.01, q < 30.

The corresponding lifetimes are

T = 6 x 10—10 Bq2/5 p-l sec
and
T, == 286q-5/2 p-l sec.
C
e) Intra-beam charge exchange

This process is not directly a vacuum prob-
lem, since the beam loss is not influenced by
background pressure. However, its occurrence very
seriously affects vacuum performance due to the
wall bombardment by the high energy ions lost from
the beam and hence reduces the beam lifetime via
the other mechanisms. The corresponding cross
section is relevant in the low energy range,
typically at a few keV/amu is almost geometrical
and can be estimated from .

2 2

8nm 2 _ -16 n 2
Op ~ 3 ao =2x 10 Z cm

Nl:l

where n is the number of the outermost shell oc-
cupied by an electron. The beam lifetime using
the relations of Barton or Mills (10) is then

3 .
3x10'352_@£

" 3
T > 4(32) /ééz—ﬂ sec
. =] .

E I' ay Iyn :



LINEAR ACCELERATORS

Even though various types of linacs could pro-
vide the total acceleration required for heavy ion
fusion, they are.most essential at low energies.
The reason is that ions lost from the beam do not
end up on the walls of linear accelerators as they
do in circular machines. These losses can be
quite substantial as various cross-sections for
ion-ion and ion-residual gas interactions are very
high especially at low energies. For the design
of vacuum systems we will, therefore, consider the
energy range from 1 MeV_to 1 GeV which corresponds
to beta from 3 x 1072 to 0.1. At higher ener-
gies and higher charge states the cross-sections
get smaller which results in a smaller loss.

It is obvious from the previous chapter (d)
that the loss of ions having low velocity is de-
termined mainly by stripping at low charge state
and by electron capture at high charge state. The
pressure independent loss due to charge exchange,
will be influenced by ion density and other char-:
acteristics of the bunched beam and is, therefore,
the hardest to estimate. It has to be added to
the loss computed below, but its magnitude will
be small in the linacs under consideration.

Let us set a limit on the permissible ion
loss inside the linacs % = 1% and calculate the
required pressure. The charge exchange might
make this loss slightly higher, but since the
cross-sections are only known within an order of
magnitude, large uncertainties are to be expected
in the numbers obtained. This fact makes the
cross-section measurements mandatory before a
realistic vacuum system can be designed or priced.
For a 1% loss:

-2 16

=10 =3.3x10 " LPo,

o

B
where L is the length of the machine in cm, P is
the pressure in Torr and g is the cross-section
in em©.
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3x 10 cm2 (Ref.

If we take ¢ 12) and

= 200 m,

P

5 x 10“9 Torr.

Assuming realistic apertures in the drift

. tubes, the ions which slip out of phase with the
rest of the beam will most likely pass through
the .length of 200 m without hitting the drift
tubes. Their effect on blow-up, etc. should,
however, be studied. At the end of a 200 m long
section, the unwanted ions can be removed by S
using 3 bending magnets and a slit. To achieve
an operating pressure of < 1 x 107° Torr will re-
quire that only metals and ceramics be used in-
side the tanks.

A possiblity of a2 minimum in situ bake-out
of 130° C should be provided when de51gn1ng rf
structures.” Sihce the final pressure in this
range is determined mainly by the surfacc phasc,

m—

rather than the bulk condition of the materials
used, aluminum, copper and stainless steel would
‘be good. Aluminum should be sputtered with titg-
‘nium nitrate to avoid multipactoring. Sputter
, ion, titanium sublimation and cryopumping with
,large capacity would be suitable.

Assuming linac tanks of 1 m diameter, the re-
quired pumping speed S = AQ. A = total area and
= outgassing rate. For a 10 m long tank, P =

3 x 107 Torr and Q = 1 x 10-11 Tyg/s cmz,

S ~ 1000 g/s .

The outgassing is likely to increase during the
rf operation due to beam loss and possible multi-
pactoring. However, a pump with a pumping speed
of 1000 to 3000 £/s should be adequate, for each
10 m long tank.

