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HIGHLIGHTS

The 200 keV cesium ion injector for the.Single Beam Transport - Experiment
has been operated extensively in development and measurement of the quad-

rupole matching system and beam émittance control. Construction of the

complete transport system is well advanced.

Beam diagnostic tools cqnfinue to Be.improVed.

The electron beam probe has been used extensively to study ion beams
in Varying $tages of charge neutrélfzation. |

Development of systems using scinti]1atoré ‘and the EG&G Optical

Multichannel Analyzer (OMA-2) continues.

. ) - ’

The thg-Pu]se Induction Module (LPIM) 1is in the final stages of
construction. A two-core prétotype test cell has been assempled and
tested to nearly 10° pulses.

Deve]obment of both the switch tube (ignitron) and pulse-forming

network has proceeded fapid]y and successfully.
Silica-loaded polymer insulator deve]opmenf is continuing at a low level.

Theoretical studies of longitudinal beam bunch dynamics Qsing I. Haber's
computer simulation code, quadrupole and octupole tranSport channels and
solenoia focussing channe]s-using neutralized beams have received consid-
erable emphasis during this time.

The exploration of posSib]e induction linac parameters for a High

Temperature experimént (HTE) is continuing.



Contfnued studies with a l-Dicomputer program have shed éonsiderable
light bn the behavior of longitudinal instabilities in bunched and coast-

ing beams; for bunched beams a threshold criterion has been identified.
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EXPERIMENTAL PROGRAM

_ Single Beam Transport Experiment (SBTE)

~The Cs+ zeolite-soﬁrce'hasvbeen in operation‘continu6u51y~dur1ng-this~
reporting period. Operation has been reliable and has permitted work on ‘the

matching quadrupole system and the emittance grids; |
The emittance grids neld only-a fraction.of the desired vo1tagevbef0re

sparking down, so a redesign has been done, replacing the wires with .a honey- -

‘comb material. Field stress calculations indicate that .the new design will.

hold enough voltage to give the emittance growth needed'for the experimental
pfogram5 . :

Meaéurements of beam emittance using charge collectors give. the same
value that - the scintillator-OMA measurements gave (5.5 x 10—8 7 mrad).
The variation of the OMA signals with light input has been checked and found
to be nearly linear for signals of the size we observe, so that only scinti];
]atorvlinearity questions remain. The charge collectors are currently in use
for beam diagnostics.

Upon placing the five matching quadrupoles (MQ1-MQ5) into the system,
we find that the beam envelope is approximated rather well by the KV envelope.
equation. Deviatioﬁs from calculated envelope parameters can be attfibuted

to the very large tune depression caused by beam space charge, coupled with

" nonlinearities in beam and lens fields. These effects should be Tess pro-

nounced ét higher emittance or lower current for the beam. We also noted
large positional and angular errors of thé beém at the end of the fifth
matching quadrupole (4 mm displacement and 50 milliradian steering errors),
which were attributed to quadrupole misalignment. The systemvwas more care-

fully aligned, and the errors are now reduced to 1 mm and 6-8 milliradians.



During operation of the source, a problem arose from contamination of

the grid wires at the gun output, causing the current from the source to fail
to follow the V3/2 Child's Law dependence. This seems to have been due

to local plasma formation and consequent back-bombardment of the ‘anode

emitter. This has been cured by resistively heating the grid in order to .

outgas it.

- The remainder of the single beam trénsport‘system is under construction.

Transport sections will be added as soon as the present program of matching

- and emittance changing measurements are completed.
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 DIAGNOSTICS

Electron Beam Probe .

" . In the past. six months progress has been made both in the;expe(jmentxand*n
data analysis. - Experimentally greater: flexibility in -the. .diagnostics: has -
been ach?evéd,by adding an isolated cylinder at high voltage (-20kV. to +20kV)::
through which the ion beam passes-éntering,the diagnostics tank. . This-allows:
control " of - the neutralization by regulating the electrons: <in.-the. beam.:
Measurements of electron current, energy, and total charge can:now be-made:. . . :

Efforts in data -analysis have yielded much better'fits to the.experimen= ..
tal data using the same five-parameter fit'generated by the Pizza code. -Work: -
has.also been done én-a technique for obtaining both the radial and the lon-. .
gitudinal dependence of.the space charge distribution.

A paper, Electron Beam Probe for Charge Neutralization Studies of Heavy

Ion Beams (LBL-14391, UC-37), J. Shiloh, M. Lampel, R. Sah, has been accepted

for publication in Review of Scientific Instruments.

