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FOREWORD

The basic objective of the Heavy lon Fusion Accelerator Research (HIFAR)
program is to assess the suitability of heavy ion beam accelerators as igniters for
Inertial Confinement Fusion (ICF). A specific accelerator technology, the induction
linac, has been studied at the Lawrence Berkeley Laboratory and has reached the point
at which its viability for ICF applications can be assessed over the next few years.

The HIFAR program addresses the generation of high-power, high-brightness
beams of heavy ions, the understanding of the scaling laws in this novel physics regime,
and the validation of new accelerator strategies, to cut costs. Key elements to be
addressed include: 1) Beam quality limits set by transverse and longitudinal beam
physicé; 2) Development of induction accelerating modules, and rﬁultiple beam
hardware, at affordable costs; 3) Acceleration of multiple beams with current
amplification -- both new features in a linac -- without significant dilution of the
optical quality of the beams; 4) Final bunching, transport, and accurlate focussiné on a

small target.
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HIGHLIGHTS

D. Keefe

The first two accelerating sections (A and B) of the six-section MBE-4
experiment have been installed and operated. A major activity during this period
that been the development of pulsers for the eight accelerating units in Sections
A and B; these have now been built and adjusted to supply the right waveforms to
initiate the current-amplification process.

Simultaneocus acceleration and current amplification of the four cesium

beams has been experimentally tested.

The velocity tilt from head-to-tail of the beam bunch, which inevitably occurs in
the process of current amplification, gives rise to a variation in the transverse
beam dynamics along the length of the bunch. This effect, together with the
change in energy as the particles traverse the accelerating gaps, has now been
incorporated in the envelope computer codes and the results found to agree with

experiment.

The conceptual design of the low-voltage section of a driver accelerator has
received increasing attention in this period. (Usually, the linac design code
LIACEP examines designs only above the 50 MV point -- precisely to avoid the
special_ design problems at the low voltage end.) An economically attractive
strateqgy seems to be to start with a rather large number of beams (perhaps 50 to
100) from the injector and, after some acceleration, to merge them to a smaller

number (perhaps 16) for acceleration to final energy and delivery to the target.
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Intere;t in using heavy ions with charge state, q, greater than unity has been
revived as a result of the significant cost saving indicated by the ongoing HIF
Systems Assessment and, also, by emergence of a source (MEVVA) that may be
able to supply large currents at q > 1. The optimum charge state seems to be
q =3 for A = 200; charge states higher than this may require an excessive
number of beams on.target.

While the front end (< 50 MV) of a driver accounts for only about 10% of the
cost of a driver with an ion of q = 1, lt represents a larger fraction_for ions
with q = 3 and, accordingly, deserves more attention than it has previously
merited. Low-energy end becomes even greater when one considers ions with

g > 1 if they are to be transported by electric quadrupoles.

PIC simulations of an intense beam with a non-uniform density distribution in

configuration space confirm the calculations by Anderson (Particle Accelerators,

to be published) that a persistent plasma oscillation is set up if the perturbation is
moderate, but that emittance growth occurs if it is large.

Simulations also predict that merging of space-charge dominated beams will
result in a larger emittance growth, therefore, than one would calculate

traditionally by examining the initial emittance dilution in phase-space alone.

Successful double pulsing of induction cores with rapid reset between pulses has
now been demonstrated.

Double- or multiple-pulsing an induction linac with a short interval
(~ 10 usec) between pulses may have cost advantages for a driver. Double pulsing
a | MJ, driver with g = | ions, to give 2 MJ on target will save more in the cost
of thé structure than is paid for the exi:ra pulsers; the cost advantage, if any, for

g = 3 ions is not yet established. Independent of savings, however, fnultiple



pulsing may provide an attractive strategy for a first test driver in that one could
begin with a 0.5MJ driver, and advance its capabilities to 1, 1.5,‘ 2MJ in

successive stages of mulf.iple pulsing as needed.