CIRCULAR MACHINES

Three scenarios have been presentéd at this
workshop, one by the Low-B Linac, one by the In-
duction Linac and one by the Synchrotron working
group. The data relevant to vacuum design are
compiled and compared with ISR figures in Table
I, assuming P = 10-10 Torr,

a) Average Static Pressure

The table shows that all. scenarios seem feas- :

ible from the vacuum point of view, if it is pos-
sible to maintain a pressure of 1010 torr at
maximum energy deposition by the ions lost from
the beam. Even though this could be as high as
140 W/m, it is not unreasonable to believe that
10-10 Torr static pressure can be maintained, if
oufficient cooling is provided. The average
pressure is

<P =~ P+ 50 Q (L/r)z Torr

with the outgassing rates Q (Torr £/s cmz), the
distance between lumped pumps L (w) and the circ-
ular beam pipe aperture radius r (cm). Assuming

= 3.10-12 Torr, Q = 2 x 10-11 Torr 4/s cm?
would be needed which seems possible under the
given conditions.

b) Vacuum stability

The pressure rises exponentially when a
bunch passes along the beam pipe, if the net
number of gas molecules desorbed by ions generated
from the residual gas is greater than unity or if
particles are lost from the beam. The number of
particles lost from the beam per unlt length of
vacuum pipe and per unit time is

v

1
N, = ———
B eBeryge

whereas the number of low energy ions bombarding ~ ‘-

‘the wall is .

I
NI cBCTI
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Table

Scenario Low-B Linac Induction Linac Synchrotron IRS
Type of Ring Accumulator Accumulator Synchrotron Storage
ring
Energy (GeV) 7.4 120 20(2.2 1 2 - 35 26
Beam Current (A) 4 1 20 2 40
Ion Xe+3 Hg+1.Hg+3 X.e+3 U+1 Hg+1 H+1
B =v/c 0.34] 0.46 0.19 0.093 0.14 - 0.6 1
Ring radius (m) 50 | 300 100 | 50 20 400 160
a a
Vacuum aperture r (cm) 6 ) 6 6 ) 4.3
Emittances (mcmmrad) 0.2 2 3 3
<> (m) b 20 20 20 20
- pump distance (m) a) 2 2 2 2.4
1 mm - blow-up time 600 | 700 § 70 0.9 1.7 > 7 1100
(min)
Nuel. Scatt. lifetime 2200 1200 400 > 700 1.6x10°
(min)
_ Gas-ion Production rate 40 ) 4 |.35 65 22 13 0.1
(sec_l)
Stripping lifetime 3 3 4 2 0.6 > 0.8 -
(sec)
Capture lifetime 550 | o (3400 17 3% 41 ®
(hours)
Charge-exchange 10| &4 12| 43 2 30 -
lifetime (s)
Total lifetime (sec) b) 2.30.7 }2.9/1.9 0.5 '>0.8 1 x 106'
Accumulation time 320 1.3 | 16| 110 0.35 - 5 15%) 108
(ms) ' .
/(10”7 Torr 4/sm) 3p.2 | 2| 2 30 1.2 0.02

a
) assumed values

b

duction

?) assuming AE/turn

50 M

) Teor = L ZI/Ti J without

eV.

gas-ion pro-
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The beam induced outgassing "switched on' by the
bunch is therefore

-10 I 1 1}[
= T(N_ + N_) =6 x 10 n—l—+— orr £/s
@= B I) * BT I »

assuming a global desorption yield T(mol/ion).
Vacuum stability is only possible if sufficient
pumping speed is provided by distributed or lumped
pumps, i.e. if

2
. (o1
Q< ( slin M 2 ) P

where C is the beam pipe conductance per unit
length. It is realistic to assume a lumped pump
system Cr¢/L2 =~ 500 #/sm and Syj, = 1000 &/sm,
hence Qpax = 1.5 x 10-7 Torr 4/sm to maintain
vacuum stability. The Q-values expected are given
in Table I.

