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HIGHLIGHTS

First results with the completed apparatus of the Single Beam Transport
Experiment (SBTE) have shown the stable propagation. of a space-charge-
dominated cesium-ion beam through 41 periods of an AG focussing lattice.
The space-charge effects were large enough to depress the betatron phase
“advance per cell from oy = 60° to o = 12°. Thus, earlier conceptual

designs for ion induction linacs, which assumed that a minimum o-value

was 24°, were probably too conservative.

Understanding of the reflection stabilization of longitudinal instability
in a high-current beam bunch has been improved by analytical and computa-

tional studies.

Conceptual design studies of a multiple-beam ion induction linac suitable
for the High Temperature Experiment have progressed to the stage where a
first reference design (sodium, 125 MeV, 30 uC, 16 beams) is available.
While probably far from an optimum, the example design serves as a guide
in identifying certain physics and engineering problems- that must be

addressed in the R and D program.

The Long-Pulse Induction Accelerating Unit, first used to accelerate a
cesium-ion beam in February 1983, has been undergoing modification in the
low-Tevel trigger circuitry to allow more precisely controlled waveform

synthesis.



- SINGLE BEAM TRANSPORT EXPERIMENT

Introduction

The Single Beam Transport Experiment 1is intended to 1nvestigate the
1ong-terh stability of heavily space-charge loaded ion beam transport in an
alternating gradient lattice, with the goal of characterizing_ stability
thresholds and instability modes. The.threshold information is of immediate
iﬁterest in the optimization of the accelerator design for the proposed High
Temperature Experiment, as well as for Tlonger term heavy ion beam-driven
fusion development. The relevant parameters are the single particle phase
adv ance per focusing period (oo) and the space-charge reduced phase
advance (o). As current density incfeases, .o falls toward zero. Howevér,
there is no experimental knowledge of whether o > 0 can be physically
réa]ized, or if collective effects cause degradation of beam quality at some
16wer current density.

As of March, 1983, we had in operation a source of Cs+ ions, five
quadrupoles individually powered to match the axi;symmetric beam from the
source into the alternating gradient transport lattice, and ten quadrupoles
of that Tlattice in place. We had beguh_ measurements with approximately
matched beam paramgters for a wide range of %, values at a fixed normal-

7

ized emittance of .8x10"" « meter radians. Early results were reported at

the IEEE Particle Acceierator Conference in Santa Fe.

Experimental Results

During this reporting period we have added quadrupoles Q-11 through
Q-82, making available the full 42 lattice periods of transport over a dis-

tance of 13 meters, and have begun precise matching procedures and beam



characterization. (See Fig. 1.) We have also installed various diagnostics
to be described below, including a deep, gridless Faraday cup and a biased
set of grids to increase the beam emittance in a controlled way.

While we intend to carry out an extended program of measurements of beam
behavior in a long AG transport channel as a function of current (I), phase
advance (oo), and emittance (eN), we concentrated first on identify-
ing at least some favorable conditions for transpérting high currents. Such
results have a direct and immediate impact on the design assumption on per-
missible tune depression (0/00) being used 1in the design of the High
Temperature Experiment (HTE). Guided by theoretical and simulation predic-
tions, we concentrated our first efforts on explioring values of o, in
the neighborhood of 60°. A first encouraging result was that the full beam
current (11 mA) was seen to be transmitted without attenuation through the
82-quadrupole transport lattice for o = 45°, 60°, and 90°, the beam
matching being approbriate]y_adjusted for each case.

The most extensive measurements were made_for o, = 60°, for three
values of beam current (1.3 mA, 6 mA, and 11 mA), and two values of emittance

7rad4n). The experimental procedure consists in

(eN =1.2 and 5.0x10
adjusting the matching quadrupoles M1-M5 to obtain a matched beam in the
transport 1line Q1-Q82, and then measuring the current, emittance, and size
of the matched beam at Q82. It is important also to verify that the beam
current, emittance, and size at the exit of Q82 are the same as the values
entering Ql. By using the KV envelope computer codes the value of the
depressed phase-advance, ¢, can be inferred from a measurement of €y
together with a measurement of either the beam current or the beam size. The
six data points plotted in Fig. 2 show consistency between both methods of

o

deriving the depressed tune and correspond to o = 57°, 45°, and 36° for
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the high-emittance points, and o = 46", 20° and 12° for the low-emittance
points. Up to two years ago -- when simulation work by Hofmann and Haber
began to indicate otherwise -- it had been feared that a depressed phase
advance less than 24° could not be tolerated; our measurements are important
therefore 1in showing stable beam propagation, at least through 41 lattice
periods, for o-values well below 24°. Injector modifications planned for the
-near future will allow exploration of o-values below 12°.