STATUS OF MBE-4 APPARATUS

A. 1. Warwick, D. Vanecek, and D. Brodzik
(on behalf of the MBE -4 Team)

During the first half of FYB86 two beam focussing
assemblies for accelerator sections B & C and four core
assemblies, one for each of the four accelerating gaps in
accelerator section 8 were fabricated. The assembly and
installation of accelerator sectionB was complete in
November. The five quadrupole doublets with four induction
insulators are positioned within an accuracy of .003" RMS. For
details of these measurements see year end report for FY85.
Figure 1 illustrates the present mechanical arrangement of the
whole system.
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Fig. 1. Components installed on MBE-4 at the end of March
1986.

The arrangement of the core assembly for section B is
shown in Fig. 2. The individual core packages are similar to
those used in accelerator section A. They contain Astron cores,
as used in section A, and larger silicon-steel cores, wound from
.002 inch thick x 1.40 inch wide ribbon. The individual
silicon-steel cores are packaged in the same way as the
individual Astron cores. The Astron triple core package has
been modified; there are no corner cuffs at the two inner core
corners, as shown in Fig. 3, and an insulator spacer .375" thick
has been added between each core package.
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Fig. 2. Arrangement of cores for accelerator section B
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Fig. 3. Core insulation details

The beam focussing assembly for accelerator section C
was to be installed in mid-March, but due to out-of-tolerance
positioning of the five quadrupole doublets and the four
induction insulators, the unit could not be installed at this
time. The quality control and assembly procedures are being
re-evaluated and upgraded. The beam focussing assembly for
accelerator section C is scheduled to be re-assembled by
mid-April.

March 1986 saw a full complement of pulsers tuned and
operational on accelerating section A. This includes a trim
pulser on gap 4 to control longitudinal space charge effects in
the tail of the bunch. Figure 4 shows the three pulsers on gap 4
tuned to amplify the beam current as B}.3; pulser 3 is the
space charge trim. The first control of the space charge at the
head of the bunch will be applied in the very near future at
gap 6.
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Fig. 4. Calculated design accelerating waveform compared to
actual waveforms on gap 4

Pulsers for section B are now installed and ready for first
operation. These drive a combination of nickel-iron Astron
cores (6.8 mVs) and silicon-steel cores (23.9 mVs). The
section B pulsers produce composite waveforms rising to 20 kv
in times of the order of 0.5 us then to 30 kV in a further 2.4 ys.
Circuits are designed by modelling the cores as resistors; 5
for the Astron cores and 8 for the silicon-steel cores.



ACCELERATION AND ENVELOPE OSCILLATIONS IN MBE-4

A.l. Warwick and C.H. Kim

Pulsers are now operational on the four gaps of section A
of MBE-4, and we have begun to study the coupling between
longitudinal and transverse beam dynamics during acceleration.

The longitudinal dynamics is prescribed by a calculated
acceleration and current-amplification  schedule. This
calculation specifies the current and kinetic energy as a
function of position in the bunch in such a way that as the beam
is accelerated the current is amplified with a waveform that
retains the initial shape. (The current waveform is the time
dependent current as measured at a fixed location). This is
called current self replication and the preferred current
waveform is flat (l). The calculation also specifies the
accelerating voltage waveforms to be applied to each gap.
These waveforms include the corrections necessary to control
the longitudinal space charge forces at the bunch ends. The
specified voltage waveforms are written from the computer to
the screen of a digital oscilloscope where they can be directly
compared with the actual waveforms on the accelerating gaps.
By this means .the longitudinal dynamics of MBE-4 can be
precisely tuned. The results of this procedure agree closely
with the original calculation (2).

The longitudinal and transverse dynamics are coupled.
The kinetic energy varies through the length of the bunch so
that the kinetic energy of the head is different to that of the
tail as they pass a given point in the accelerator. Since the
quadrupole voltages are constant, the transverse dynamics vary
from head to tail.

The matching section of MBE-4 is tuned to introduce the
beams into the first accelerating gap with envelopes matched
for transport at o = 60° with a kinetic energy of 200 keV.
Once acceleration begins it is impossible to maintain the
matched conditions for the entire bunch. One is free to choose
quadrupole voltages to minimise the induced envelope
oscillations, provided o, does not move outside the desired
range of values either for the head or the tail.