For the machines where the accumulation time
is short compared to the repetition time, it may
be possible to let the vacuum break down and to
wait for recovery after the bunch has been ejected.
The pressure rise time, which must be long com-
pared with the accumulation time, is

2
- Q. Crm_
‘T—F/[P (Sun*’LTZT )]

with F being the beam pipe cross-section. With a
rise time of about 1 s, i.e. larger than the ac-
cumulacion time, and

cn & 2
§,., + =— = 1500 £/sm (15000 cm"/s)
lin Lz
-6 R
Q «< 10 ~ Torr 4/sm
max

could be possibly tolerated.

It seems that vacuum stability could be
achieved in all scenarios except for onme of the
three accumulators. in Induction Linac group, pro-
vided T| < 1 can be maintained.

CONCLUSIONS

1. The inadequate knowledge of cross-
sections prevents us from making a more concrete
vacuum system-design. Experiments leading to
trustworthy numbers for charge exchange, stripping
and capture cross-sections are badly needed and
should start as soon as possible.

2, In linacs, beam loss will be almost
directly proportional to the pressure inside the
tanks. The tanks should, fherefore, be built in
such a way that they can be baked-out in situ to
improve their vacuum, especially if the cross-
sections turn out to be higher than anticipated.
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Using standard UHV techniques and existing pumps,
an even lower pressure than arrived at in this
report can be achieved.

3. The vacuum system design for circular
machines will be very difficult, and in some cases,
beyond the present state-of-the-art. Investiga-
tions in the following areas should be started as
soon as possible. ’

a) Strong linear pumping

b) Desorption and sputtering coeffi-
cents of high energy, heavy ions
when bombarding metals.

c) Radiation damage and other changes
in the properties of vacuum chamber
materials

The ions should stay in the ring for short
times only and their energy should be high.
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I. SYSTEMS/COST

1. SUMMARY

P. Grand, G. Danby, J. Keane, J, Spiro, D. Sutter,_
F. Cole, E. Hoyer, K. Freytag, and R. Burke

INTRODUCTION

The purpose of the meeting was to discuss
and develop cost-estimating methods for heavy-ion
fusion accelerator systems. The group did not
consider that its purpose was to make technical
judgements on proposed systems, but to develop
methods for making reasonable cost estimates of
these systems, Such estimates will, it is hoped,
provide material for systems studies, will help in
guiding research and development efforts by identi-
fying "high-leverage'" subsystems (areas that account
for-a significant part of total system cost and
that might be reduced in cost by further technical
development) and to begin to provide data to aid
in an eventual decision on the optimum type of
accelerator for heavy-ion fusion.

Prior to the meeting, Committee members had
carried out work on cost estimates at their own
laboratories, in some cases by scaling from recent
construction and in others by detailed itemization
of components. A number of accelerator examples
were provided- for this work by the Chairman. At
the meeting, the results were combined to derive
unit costs for several different types of accele-
rator systems. This report gives the results of
these considerations.

The systems considered as examples are:

1. Injection System 2 MV
2. Widerde linac 2 MV to 1 Gev
3. Alvarez linac 1 to 20 Gev
4, Induction linac 1 to 20 CeV
5. .Superconducting ac-

cumulator ring 1 Gev )
6. Synchrotron 1 to 35 GeV

7. Final rf bunching

8. Final beam transport to

target

These systems all accelerate ions of A =

2001+.

COSTING GROUND RULES

For the exercise the following constraints
were assumed:

Costs are in 1977 $ only.
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2. It is assumed that previous R&D effott has
solved all the problems.

3. .These costs make no provision for costs of
real estate, site preparation, long-distance
water and power procurement, or costs of
EDIA (engineering, design, inspection and
administration). Site development costs will
be included in building and installation costs
will be included in components.

4, To make things easier for further reference,
the total cost are broken down into obvious
packages such as: Accelerator structure,
rf power, magnets and vacuum system (for
circular machines), tunnels, service buildings,
etc.,

5. The costs are also being prepared so as to
make it convenient to change system parameters,
therefore, one should be able to derive a cost
per meter of machine, or MW of rf power, etc,
This should allow cost extrapolation for

. different systems.