The most tedious part‘of the experimental procedure is adjusting the
five matching quadrupoles, M1-M5, to obtain a matched beam. The KV envelope
codes provide guidance on the initial settings of these quadrupoles but only
rarely does a perfectly matched beam result from the first try. Instead,
spatial dscillations of the envelope are observed and improvement in matching
demands severé] iterations between observation and computation. For small
dnp]ftudes, the throbbing takes place about the matched beam radius, which
can thereforé be inféfred by measurements at several locations in the trans-
pbrt chahne]. For the data in Fig. 2, the beans were matched well enough,
fén the avehage, to reduce the amplitude to about 10 percent of the radius.
5More€saﬁp]ing hardwaré
will be added to speed up this matching procedure.

A brief experiment was carried out for oy = 120°, for which a strong
enve lope instability for heavy space-charge loading is predicted from the KV

formalism (Hofmann, Laslett, Smith and Haber, Particle Accelerators, 13, 145

(1983)). when a matched beam of 11 mA with low emittance, 1.2X10_7n rad—m,v
was injected - into the transport channel, only 6 mA was observed to emerge
from Q82, and this reduced beam was found to have a much larger emittance,
.6x10_7n radqﬁ. Somewhat more current was, in fact, transmitted (8 mA)

when the injected beam emittance was increased. Both observations are



consistent with theoretical expectations; it is intended that a more careful
study be carried out in the future.

The effect of background gas collisions on the beam is through charge
exchange, 'Cs+ > Cs’  and Cs+ > Cs+2. The effect on beam transmission
through our 13 meter system is only about 2 percent aftenuation at our lowest

7

obtainable pressure so far (4x10™° Torr).

Source Development

Duking the first half of the fiscal year, we developed techniques for
making Cs-loaded zeolite and coating our sources- uniformly with it. We
installed our first "in-house" coated source in our -ion gun. in March. We
have characterized the output of our second in-house source and found that
it can sustain > 30 mA of Cs+ emission at temperatures in the 980°C to
1000°C range, with uniformity #10 percent, averaged across the 4 mm2 reso-
lution of our test stand diagnostics. The new source is equal in quality to.
our first one, which has showh no degradation in performance yet. The first
source has already lasted four times as long as the longest-lived commer-
cially prepared source had before its emission of Cs+ droppéd
significantly.

We are also re-engineering the source heater filaments to eliminate the
intrinsic heating power limitations of commercially available models. Higher
source temperature is required for significantly greater emission of ions
than we can presently obtain, which is desirable for future very low o

measurements,.as well as for sources for future machines.



Faraday Cup Standards

In order to measure ion current, we have had to rely to date on shallow
charge collectors (gridded Faraday cups) which are constrained in depth
because of the need to fit between the electrostatic quadrupoles of our.
lattice (in a 2" gap). The large secondary electron coefficient for cs’
ions on solid materials in our energy range as well as ionization of

desorbed gas has required us to use biased grids in front of the collector

to retain the electrons, whose current is ~15 times the beam current. The -

grid transparency, however, is only about 98 percent, and some electrons
produced from the gfids can travel to the collector. We have thus had an
absolute current uncertainty of about 20 percent. Even after careful study
of the saturation curves of these cups, there remained an uncertainty in
current calibration of some 10 percent.

‘We have constructed and installed a deep Faraday cup, without a grid but
with'a biased ring, at the exit of our channel, and have found that the cur-=
rent’ saturates ideally 1in both polarities (e -retention, e -expulsion).
This cup is designed -to be our standard for cross-calibration, and should:
provide a good absolute standard. The shallow cupé have indeed shown about
10 percent less current than the déep cup indicates, and we believe that we

now have a good absolute measure of ion current.

Beam Attenuation and Emittance Control

One of the major objectives of the single beam transport experiment is
to explore the beam current limits in the long quadrupole-focussed channel,
imposed by the beam space charge, instabilities and nonlinearities. The
transport limit is measured in terms of a scaled space-charge parameter, o

(the space-charge depressed phase advance of the betatron oscillation per



lattice period). The value of o can be varied by varying the beam current
and/or the emittance as shown in Fig. 2.

Current attenuators made of fine-wire grids of various transparencies
(0.035, 0.095, 0.12, 0.33, 0.39, 0.58, 0.89, 0.95, 1.00) have been mounted
on an off-centered wheel in front of the source, so that the degree of
attenuation can be changed by rotating the wheel without opening the vacuum
system. The wheel also has several small apertures to generate pencil beams,
which are useful for checking the uniformity of the source, for checking the
alignment of the beam 1line, and for studying the Coherent betatron
oscillations.