In order to study the envelope oscillations induced during
acceleration it is necessary to interpolate the behavior of the
envelopes between the diagnostic stations which are five
quadrupole periods apart. Provided that the non-linear part of
the space charge force is not too large, the K-V envelopes will
be accurate enough. That this is so is seen in Fig. 1. The upper
part of the figure shows an integration of the K-V envelope
equations through five periods. The initial conditions are twice
the measured r.m.s. radii and divergences in the first diagnostic
box.

2 <x2> and 2 <x'2>

Acceleration is applied suddenly at the centre of each
accelerating gap and the current increases according to the
acceleration schedule. The quadrupole strengths are set to
maintain the middle of the bunch at o = 60°. In the lower part
of the figure the horizontal phase space distributions, measured
after five periods at the second diagnostic box (gap 5, at the
end of section A) for the head and tail of the bunch, are
compared to the corresponding K-V ellipses. Agreement is
good and the calculation reproduces the difference between the
optics of the head and the tail.

The K-V envelope equations can therefore be used to
analyse the envelope oscillations induced by acceleration.
Figure 2 shows an integration through fifteen quadrupole
periods of the envelopes of the middle of the bunch. The initial
conditions are again the measured values and the first five
periods reproduce the actual acceleration in section A. In the
subsequent ten periods the kinetic energy,current and
quadrupole strength are constant and the developed envelope
oscillation can be seen. During the first five periods the
quadrupole strength is increasing to maintain o, = 60°_ for the
middle of the bunch. The current is amplified like B8!.3 in this
example so that the perveance decreases and an oscillation
develops. The induced.envelope oscillation is smallest for a
point closer to the tail of the bunch where the more rapidly
increasing kinetic energy approximately compensates for the
decreasing perveance.
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Behavior of the horizontal and vertical envelopes
during acceleration in section A. This K-V
calculation begins with measured initial conditions
and shows the behavior of the envelopes through five
quadrupole periods with acceleration. In the lower
part of the figure a comparison is made between the
measured final phase space distributions and the
calculated K-V ellipses. The quadrupole structure is
indicated at the top of the figure "F1®, "DI" are the
horizontally focussing and defocussing quadrupoles
and "1" is the first accelerating gap; the aperture is
2.7 em.
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Development of the envelope oscillation for the
middle of the bunch. The horizontal and vertical
envelopes are shown for 15 periods with the
quadrupole structure indicated at the top of the
figure. Also shown are the mismatch oscillations of
the maximum horizontal and vertical radii. The first
five periods reproduce the acceleration starting with
measured initial conditions. The kinetic energy is
increased by 10 keV at each of the first four gaps and
the current is amplified like gl-3. The subsequent
ten periods show the developed oscillation at
constant current, kinetic energy and oq.
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TRANSVERSE BEAM DYNAMICS

C.M. Celata, L. Smith

The dynamics of a beam with a nonuniform density was
studied, (a) for a drifting beam in the focusing system of an
accelerator (with either constant or alternating-gradient
focusing), (b) for space-charge-limited flow within a diode,
and (c) for a single beam created by merging four beams. The
case of the beam within the focusing system was investigated
using the transverse particle-in-cell simulation code, Shiftxy.
The initial distribution function for the beam was taken to be
that of a uniform beam plus a density perturbation. The density
perturbation took the form of a round spot with a density
profile which was either gaussian or uniform. This "hot spot"
was used to model density perturbations which might occur in
the beam due to nonuniformities in source emission. The case
of a gaussian density profile for the entire beam was also
studied. The velocity distribution was initially gaussian, with
uniform temperature, and the beams were rms matched.