Scintillation Imaging

Since it is planned to use the EG&G Optical Multichannel éna]yzer (OMA-2)
to record a scintillator image of our heavy ion beahs, we have measuréd the
linearity of thevresponse of the OMA-2 system to a pulsed light source in its
gated mode. In the gated mode the OMA-2 can capture events with a time
resolution of 40 ns. Thus work is an extension of recent work reported by
Liesegang and\Smith'[G. W. Liesegang and P. D. Smith, Appiied Optics, 21,
1437 (1981)] in which they measured the linearity for a pulsed light source

in the DC (ungated) mode of the OMA-2.



The EG&G OMA-2 using the 1254 SIT detector head was set up on an Ealing

Optical Bench .and aimed at a Monsanto MV50A LED mounted at the end of a

2 1/2 foot long, light-tight copper tube. Kodak Wratten No. 96 gelatin-neu-

tral density.filters were placed directly in front of the lens on the OMA

which was 2 ft. from the LED. The lens used was a Canon 200 mm Macro lens,

the same used for our scintillator measurements. Figure 1 shows the éxpectéd'

neutral density attentuation vs. the net area under FWHM of the image nor-

malized to the area with no attenuation. Next to ‘each point is shown the net

- counts/channel at the peak. These values cover the range of signal levels

obtained from the diagnostic scintillator results. The linearity is seen to

‘be-more than sufficient to extract line shape information from scintillator

1ﬁages and is in good agreement with the results reported by Liesegang and -

Smith.
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COMPONENT DEVELOPMENT

i
Long Pulse Induction Module (LPIM) |
‘ During the past half year the design of the long pulse induction module
(LPIM) was finalized, the various component pafts were ordered, and life
tests were performed on a prototype cell. At the end of the_fjsca] year all
major components have been de]i?ered and fina1 assembly started.

Throughout this reporting period a prototype developmental cell has been
pulsing for most of the time, including several periods of around the clock
operation for several days. \ﬁhe cell consists of two induction cores which
~are driven in parallel by a single pulser and reset by a separate circuit in
such a manner that the core is pulsed at the peak of the reset current. The
major fraction of the operation was at a 0.5 pps rate which was initia]]y

determined by the power supply, but now has been designed into the triggering

circuits as well. Maximum rep rate was 1.5 pps for short periods. Tyhical

tests lasted for 105 pulses, the longest was 5x105 pulses, and the total

number of pulses is near 106 now. The cell and module were partly based

on the requirements of the 1979 "Ion Induction Linac 500 Joule Test Bed"

1

proposal,” with nominal goals of a 25 kV ignitron-switched PFN driving 2

cores to produce a 1.5 us pulse length and a total module voltage of 250 kV.

The module 1is . simply a compact package of twelve independent cells as

described.
The three major activities ré]ated to the LPIM were the inducton core

selection and characterization, the switch tube development, and the pulse-

forming network tuning. Based on a previous study of core material

1. LBL Pub-5031
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The standard small size ignitrons. from several manufacturers behaved simi-

economics, the material selected for the induction cores is 2 mil thick

“silicon steel from Arnold Engineering with' Cl0 interlaminar isu]ation. The

applied voltage of approximately 3 volts/lamination for a 1;5 usec pulse was
believed to be near the maximum,]imit,-theréforeva sﬁcceséful test at this
pulse durqtion_wou]d'be a useful datavp01nt for similar andvlonger pu]ée,
designs in the future. The design here is essential}?ytp sﬁbdivfde the core
material axially into thin disks to the point where the applied voitage per
]aminatioq, which is proportional to the 1aminatjbn width, %s less fhan the
insulation breakddwn strength. The required axial 1nsuiétion is provided
with mylar sheets and an encapsulant. The core.material‘width is 1.37" and'
the total axiai_space required per core is 1.65",1f0( an axial packing,fréc-
fion of 83 percent. The radial packing fraction is 92.per¢ent, résu]ting in
a total packing fraction of 76 percent. The material is_capéble of a 27 kG

field change, of which 2/3 can be applied to the risetime and fTat portions

of "the induction pulse with the present puliser, and the remaining 1/3 is.