The 1improved emittance control grids are composed of three hexcel grids
(1/8" x 1/8" x 1/16" each, 0.2" thick all together). The normalized beam

7 7

emittance can be varied from 1.2x10~" to 6x107’ = m-rad. by varying the

bias voltage on the center grid from zero to 17 kV. "Even with no bias

7

voltage, the presence of the grids raises the emittance from 0.8x10 ° to

l.2x10—7 m m-rad.



BEAM DIAGNOSTICS DEVELOPMENT

Electron Beam Probe

The Electron Beam Probe (EBP) was developed as a non-destructive diag-
nostic of ion beam space charge. The past six months has seen two major
developnents in the analysis of EBP data. The first is the refinenent of the
model distribution described previously by replacing the uniform ion beam:
model with a Gaussian beam model, more nearly reflecting independent small
Faraday cup measurements. The second is a new understanding of the electron
halo gained with the realization that the contracting ion beam performs work
on the trapped secondaries, thereby raising the electron temberature. An
article by Lemons and Thode (Nucl. Fus., 21, pp. 529 (1981)) appears to sup-
ply a much needed fheoretica] underpinning for a detailed understanding of

the mechanisms involved.

Multiple Wire Beam Profile Measurements - “HARP”

We have constructed a multi-wire beam scanner‘(harp)_with each wire
equipped with a sample-and-hold circuit coupled to a multiplexer output and
then to a storage oscilloscope. Thus a profile of the beam may be taken
with a single pUlse.

The electrical signals on the wires arise from secondary electron
emission due to ion impact. When a harp is placed between quadrupoles the
neighboring positive electrodes act to draw the emitted electrons from the
wires. We studied individual wires for effects on secondary emission of
local electric quadrupole fields, and found that the secondary coefficient

was saturated over the extent of the beam as long as at least one adjacent

quadrupole was powered. Hence the current on a wire in the beam is a good

10
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measure of the total ion current it intercepts. Wires at a 1 mm spacing
showed no significant cross-talk. A typical oscilloscope trace from the harp
is shown in Fig. 3.

Several more harps are under construction, and have the capability of
rotation in a plane to sample several projections. By using the reconstruc-
tion techniques that are used in the field of biomedicine (tomography, see

IEEE Trans. Nucl. Sci., NS-21, 1978 (1974)), the beam distribution may be

reconstructed.. The same technique will allow the profiles of all the beams
of a multiple beam array to be measured with a single large harp which is

capable of rotation in the plane normal to the beam.

12



NEUTRALIZED BEAM FOCUSING EXPERIMENT

The goal of this experiment is to demonstrate focusing of a charge- and
1 B N . . N Sal e T 1S

current—neutr‘alizec{.cé+ béam by a sbieﬁéid‘maéhet.l Thewﬁéjg;yﬁdea, due
to Robertson, is that focusing occurs through the action of a beam generated
collective field, in contrast to the normal’éituatioh where the magnetic
_ force on the ion is involved. Fig. 4 gives a simplified argument concerning
the lens action. In the absencé of space charge forces, an electron beam
passing through a solenoid would Be focused relatively strongly because of
its large charge to mass ratio. Correspondingly, an ion beam would be
focused relatively weakly. If one had a two-component beam where the two
species were strbhé]y coupled together through space charge forces, the com-
bined beam would come to a common focus somewhere between these two extremes.
To generate the collective field to achieve the common focus, the ion beam
must have sufficient current to exceed a threshold value. The large Cs+1
contact ionization source at LBL provides enough current density to allow a
test of this idea.

In addition, the bean ﬁust be current and charge-neutralized by co-
moving electrons. By placing a grid in the beam to intercept a small frac-
tion of the ions, enough secondary electrons can be produced to neutralize
the beam. A solenoid wouhd 6n the outside of the vacuum tank of the accelera-

tor produces the magnetic field.

Major results to date include:

a. Propagation of a well neutralized intense beam over a distance
of approximately 10 m (c.f. a propagation distance of 1.5 m for

an unneutralized beam).

13



Neutralized Beam Focusing Experiment

Neutralized Beam
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b. Development of a capacitive probe which measures beam space

charge potentials.

c. Determination of bean neutralization produced by the present

grid configuration.‘

d. Discovery that the grid neutralization scheme presently in use
fails to provide a sufficiently cold source of electrons for a
proper test of the lens idea. Random energies of the electrons
seem to be roughly of the same order of magnitude as the lens
collective potential, which has the effect of washing the col-

lective potential out, destroying the lens action.