(8) Emittance growth due to the nonuniformity could be
accurately calculated using a formula derived by T.P. Wangler!
and assuming the final state of the beam to be uniform density.
The emittance growth occurred, as also seen in Wangler's
simulations, in a quarter of a plasma period (see Fig. 1).
However, two different behaviors were identified, depending on
the magnitude of the initial perturbation. For perturbations
where the density of the beam was everywhere greater than
approximately half the average density (weak perturbation) the
density sloshed in and out of the area of the perturbation
throughout the simulation (up to 70 plasma periods, or 200
1attice periods). If the perturbation was stronger than this, the
density perturbations damped -- for the case of the gaussian
beam, for instance, within about 70 lattice periods. R.C.
Davidson has considered these two situations in the study of
large amplitude electron plasma oscillations,2 and the dynamics
for beams has been studied analytically recently by O.A.
Anderson.> These references show that in the case of the weak
perturbation, for a cold beam, undamped oscillations at the
plasma frequency occur. For the strong perturbation, Anderson
has shown that a shock wave results. The large range of
frequencies of oscillation resulting from this strong nonlinearity
presumably destroys the coherence of the oscillation, as seen in
the simulation results.

60 degv, SEemigauss
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Fig. 1. Emittance growth for an RMS matched beam with
velocity profile initially Gaussian. Density
perturbation was a centered spot with radius = 0.2 x
beam radius, density = 2.7 x beam density. o4 = 60°,
constoant focusing. RMS equivalent KV beam has
g =6°

(b) Analytical theory was also done to study the evolution
of density perturbations close to the source -- in the
space-charge-limited-flow region in the diode. A planar diode,
infinite in both transverse dimensions, was assumed, and the
linearized fluid equations were solved for a steady state for a
cold beam. The dénsity used was a uniform density plus a
perturbation sinusoidal in the transverse dimensions. For a
sinusoidal perturbation in x of wavenumber k, the
dependence of the density perturbation on the longitudinal
coordinate (z) was found to be:

pe BB ey
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This shows that strong growth of small wavelength
perturbations takes place within a length in z equivalent to
the radius of the diode. For MBE-4, for instance, this is about
one third the length of the diode. We therefore conclude that
significant evolution of density perturbations due to the source,
with the accompanying emittance growth, is likely to occur
within the diode. This may account for the factor of
approximately 4 above thermal emittance seen in the MBE-4
beams at the entrance to the accelerator. However,
quantitative agreement would have to be confirmed by a 3D
simulation code.
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(c) A study of transverse beam merging has also been
started, using the particle-in-cell simulation code. The
simulation begins at the time when the beams first "see"” each
other, and propagates the conglomerate beam through a
focusing system within a cylindrical grounded pipe. This can be
considered to be another case of a beam with a nonuniform
initial density distribution. Simulations show that agqain the
final state is a uniform density beam. Emittance growth occurs
both because of phase space dilution and because of the
conversion of the electrostatic field energy of the beam into
thermal energy when the density profile changes. Preliminary
results for the merging of four beams show increases in
emittance of between 40 and 250% in both x and vy.
Emittance growth occurs quickly -- in less than a plasma period.

Finally, various modifications have been made to
Shiftxy. The boundary condition of a cylindrical grounded pipe
has been added as an option. This can now be used to examine
the effect of image forces in the magnetic focusing section of a
HIF accelerator. Changes have also been made to allow study
of accelerating beams. This will make it possible to discover
whether acceleration ameliorates the effect of the emittance
growth caused by nonlinearities and image forces for misaligned
beams that was reported in previous progress reports.
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NEW DIRECTIONS FOR HIF DRIVERS

E.P. Lee and L. Smith

Introduction

The HIF System Study prompted a re-evaluation of the
effect of ion charge state (q) on driver costs. It was found
that, at a point along the accelerator of fixed accumulated
voltage (not kinetic energy) and employing magnetic focussing,
the beam radius, focusing field and pulse duration can be
independent of charge state while Kkinetic energy, electrical
. current and module power are proportional to charge state.
" Thus, the desired kinetic energy is achieved in a length shorter
by a factor of q with little change in the design of the
remaining portion and with increased efficiency because of the
increased useful power supplied by each accelerating module.
The decrease in cost from ~50MV to final kinetic energy
makes higher charge states extremely attractive.

. There are potential penalties, however, which have
stimulated the lines of investigation discussed below. Because
of these problem. We feel that charge state 3 or 4 is probably
as far as one should go, with about 16 beams in the main
accelerator.