wasted during the fall time of the pulse.,

An -ignitron tube, the National Electronics T—2901A, was .developed
expressly for this program after several. standard size A ignitronsvfailed.'
larly, that is, yielding jitters of *# 100 ns, and failing at around 105
pulses. An experimental glass. tube with a contro] grid was quickiy con-
structed by National, and almost immediately reduced.the Jjitter to = 10 ns.
The first tube operated last year for 2x106>bu1ses into a resistive load
at a current approximating the requirements of a single core;. During this
test the 1gniter.vo]tage had to be increased several times, but otherwise the
tube showed no deterioration. Because of this satisfactory test, the load

was changed to a smaller resistor to approximate the current which would be



required by two cores, at which levél the glass insulators of the ignitron
started to darken noticeably. At about this time the induction cores had
arrived, and after they had been separately characterized it was decided to
try operating the new cores, new pulser, and new tube fogether. The pulser
circuit had been tuned tq the point where the forward current was 8 kA and
thé reverse current after the pulse had been reduced from 5 kA to 2 kA.
However, this amount of reverse current was enough to darken the glass of the

new tube in one pulse and cause it to break down after a few pulses. This

bad turn of events led to a redesign of the ignitron, and of the PFN which.

is detailed below. ‘The ultimate solution in the ignitron was to shield both
glass insulators with overlapping steel bells. After the last (of several)
modifications, the ignitron has been pulsed 250,000 times and the test is
continuing with about 20,000 pulses added per working day.

| The pulse-forming network initially was conceived as a tapered-impedance
1umped-e lement delay line with a 2:1 increase in output current at constant
vo]tage. The after-pulse current reversal of this circuit was intolerable
to the‘ignitron,_and the circuit was changed to eliminate current reversal
almost completely by use of a series saturating reactor and a resistor-diode
string across the PFN. The inductance of the reactor in the saturated Stgte

slowed down the pulse risetime across the core and increased the droop to the

point where an additional pulse-form correcting network had to be added

across the -induction cores. The correcting. networks will be retuned when the

LPIM is completed.
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- Silica-Loaded-Polymer Insulator Development

During this period the main-effort has gone into a search for polymer
' ﬁateria]s with Iower vacuum outgassing .rates than=fpo]ymethyl—methacky]ate
(PMMA). The following systems have been selected and evaluated after exten-

sive conversations with manufacturer representatives and private.consultants:

1. RF 4000‘ep0xylwith RF 53 curing agent and RF 80 catalyst, a

. _ .
product of E. V. Roberts and Assotiates, Palo Alto, CA.
2, A specially formulated cycloa]iphatic-epoxide.epoxy provided
by Dr. Kirk -Spurr, Union Carbide Corp., Bound Brook, N.J.
3. An- alumina fi]Ted epoxy based on Shell Epon 826 developed by
Jim Turner of LBL. ‘ | '
A1l of the materials had vacuum outgassing rates similar to the PMMA so -
there is no reason to use them on grounds of vacuum behavior alone.
It is planned to make vacuum outgassing tests on.a specially formulated
polyester from Reichold Chemical, Los Angeles, CA in the near future.
Following this a system of polymer-aggregates will be chosen and alarge
casting made.
-
e
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THEORY

Computer Simulation of Inductio_n Linac Bunch Longitudinal Dynamics

The induction linac bunches of'heévyvion fusion scenarios aré strongly
influenced by space charge forces, and the resistive component of the machine
impedance is narrowband. This situatidn is in distinct contrast to relativ-
istic bunches in syhchrotrons; where most of the data on bunchéd beam stabil-
" ity have been obtained. A.partic1e_simulatidnvcode to mbde] induction linac
" bunches Was developed by'I. Haber ‘'of NRL and implemented at LBL. Induction
linac impedances as well as flat resistances can be introduced through the
fast Fourier transfofm. Finite pipe size effects which cut off the high
frequency éomponents of the space charge force may also be studied.

Results from this code indicate that the stability requirement of small
growth rate relative to the synchrotron frequency characteristic of relativ-
istic bunches can be relaxed significant]y. Rather, the frequency spacing

of the space charge modes of the bunch together with the growth rate deter-

mine thresholds. Runs were performed with local growth rates exceeding the

“synchrotron frequency by an order of magnifude with apparent Tlong term
stability. Unstable behavior, however, was observed when that growth rate
exceeded the mode frequency spacing; other runs have indicated that disper-
sive effects introduced by the finite pipe size tend to make the higher fre-
quency modes more susceptible to instability than the lower frequency modes.
Since induction modules have a high resistive component only for the lowest
bunch modes, stability is better than is the case of a broadband resi;tance.
Several cases which modeled possible induction module impedances for

heavy ion fusion drivers were run. These results indicate that long term

12
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longitudinal bunch stability is realizable for induction linac heavy ion
fusion. - Short bunches 'together with narrow induction module impedances

appear least susceptib]e to longitudinal instability.

| Performance of Quadrup-bl»'e and Octupole Trarisp'ort._Channels.