6. 1t is obviously impossible to cover all the
options talked about during the workshop.

The concepts described for costing are all
based on A =~ 2001%, Although some may argue
that other masses and charge states should be
considered, it is quite clear that if we have
good unit costs, the machine parameters can
be changed and the costs adjusted readily

to reflect the changes. So at this point

in time for the sake of simplicity, we stick
to the case of singly charged ion.

-7. In order to provide a common basis for the

approach to cost estimating, we assume that
we are building one facility only and that
it will be built at a national laboratory
following standard national laboratory design
and procurement procedures.

8. The cost of "boilers" is not to be part of
this exercise, we are concerned only with
the accelerator system and beam transport.

INJECTION SYSTEM

These estimated costs are derived from
quoted prices of equipment. It is assumed that
the power supply is SF6 insulated.

WIDEROE LINAC

The low-beta linac is assumed to be a
Wideroe linac in three sections, doubling in fre-
quency at appropriate energies. The linac will
be in the form of a "tree" with four sections
filling all the buckets of two second sections,



which fill all the buckets of one third section. Costs for the Widerde linac were estimated as
Parameters of the sections are given below. follows:

Table V-I-1/1 Injector Estimated Costs. (i) Structure (tanks, drift tubes, quardupoles,
vacuum, support and alignment, etc.) costs
Estimated were scaled from updated Brookhaven and
Item Cost (K$) Fermilab costs (including installation) and
compared with a detailed estimate. The two

methods are in reasonable agreement.

i:ﬁvv zz:ziei:zziy column 1288 (ii) RF costs are taken from quotations supplied
Ion source 8 300 by private industry. Quotes as low as
1+ $0.10/W were received, but a figure of
(50 mA of 200 " ions) &
Beam Transport (including 600 {ii $0.15/W was used. d d £
bunching and dlagnostlcs) (iii) Beamltransport 1<;osts were derive rom a
Building (5000 ft2) and . 500 LBL layout of the systems.

(iv) Controls costs are taken as 10% of the

services Total 3500 other technical -components.
ota - (v) Costs of conventional facilities are esti-
. mated as follows (with costs in thousands
Table V-I-1/2. Widerde-Linac Parameters. . of dollars per meter of building length):
Section 1 2 3 : . (a) Site preparation and 1 k§/m
. excavation ’
No. of tank trees 4 2 1 ) (b) Structure (35 ft wide) 6
Tank length 30 100 600 m (c) Shielding 3
Frequency : 7.5 15 - 30 MHz (d) Mechanical services 4
Current 25 50 100 mA and Cooling
RF power (e) Electrical services 3
Excitation power 0.5 8.5 56 MW Total 17 k$/m
Beam power 0.4 6 90 MW »
_Total power . 0.9 14.5 146 MW From Table V-I-1/3, we can find the total
Average electrical 0.5 1.5 1.5 MV/m estimated cost of a Widerde "tree" to be $122,6
gradient . million, without site, EDIA or contingency.
Final kinetic 15 140 1000 Mev .
energy Tout '

Table V-I-1/3. Widerte Linac Estimated Costs.

Section 1 2 3

1. Structure

per unit length 120 90 80 k$/m .
~ per tanl 3.6 7 ) 36 M$
2. RF
per unit length 5 22 36 k$/m
per tank . 0,15 ' 2.2 22 M$
3. Beam Transport
per tank 1 1.7 1.7 MS$
4, Controls )
per unit length 12 7 6 k$/m
. per tank 0.36 0.7 3.6 M$
5. Conventional facilities :
per unit length 17 17 17 k$/m
per tank _ 0.51 1.7 10.2 M$
Totals. ’ :
per unit length#* 154 136 139 k$/m
per tank tree 5.62 13.3 73.3 M$

*The total cost per unit length includes no beam transport, because this item is added as a unit,

ALVAREZ LINAC . There is no beam-transport item in the cost
estimate, because there is no tree and the small
.-The design assumed here has only one branch; costs of transport between sections are absorbl
parameters are given in Table V-I-1/4. into the section costs.
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Fable V-I-1/4. Alvarez Linac Parameters.