Result number one 1is mainly attributable to the repair of the cstl

_source hot plate. It was rebuilt and realigned, considerab]y improving the
beqn quality (as determined by envelope considerations). The beam was pro-
\pagated with relaﬁiyel&‘Tittle growth in size‘along the beam line. The ion-
cgrrent density‘vwas 0.7 mA/cm2 at 200 kV. An wunneutralized beam .with
_eeuivelent currént_wou]d grow due to space charge and hit the wall in about

1.5 m. This fact was demonstrated by removing the electrons with suitable
biesing of the drift tubes in the accelerator.

A fast (t < 0.5 usec) potential probe was built and calibrated

rise
for use in diagnosing the beam. The main idea of the probe is to electri-
cally isolate a capacitive pick-up from ground through a high impedance con-
nection (operational amplifier). This means that very Tlittle charge is
transferred to or from the pick-up on the time scale of a beam pulse.
Consequently the pick-up disturbs the potential to be measured only by a

small amount. Calibration was performed by pulsing known voltages on the

drift tubes.

15



Using this probe one can measure the space charge potential of unneu-
tralized beams and, more importantiy, the residual potential of the neutral-
ized bean. It was found that a residual potential of about 40 V is found at
the beam edge. As the potential developed by the lens is calculated to be
only 120 V, it is possible that the effect to be seen was being washed out
to some extent by this residual potential. The magnetic field produced a
measured collective potential, but the results do not agree with theoretical
expectations in regards to size and dependence on magnetic field strength,
In order to get closer correspondence with theory a cleaner experiment is
needed. In particular the electron temperature should be made smaller, since
in this case better neutralization is expected.

In order to get colder electrons and better neutralization, work on an
énnular filament cage has been initiated. Relatively cold electrons w%]] be
produced by thermionic emission from hot filaments. As the beam' passes
through the cage, hot electrons will be replaced by cold ones. In case the
filaments do not produce enough cold electrons, an option where'p]aéma is
formed” in the cage is also planned. Simulations by others indicate tﬁat’a
beam passihg through such a cloud of electrons (or plasma) should be neutral-
ized with residual potentials of ~1 volt. This is cold enough that the col-
lective field of the lens should dominate the electron dynamics, an assump-

fidn of the theoretical analyses to date.

16



MULTIPLE BEAM EXPERIMENT (MBE)

The multiple beam experiment (MBE) is intended to test as.many .of the
physies‘and engineeking'features of the High ‘Temperature Experiment as are
possible oh a re]ative]y small scale. The MBE will employ multiple ion-beams
accelerated through_ a statistically -interesting numbér - of independently
pu]sed-acceleraiing modules. It will serve as a test set-up to guide the
most ebpfopria;e integrat%on OfAthe transport and accelerating components,
the vacuum'system, and the a]ignment and support structures.

Most of the ongoinglactivities described in this Report have a direct
bearing on the definition of the MBE hardware which will be decided in the
upcoming reporting period. These inc]qde physics studies”with the SBTE, the
1nsu1afor, module, and diagnostics developments, and the continuing concep-
tua]bdesign efforts on the HTE.

After discussions with K. Riepe'; group.(P—Division) at LANL, we have
settled on,2_MeV as a -suitable design goal fer the pulsed injector. The
injector desién isvbroceeding at LANL; coordinating meetings between LBL and

LANL staff are taking place on a regular basis.
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INDUCTION ACCELERATOR DEVELOPMENT

insulator Development - - R

The effort in the last half year on the development of: large,- inexpen-:
sive insulators for accelerator applications has been in three areas:
i) continuing measurements of vacuum outgassing of filled and unfilled
polymers, 1ii) the production of PolysiIC:)test insulators for the Naval
Research Laboratory, 1ii) the design and specification of 5 large P01y511<:)
insulating columns manufactured by Polytech, Redwood City, California.

The recent results in each of these areaé include:

i) Vacuum OQutgassing Measurements

| Measurements to investigate the vacuum behavior of newfbompo;ité méfé;f—
als have continued in cboperation with K. Riepe and E. Eaton éf Los(Aﬁéﬁ6é 
National Laboratory. During this period, we have made vacd@n odégﬁgéiﬁém
meésufenents on a filled and ﬁnfi]]ed sanple of an énhydride cured éyc]bali—
phatic epoxy, CY-179 u§ing hardener 907 and accelerator 065. A disc 6fAfhe
pure epoxy as well as one consistihé of 70 percent by weight.CP401—3000 40—mﬁ
diameter glass beads were measured. Fig. 5 shows the butgassfng rates as a
function of time for these two samples after vacuum-baking for 24 hours at
140°C. |

For comparison Fig. 6 shows the results after similar treatment of three

different Po]ysi](:> formulations, which contain 85 percent by weight of
silica sand and alumina powder. One of these, labeled "LBL" was made by us.
The other two 1labeled “Polytech" were made by Polytech, Redwood City,
California, and represented possible formulations to be used in the large

insulating columns described under (iii).