Studies relating to the maximum ion current transportable by a single-
channel periodic electrostatic quadrupole or octupole transport'channe] have

continued, along the lines outlined in the last Half-Year Reportz. The

recent work has been devoted to computational investigation of the restric-

tions that nonlinearities necessarily pkesent in periodic electrostatic quad—*"
rupole transport systems impose on usable apérture ratios for such systems,
since this constraint substantially limifs the system design'and the'magni—
tudes of transportable cukreht. Such design information, in addition to
being useful for the design and opt{mization of quadrﬁpo]e trqnsport.syStems,
will be required in examining the relative performance of octupole vs. quad-
rupole transport systems. Future work, just recently ihitiated, is‘iﬁtended

to examine these issues in regard to particle motion in two :transverse

degrees of freedom, and also to compare or contrast aperture-ratio limits now

available for e]éctrostatiC’quadrupolé transport lines with those pertaining

" to magnetic-quadrupole channels.

Solenoid Focussing of a Co-Moving Beam of Electrons and lons
It would be convenient in many ways to use solenoids to transport and
focus heavy ion beams, but the large magnetic rigidity of heavy ions combined

with large defocussing space charge forces makes their use impractical, if

i

2. LBL-14374/UC-21, coverihg the period October 1, 1981-March 31, 1982.
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not 1impossible. We have become interested in a scheme proposed by 'S.

Rober‘tson3

which, if feasible, would change the situation ’dramatically.
He proposes to cfeate a charge and current neutral stream of ions and elec—
trons, moving together at the same velocity. When such a stream enters a
relatively weak solenoid, the ions are not affected by‘the)magnetic'fie]d,

but the electrons begin to circle the axis, pulling in toward the axis to

create a net negative charge density and proceed in a condition of Brillouin

flow, with the inward magnetic force balancing the outward electric force and.

the centrifugal force.  The ions are then subject to an inward electric
‘force, Which focusses them. The net result is é focusing strength for the
_ ions greater than that for a weak beam of ions alone by the ratio of ion to
electron mass, a factor of the order of 105 for heavy ions. |
~ We have extended Robertson's work to include non-zero emittance for both
ions and e]ectrons and have generated parameter lists for the HTE spot heat-
ing experiment.4' Typically, a solenoid about a me;er long with a fie]d
strength"of_a few hundred gauss would appear to do the job.
In order for thé scheme to work, tﬁe potential at the edge of the beam
must be positive,_with zerq potential on the.axis. We believe that this can

be achieved by biasfﬁg'the vacuum pipe through the solenoid at.a few hundred

volts positive. However, it is not clear how the imposed electric and mag-

netic fields should be related in the fringing regions, or if the beam (or
other) electrons will cluster either to permit or prevent penetration. work
continues on this problem, and also on plans for a modest expérimenta] test

of the idea using the drift tube andediagnostic tank facility.

3. S. Robertson, Phys. Rev. Letters, 48, 149 (1982).
4. G. Krafft, LBL—14800 (HIF-200), September 1982.
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Parameter Study for a High Temperature Experiment (HTE) Using

an Induction Linac

A computer pr_'ogram5 developed in '_1978—79 generates "fifst_
approkimation" heavy-ion induction 1linac desfgns. Although 1t' does not.
contain some ion-dynamical features‘(such as special bﬁ]se shapes for input-
pulse matching or final momentum-tiit generation), it incorporates-re}ative]y
detéiled information on electrical ~and mechanical design features, unit
costs, and transvérse containment{ The_computed,désigns serve to!ﬁndicate
ranges of some parameters, foruspeéific performance requirements; that are
promising for more detai]éd study. In addition, estimated costs (at least
on a compérati?e basis) can be obtained for each “optimum-design.’ A range
of "cases" was computed for the HTE experimeht, using sodium and potassium
ions; They provided a ﬁdata base" from which (with._interpolatioﬁ and
extrapolation) optimum values of ion kinetic energy, total charge, andbother
parameters can be calculated, subject gp.ceftain cohstraints.

In making such calculations, two constraints were assumed: (1) The six-

‘dimensional phase space constraint, which is an absolute condition, was

required to be satisfied subject to an estimated and assumed phase dilution
factor D =4 for the system. (2) Final longitudinal bunch compression,

needed to provide the required short pulse duration at vthe target was

. (]
required to be a factor C = 30.

The detailed array of resu]fs from this work can be summarized as
follows. “Preferred" means lower cost without requiring any parameter to |

have too extreme a value.

5. A. Faltens et al., IEEE Trans. Nucl. Science, NS-26, No. 3, June 1979,
‘ p. 3106; Argonne National Laboratory Report ANL-79-41, Sept. 1978, p. 31.