Section 1 2
Tank length 7000 3500 m
Frequency 60 120 MHz
Current 100 100 mA
RF power
Excitation 450 400 MW
Beam 1200 700 MW
Total 1650 1100 MW
.Average gradient 2 2 MV/m
Final Kinetic energy T 13 20 GeV
< out
Table V-I-1/5 Alvarez Linac Estimated Costs,
Section 1 2
1. Structure
per unit length 100 70 k$/m
per tank 700 245 M$
2. RF
per tank 247.5 165 M$
per unit length 35 47 k$/m
3. Controls
per unit length 14 12 M$
per tank 94,5 41 k$/m
4, Conventional facilities
per unit length 17 17 k$/m
per tank 119 60 . M$
Totals .
per unit length 166 146 k$/m
per tank 1161 511 M$

Thus the total estimated cost of the Alvarez
linac to carry beam from 1 to 20 GeV is $1.67
billion, without site, EDIA or contingency.

1-GeV ACCUMULATOR RING

This ring is assumed to use superconducting
magnets. Some parameters are given in Table
V-I-1/6. These make use of a tight lattice design
sketched out by C, Leemann of LBL.

Table V-I-1/6, 1-GeV Accumulator Parameters.

Energy 1 GeV

Magnetic field

dipoles 5 T
quadrupoles 4 T (poletip =
. 39T /m)
Average radius 22 m
Circumference 137 m
Aperture diameter 14 cm
Revolution frequency 238 kHz

. prepared by E. Hoyer.

An estimate of individual components was
There is a problem in that
we do not know what the components of the multi-
+nrn injection system will look like and therefore
nd it difficult to estimate costs., To a smaller
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extent, this problem also exists for the extrac~
tion system. Hoyer has extrapolated from existing
systems to estimate a cost of $2.7M for the in-
jection system and $0.9M for the extraction system.
The costs of the remaining '"more certain' sub-
systems are given in Table V-I-1/7.

Table V-I-1/7 Accumulator Ring Estimated Costs.

Item Cost (K$)
1. Magnets 6400*
2, RF 100
3. Vacuum 400%
4, Support and Alignment 200%
5. Controls )
Computer 800
Control room 200
Beam monitoring 100*
6. Conventional facilities 1700*
Total 9900

*Scales with circumference

Thus, with injection, extraction, and the
extra rf needed to form one bunch for injection
into a linear induction accelerator, we might
estimate the total cost of an accumulator to be
$14M, without site, EDIA, or contingency.



These estimated costs give a unit cost of
$72 thousand per meter of circumference.. As an
exercise, we may scale this to the case of a 20-
GeV superconducting accumulator ring, with radius
120 m. If we scale simply by the ratio of radii,
we find an estimated cost of $54M. If we scale
the starred items in Table v-I-1/7, we find a total
estimated cost of $49M. The committee believes
that these estimates should be considered upper
limits, because the unit costs will surely decrease
as the ring circumference increases. It should be
noted that these estimates do not include injection,
extraction, final bunching rf, site, EDIA, or con-
tingency.

35 GeV SYNCHROTRON

that would fit
at the work-

The design chosen here is one
one of the HIDE scenarios proposed
shop. The cost estimate, based on the design
parameters given in Table V-I-1/8, are extrapolated
costs of existing facilities adjusted for escala-
tion to the present. '

Table V-1-1/8. 35 GeV synchrotron with room

Temp temperature magnets.,
.p =237 m R = 400 m
Bmax - l.7 Tesla

Aperture = 15 x 30 cm
€in = 2 mr., cm €put = 13.6 mr. cm
Bending magnet Width = 1,26 m

Length = 5.8 m
Mo bending magnots = 256
Bmin = 0.4 T Bmax = 1.
Injection energy = 2 GeV
No Turns .= 5 (@ 100 wa)

7T

Accel Time = 1 sec
Accel Rate = 2 MV/turn
Puwer at 1 TES -~ 70 MW
Vacuum 10~ Torr

Table V-1-1/10. Induction Linac Parameters.