18
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The conclusion is that the epoxy has similar behavior to Po]ysi]C:)and
a choice between them should be made on other grounds, e.g., material cost,

ease of use, electrical behavior.

ii) The Naval Research Laboratory (NRL) program is being carried out with
J. Golden and K. McDonald of NRL, who are interested in the possibility
of using Po]ysi]<:> for the 2-meter diameter toroidal vacuum chamber
of a modified betatron. The mechanical strength and reasonable vacuum
properties of Po]ysi]C:)are the major attractions. The main untested
question is the behavior of Po]ysil(:)under short, high voltage pulse
conditions., We have fébricated a "0° Test Insulator" which will be
tested at NRL in the near future. A photograph of this unit is shown

in Fig. 7.

A " -45° Test Insulator" has been cast and ground to size, but has sev-
eral defects which we expect to be able to patch in the next few weeks. This

unit will then be sent to NRL for testing.

iii) On July 11, 1983 a contract was signed with Polytech, Redwood City,
California, to produce 5 large graded insulating columns. A drawing

is shown in Fig. 8.

Polytech is licensed by the Electric Power Research Institute (EPRI) to
use the name Pp]ysi]c:)as well as the EPRI developed formulations.

These insulators will be manufactured using Po]ysil(:> formulations
represented in the vacuum outgassing tests described in (i). The column size
represents one that would be of interest for the High Temperature Experiment
induction units. These columns have been delivered and will be vacuum

tested and pulsed to high voltage to evaluate their properties in the early

20
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Disk shaped Polysil® insulator on stainless steel tube (scale in cm).
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part of FY 84. The cost is much less than for columns made of sintered alu-

mina with brazed grading rings.

Long Pulse Induction Unit

During recent months the Tlow level triggering system of the Long Pulse
Induction Unit has been undergoing devélopment to decrease time delays and
variations. The initial system used SCR's or thyristors for pulse repeating
and amplification purposes within the triggering chasses and -in the external
timing chain, and consequént]y the cumulative delays and jitters of three
SCRs in series were added to the total delay. The variation in time delays
ranged up to 1 psec. Better SCR's and junction transistors were tried before
settling on field effect transistors (FETs) for-the trigger -amplifiers. The
FETs have negligible jitter and delay, and faster risetimes compared with the
SCRs.

One long pulse module with the new triggering circuit was put on a life
test which is continuing. The module at the end of September has just
4

reached 106 pulses, and continues to accumulate pulses at a rate of 6x10

per day.
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THEORY

Design of Linac for the High Temperature Experiment (HTE)

In earlier years, design and cdst estimates for induction linac systems
in the power-plant class (kinetic energy ~ 10 GeV, A ~ 200) were based on
studies of the major portion of the linac; special regions, thought to com-
prise < ~20 percent of the cost, were not studied in detail. These included
the linac entrance and exit regions, drift compression lines, and final
lenses. For HTE systems (kinetic energy ~ 100 MevV, A ~ 20) the 1inac
entrance and exit regions which have particular requirements nearly merge,
and the drift line length is ~20-40 percent of the linac length. During
FY 83 the problems of these regions have been addressed. Conceptual designs
have been developed and consideration of detailed design options is under
way. |

A new computational framework for linac design was developed, in which
bunch center position z (or acceleration g) and bunch length & are
defined by given functions of time. Many properties of the system can then
be calculated simply. These inﬁ]ude tail-to-head velocity difference at
fixed position, local charge/length and current per beam along the bunch at
fixed position, required accelerating-pulse waveforms and flux changes
(Volt-sec/m) at each station, and others. Transverse containment by either
electric or magnetic quadrupoles 1is defined by occupancy factor =, léw-
intensity phase advance per period 955 and practical values of electric
fields, electrode voltages, and magnetic pole-tip fields. Thus far attention
has been confined to n =1/2, o_ = 60°, and a FODO lattice. A basic

)
assumption is that charge/length is independent of position at fixed time.