15



1. The lighter ion (sodium) is preferred.
2. Small emittance per beamlet is preferred.

3. High space charge tune depression is preferred.

It was evident from the preliminary analysis that the data base should be

extended; in particular, the data for sodium (the preferréd jon) did not

include variation of tune depression or ion energies above 100 MeV. Sixteen

more cases were then computed for sodium to 200 MeV, covering some previously

missin arameter ranges. Similar “optimum design" calculations confirmed
g g _ :

.the trends stated above and provided firmervresults based on ihterpo]ations

rather than on large extrapolations. A new resu]t”was that systems having

fewer final beamlets were more costly. Cases deemed satisfactory for addi-
tional detailed design were identified. Numerical details and discussion are

. . e _ 6
given in an informal report.

Electrostatic Co—Axial Cylinder Lenses

A proposal for a new type of electrostatic coaxial-cylinder transport
system for hollow (annular) beams has been made by P. Krejcik,7 wﬁo
claimed that such systems could transport significantly more current than
e]ectrostatfc qdadrupo]e systems wjth comparable field strengths and aper-
tures, although no calculations were presented. |

A detailed analysis of such systems was made. It was fbund that the

claimed advantage was not present for the orbit geometry proposed, in which

6. D. L. Jdudd, "“"Comparison of Computer-Generated Induction-Linac Test-Bed
‘Designs' with Spot-Heating Requirements and Other Constraints,” July 18,
1982. '

7. P. Krejcik, "The Hollow Beam Concept for Producing. Intense Beams,"
Symposium on Accelerator Aspects of Heavy-Ion Fusion, Darmstadt, Mar.
29-Apr. 2, 1982.
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the transverse (radial) focusing is of’51ternating—gradienﬁﬂ$ypeQ This is
due to the‘fact'that the field gradient between coaxial cylinders is less
than that in quadrupo]és'for the samé maximum field, cancelling the advantage
gained in larger Beah;area. Emittance and acceptance of hollow beams were
considered in the analysis.

. The results are valid in a "small-modulation approximation" in which fhe
amp]itude of periodic radfa].béaﬁ'displécement'is much ]eséﬁthdn @he beam's ,b
mean radius. The effects of departure from this apprioximation are estimated.
While examining this question it became evident that the.opposite extréme,
in which the radius of curvature of the beam (of alternating sign) fn the r-z
plane is significaht]y smaliek than its mean radius, has quite different pr6¥;
perties; here the -focusing is of one sign, rather than .6f ajterhating.ﬁ
gradient. A treatment of the general case, including these two as ektkemeé;lﬁlﬂ

is in preparation.

R.F. Linac Scenarios for High—Teﬁrberature Experiment (HTE)

A preliminary survey of the‘possibility of performing significant spot-
heating experiments using ion beams from an rf linac has been made for the
special case of an ion range of 0.01 gm/cm2 corresponding to the examples
ca]cuiated by J. Mark. Tt became evident that in order to meet the phase
space constraint a large value of ion mass number A‘ is required, while per-
formance limitations of final-focusing magnetic quadrupole systems required

a small value of A. Using a quadrupOTe pole-tip field of 5 Tesla, employing

“the combination of rf.linac parameters'(current,_fﬁequency%~and transverse

emittance) generally used in recent years, and making reasonable assumptions

for other parameters, it was found that 'these two. conditions are
. parameter 1 _ : 1

17



- inconsistent for spot heating requirementsgl with material temperature of
order 100 eV. This is subject to the assumption that the range is con-
strained to be 0.01 gm/cmz. Therefore significant improvements in rf
]inac: parameteré appeakﬂ to be necessary unless some unconventional final

focussing system is assumed.

Use of an Isochronous Ring for an HTE Experimen_t

A "study 1is 1in progress- on the possible use of an isochronous ring

"ch}otrbn“ to condition the train of pulses from an rf linac into a small

number of intense bunches needed for an HTE.9 Because the revolution fre-

'quency is independent of momentum the longitudinal “instability .should be

absent. An unconventional rf system is needed for stacking; its effects on -

the six—dimensional emittance of the beam are the subject of ongoing

evaluation.

8. J. Mark, R. Bangerter, W. Fawley, S. Yu, and D. Judd, Lawrence Livermore
- National Laboratory Report UCRL-86189 Rev. 1, Mar. 1982.

9. F. Selph, H. Grunder and B. Leemann, "An isochronoué stacking ring

approach to the HTE." Abstract submitted to IEEE Particle Accelerator
Conference, Santa Fe, 1983.
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