Table V-I-1/9. Synchrotron Costs,

Mé 7

Power Supply ($0.1/watt)
N Magnet Steel ($1.17/#) 21
Coils 7 'S
RF and Accel Cavities 12
Quads. 7
Vacuum (k$4/m) ! 10
Controls (10% of hardware) - 2 .
Injection 1
Bldgs. 20
Miscell, 3
M$ 90

As with the accumulator ring these costs
can be extrapolated to different machine energies.
In this case, with a 400 m radius, the cost be-
comes about k$36/meter of circumference. 1t should
be noted, however, that changes in the design
parameters (such as: aperture, repetition rate,
etc...) will have an effect on unit costs.

The cost estimate of the above system was
prepared by R. Burke of ANL. As with the accumu-

‘lator ring the extraction systems are difficult

to estimate, they have been left aside in this
case, This also pertains to the pulse compression
(rf bunching) system. We have tried to address
ourselves to these special systems, but lack of
design parameters information made it impossible
to arrive at reliable numbers. After some dis=
cussion it was felt that these items might cost
the following amounts: :

1. M$ 1,5/extraction channel
2. M$ 0.1/m of beam transport channel
3. M$ 5/pulse compression system

(additional work indicates that this
cost might go up rto M$50)

These itoms do not appear in Table V-I-1/9
which lists the costs for a conventional A. G.
Synchrotron with a typical lattice only.

_ Length Length of
Incremental Pulse Core Packing of Ace, Transport Average
Volts Volts Duration- Type Fraction Section Section Cradient
Mv) (MV) {nsec) (m) (m MV /m)
200- 300 800~ Iron .25 375 94 0.64
500 400 ,
0- 00- ) .
7330 1500 200 Iron .11 1500 170 0.90
2000- 200- '
5500 3500 75 Ferrite .17 2333 467 1.25 ’
Fk : +
00 .
>500 1000 75 Ferrite .22 667 188 1.17

6500

Ak B
Included bunching in this section.
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INDUCTION LINAC :

The design parameters for the induction
linac assumed are given in Table V-I-1/10. Here
the linac consists of accelerating modules of
either iron or ferrite, depending on the pulse
duration, and quadrupole sections for the required
packing fraction. The paripeters given are typi-
cal for a 26 GeV, uranium ,1554C beam capable of
100 TW on target with two beams. - ;

Estimated costs per unit length for induction °

modules are given-in Table V-I-1/11, The iron
module estimate is based on a 500 nsec pulse dura-
tion; the ferrite core mbdule on a 100 nsec pulse
duration.

Table V-1-1/11. Induction Lingc Estimated Costs.

Iron Core Ferrite Core

. 500 nsec 100 nsec
Structure Pulse Pulse
Type Duration Duration
Structure 23 39 K$/m
Modulator 18 7 K$/m
Control 4 , . 4 K$/m
Conventional 13 10 K$/m
Facilities — _
K$/m

Totals 58 i © 60

Estimated quadrupole transport cost per
unit length is given in Table V-I-1/12. ’

*Fractional space required for beam transport
magnets. .
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-Table y-1-1/12, Quadrupole Transport Estimated

Cost,

Magnet System )
Vacuum 39 K$/m -
Support & Alignment
Control , 4 K$/m
Conventional 13 K$/m

.Facilities - :

Total 56 K$/m

Interpolating from the above cost figures;
an induction linac from 1 GeV to 20 GeV, Uranium

+4, is $262 million without site, EDIA, or con-
tingency.
Note «
The estimate for the induction linac is

based on a 238 jion instead of the 200™! ion
used in the other -estimates. - This will have a
substantial effect on some of the unit costs as
well as the cost of the system (e.g., the length
of the machine will quadruple for a given energy).
Therefore, we should not make direct comparisons
between the induction linac costs presented here
and - the costs of the other systems described in
this section.
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