24



From this information the space-charge-depressed tune o at head and
tail, cell half-length L, and maximum beam radius a can be found, subject
to provision of an éssumed radial clearance. Adoption of a rule for the
minimum allowable ¢ (at the tail) leads to determination of maximum trans-
portable charge per beam by either kind of quadrupoles as a function of z.
The procedure then consists of altering the originally assumed functions
z(t) and 2(t) with the goals of reducing total length, attaining specified
final bunch length and velocity tilt, transporting the givén charge per beam,
and avoiding excessive velocity tilt at intermediate positions, without
requiring impractical accelerating field strengths.

By iterating this procedure, acceptable (but not fully optimized)
designs have been obtained that meet a variéty of requirements. They share

the following properties:

1. 1Initial acceleration is very small until the bunch has moved
by several times its length. Allowable maximum acceleration

is attained only at or near the linac exit.

2. It is advantageous to use electric quadrupoles from the start
(assuming 2 MeV injection) until they become too weak; they

allow a shorter injected bunch and are less costly.

3. Bunch compression 1is not practical in the electric focusing
regime; in the magnetic regime which follows, bunch Tlength

decreases at a roughly constant rate with respect to distance.

4. Within a reasonable range the velocity tilt at the linac exit
may be adjusted by changes in the last 20-40 percent of the

linac that have little effect elsewhere.
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5. The tail-to-head velocity spread has a rather large maximum
value at an intermediate distance along the 1inac. Imposing a -
prudent upper limit (~20 percent) there constrains the rate of
acceleration in this region and prevents further shortening of

the linac.

These resuits, and example designs, were presented at a DOE progran
review on August 30, 1983; Since then a specific reference design has beéﬁ

developed for more detailed study.

HTE Final Transport

The transport lines that carry the beams from the linac exit to the
final lenses are extensions of the linac magnetic quadrupole arrays. Becausé
of velocity tilt produced in the linac a drifting bunch collapses on itself
longitudinally, the compression being stopped primarily by longitudinal space
charge force as it arrives at the target. Ten-fold length compression and
current increase are contemplated. As the current increases, o 1is further
depresséd to very low vg]ues (of order one degree per period) at the end, and
beam radius increases. To avoid excessive radial expansion higher pole-tip
fields (~1 T) than those in the linac (~0.4 T, using permanent magnets) are
required near the end. |

Layout of these lines requires that they contain bends to aim beams at
the final lenses which produce a bundle of beams converging toward the
target. The maximum radius of the bundle of beams will be some meters
upstream from the lens exits. This radius depends on lens system length and
the convergence angle of the final buﬁd]e; the angle in turn depends on
transverse size of a lens structure and on standoff distance. Based on lens

design work described elsewhere in this report, this radius will be of order
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3 m for the reference design mentioned above. Chromatic effects of the final
bend must be controlled and are still being.stUdied.

Line Tength is given roughly by the simple ballistic estimate

L]ine = [Rbunch//(Ap/p)fulll

with the right side evaluated at the linac exit. The required moméntum tilt

depends on final power per beam and on ion ve]ocjty anq mass but not much on
the compression factor. For ten-fold compression in the.reference design
L]ine ~ 200 m and L]inaC'~ 500 m. The lines are shortened by achieving
-more compression in the linac; the trade-off ’remains to be explored in
detail. In this design sixteen beams are arrayed in the linac to lie along
the circumference of a circle {(in cross-section). Shorter 1inac bunches may

require more beams, in a non-hollow array; the trade-off thus depends both

on cost and on complexity.

HTE Design - Final Focus

The final lens system for an HTE must fdcus high ion currents to a
radius of ~ 1.0 mm at a standoff distance of 1-2 m. It is essential that the
system accommodate the predicted momentum variation of ~ #1 percent and cur-
rent variations which could be as large as #50 percent. In addition there
should be a flexibility of design that permits adjustments of spot position
and accommodates a broad range of pulse energy, current and radii. A rough
Tayout which accomplishes these aims has been realized [see Fig. 9]. It
consists of four closely spaced, high field quadrupole lenses in a FDFD
configuration, which are independently adjustab]e in strength. The beam

envelope is expanded in radius through a factor of ~2.5 (by space charge)
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FINAL FOCUS SYSTEM

2.5 m
2.5 m
X // ] 180
| FID| F|D | :
DriftI Expand | Focus | Neutral | ~Target
O | | Drift | |
| O |
E = 150MeV (Na+)
| = 50A/Beamlet
€, =4x107m-r/Beamlet
Spot Radius <1.0mm
Standoff =12m

Envelope Divergence < 20 mr
Peak Field in Iron <20T

FIG. 9
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prior to entering the firét lens.  This has the effect of reducing sensitiv-
ity to space charge variations. The beam is assumed to be neutralized in
transport to the target following the four lenses.

To study the properties of this focal system the coupled K-V envelope
equations were solved, with initial conditions specified in the final trans-
port system. Space charge was included and allowed to be neutralized to any
assumed degree in each sector of the system. The trajéctory of an off momen-
tum particle, subject to the fields of the mean envelope was also computed.

A typical studied case (Fig. 10) is a beam of 150 MeV Na+ ions with

7

mean current of 50 A/beamlet and normalized emittance of 4x10™" m-rad.

Spot radius is dominated by momentum spread (.99 mm with #1 percent spread

or head to tail variation). Thus, there is an (expected) strong sensitivity
on AP and it vmust be controlled during acceleration and compression,
Current variations on the order of +10 percent were found to be allowable if
initial conditions were otherwise unchanged. A current variation of ~50
percent was found to be allowable if it was properly matched in transport
(radius a\ff). At present it is not known if this is a realistic assumption.
Variations in the degree of neutrality occurring in the vicinity of the tar-
get indicate a moderate degree of sensitivity in effective spot size. Whi{e
75 pertent neutrality is sufficient to aéhieve the desired small spot size,
the standoff distance varies if this quantity is not well controlled through-
out the experimental chambef. Neutralization of 90 percent or greater by
electrons injected at the experimental chamber entrance is desifab]e; whilé
electrons emitted from the target should be adequate for neutralization Qvér
the final 10 cm of propagation. |

This preliminary study was presented at the recent HIF program review

(Aug. 30). The code used to make the sensitivity calculations is QUADP,
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BEAM ENVELOPE

5cm

Horizontal

Envelope\
Spot Radlus(AP = 0) - .26mm
~ (AP=%.01) .99mm
Stand Off 1.78 m
Envelope Half Angle 14.0 mr
Maximum Radius 5.0 cm

Maximum Field (Beam Edge) 1.01T
Drift System (jo =60°, O = 1.6°

FIG. 10
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written by L.d. Lasiett (LBL). It has been provided to the LANL ATD staff

for further application to the final lens design.

Spot Heating Calculations for HTE

HTE will be designed to study the interaction of a high current ion beanm
with a material target as well test the accelerator system that produces the
beam. Target temperatures in the range 50-100 eV are considered sufficiently
high to examine relevant material interaction features, e.g., depositional
anomalies, hot electron generation (if any), stability of the bean in a
p]asmd p]dﬁe,'target charge-up, etc. Previously, the predictions for the
béamQtargét 1nteract{0n were made wfth thé code LASNEX (at LLNL ahd LANL).
However, this is a 1ohg-running and not generally available tooi, which is
ndt well suited for thevrapid survéy nee&ed tb guide HTE désfgn; A simple
mode 1 of'thelbeam-target interaction has therefore been devised, which allows
rapid'appfdximaté:ca]culétiohs and:contains the priﬁcfpal physical processes
revealed by LASNEX.

The target is considered to be a ynall'ICy]inder of felted aluminum
(p:*.OB:gMIcm3) embedded  in a hole in‘ a lead block, which reduces
expansion. Typically, the thickness of the target is doub]e the radius and
is also made equal to the ion range by felting to the appropriate density.
Energy deposition is given by the beam irradiance, S, divided by the ion
range, R, (evaluated at the typical plasma temperature of 75 eV). Energy
loss is dominated by radiation from the front surface, which is assumed to
be emitted at the instantaneous black body rate using the interior target
temperature T. The rise of temperature is determined from the competition
of these power flows and the equation of state function, €(T), the internal

energy per gram at temperature, T. Thus,
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For felted Al at T < 100 eV, the"deperidence” of “specific energy’ is’ well -

approximated by -

AT T 1.5 -.12 kd -~
o xJ

e =757 sertd

w1th T g1ven in eV and J in gm/cm .

A second phencnona wh1ch 11m1ts temperature r1se 1s mater1a1 expan51on.

A]though the mode] does not d1rect1y 1ncorporate expans1on, 1ts t1me scale

(Td) 1s est1mated to be the target depth d1v1ded by the speed of sound in

the heated mater1a] Compar1son w1th LASNEX calcu]at1ons by R. Kopp (LANL)

has shown that th1s 1s a conservatlve measure by a factor of two, i. e., an
experwmenf wh1ch ]asts one sca]e expans1on t1me does not suffer hydrodynamlcs
degradat1on. 7 _ o

The heat equat1on 1s read]]y 1ntegrated to obta1n T(t)( for given S.
However several usefu] scale quantltles are apparent First, there is the
rad1a11on 11mdted temperature‘A

1/4 . L4

N TN T RN R f = (S/U) (56 eV)

with *S “given Tn-TW/cmg:"The*tide required to reach 96 percent of Tff

is ‘given by the scale cooling time

P
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=2 ".73%
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: 7. -5/2
- (14.9 ns) < — 2>< ¢ _4>( f )
10 © gm/cm 1.02 x 10 100ev

To achieve the desired Tf 50-100 eV several condition must be met:

(a) Sufficient energy/gn must be applied as determined from

(b) This energy must be applied with pulse length shorter than or equal to
the radiation scale time Tps hence S must be in the range of sev-
eral TW/cmZ,

(c) The expansion scale time must not be short compared with the pulse

length; this implies relatively deep targets.

Typical fesu]ts'from this model are given in Table 1.

nTo date,'tomparféon with LASNEX rhns (made at LANL by R. Kopp) has been
made' for the two céses using Na+. | The Tf value calculated here is
found to lie about 15 eV above the LASNEX computed temperatufe and 10 eV
below the peak interiof temperature. For eXample, with 150 eV Na+, LASNE X
give$ the ‘surface témberatdfe as 50 & and the peak temperature as 88 eV,

compéréd with é model prediction of (.96)(78 eV) =75 éV.

33



Table 1. Predictions of Target Heating Model

Ion £ a- | I0 S Tp W Tf T, Ty

MeV cm cm 0 TW ns kJ eV ‘ns ns
Na 100 .1 800 2.55  32.0  2.56  70.5 31.2  43.6
Na© 150 .1 800 3.82 42.0  5.04 78.0  40.3 4l1.5
¢t 50 .1 1600 2.55 40.0  3.20 .70.5  37.3 42.6
¢’ 75 .1 1600 3.82 69.0  8.28 78.0  66.3 39.9

Longitudinal Stability

The theoretical understanding of .high current beam dynamics typicai of
HIF induction Tinac drivers nas progressed considerably during the past year.
angitudjna] bqnch {stabi]ity, bunch compression and its impact on final
foqgssfné)§}stenévand transverse space charge limits on beam transport have
beeﬁbaddrésséd both analytically and through particle simu]afion codes. In
particular, this work has provided input for design studies of the High
Temperature Experiment  proposal.

Any accelerator beam 1is subject to longitudinal 1nstabi]ity driven by
resistive machine impedance. This resistive wall instability has been a sig-
nificant factor in limit}ng current for a variety of accelerators. Since the
induction mgdu1es:of HIF drivers iqtroduce resistive impedance which coupies
tolfhevbeam,_ft has.been a major cbncern whether at higher currents unstable
behqvior wod]d iead to.unacceptable growth of Tongitudina] phase space.

| For an fnfinife]y ldng_uniform density beam with no thermal velocity
spréad; a res%stiye’méchine impedance wi]] yield backward moving growing
waves and forwafd moving deﬁaying waves. For bunched jnductibn linac beams
it has been suggested that reflection coupling of growing and decaying waves
could be stabilizing. Results from a particle simulation code have confirmed

this conjecture. Local growth rates which would yield several e-foldings of
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growth in trave]11ng one bunch 1ength appear to be long term stable. From

-th1s study a thresho]d cond1t1on for 1nstab1]1ty has been found which deter— '

mines a maximum’ a]]owab]e modu]e impedance per un1t 1ength This relation
indicates that quu]e 1mpedances of a few hundred ohms/meter can be tolerated
for a variety of single beam driver scenarios. With this 1imit there appears
to be sufficient flexibility in machine parameters to permit both good linac
efficiency and long term longitudinal stability. Work is underway to define
similar criteria for multiple beams. In addition, a dispersion relation for
the resisfive wall instability has been derived which includes both finite

transverse beam size and finite beam pipe length and radius.

Final Compression

On exiting the induction linac, the ion bunch will have a velocityvti1t
which will result in bunch compression during transport to the final focus-
sing system. Any deformation of longitudinal phase space or current density
during compression will affect the tolerances required of the final focussing
lens system. Numerical studies of the compression have shown the importance
of thermal spread in obtaining a well behaved compression.

Anplification of density perturbations during compression have been
noted. This effect is reduced when modelling of the transverse variation of

the longitudinal space charge force is included.

Transverse Simulation

Toward thé end of the year a 2-D transverse simulation code was imple-
mented on the MFECC Cray with computing time made available through the
Office of Energy Research. Studies have begun both in support of the current

beam transport experiment at LBL (SBTE) and to clarify in general the optimal
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choice of tune and tune depression for the High Temperature Experiment and
HIF drivers. More realistic modeling of the transverse velocity distribution

have been 1nc]uded.v
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