A. Tune Depression

The scaling laws' leading to the cost improvements also
lead to a moare highly depressed tune (o ~ g-3/4) for the same
emittance, which is dictated by target requirements. In
addition the lattice-period. should also be. changed if
charge-state is changed. A systematic study is under way using
the transverse -simulation code to look for a lower bound on
tune, including image effects and coherent oscillations.

'B. Final Transport and Focusing

At the end of the accelerator, the electrical current is
independent of charge state. Thus the particle current is
inversely proportional to z and the required compression ratio
increased by the. same factor. Also, for the same required
particle current, the perveance (K « IOQZ/ABZ) is greater by a
factor of q2.

Space charge must be neutralized to a high degree during
final transport in a reactor chamber. The neutralization
fraction f, must vary as

1 - fetx.q—z N

with fg 2.9 required for typical parameters (z=3). An
experimental and . simulation study - of the available
neutralization processes is indicated.

Beam compression in the drift lines between the
accelerator and final focus magnets is strongly influenced by
the increased perveance of the multiple charged pulse
(perveance <« quz). On-going simulation efforts in this area
(performed in a collaboration with LLNL) are now directed
towards the high perveance situation. The points of greatest
interest and concern here are the production of useful current
wave forms by the compression process and the avoidance of
unacceptable growth of longitudinal emittance.

The characteristics of the final focus magnet system are
sensitive to the final beam perveance. Experiments and
simulation will address the several known sources of beam
disturbance in final focus, which result in an enlarged beam
spot on the fusion pellet.

Bending of high perveance beams prior to final focus is
receiving increased attention. The effects of image forces in
combination with a large momentum tilt is being explored with
a new code which computes the coupled dynamics of the beam
envelope and transverse displacements produced by bends.
These effects are expected to be increased in magnitude by
increased perveance.

C. Low Energy End

Ion sources in use today produce copious beams at z =1,
but production drops off rapidly for higher charge states. We
are encouraged, however, by sources currently under
development; namely, the Metal Vapor Vacuum Arc (MEVVA) at
LBi. and similar sources developed by S. Humphries at the
University of New Mexico. The production of large currents of
multiply -charged metallic ions has been demonstrated, with
acceptable emittance.

Recent work (lL.aslett,Faltens) with g =1, described in
this report, has shown that the cost of the low energy
(V < 50 MV) portion of a driver could be reduced substantially
by using a large number of beams (64 or greater). For higher
charge states, the low energy end becomes a significant
contributor to total accelerator cost and so the feasibility of
merging possibly large numbers of beams down to the optimum
number for the main accelerator section becomes an important
question. This subject is currently being explored in theory and
simulation, as well as for possible relevant experiments.



IDENTIFICATION OF ISSUES PERTAINING TO MERGING AND EXPLORATION
OF THE MULTIPLE-BEAM PARAMETER SPACE

A. Faltens and L..J. L.aslett

1t has been evident for several years that the design of a
HIF Driver may well require the use of a substantially greater
number of multiple beams in the early stages of acceleration
than would be appropriate or economically optimum in the later
high energy portions of the accelerator (informal notes for a
presentation by D. Keefe, dtd. Oct. 22, 1980). The preferential
characteristics of heavy lons for target heating and the
technological limits to the voltages that can be reasonably
assumed for injection result in designs for which the ion
velocity at injection and immediately thereafter will be quite
small (especially for singly-charged ions). The focusing
required for beam transport can be provided effectively under
such circumstances by electric-quadrupole focusing, but at
higher energies the requisite electric fields become
technologically excessive in order to obtain focusing strengths
equal to those of attainable magnetic fields. The vxB term in
the Lorentz force makes the use of magnetic focusing
progressively more attractive as energy is increased.

The situation as sketched above thus suggests that the
transport of a desired total amount of beam may best be
accomplished by the use of a distinctly different number of
beams in the low energy portion of an induction linear
accelerator, where electrostatic focusing would be employed,
than subsequently where magnetic focusing would become
appropriate. In the electrostatic regime the technological
field-strength restrictions specifically act to limit strongly the
envelope dimensions of individual beams, so that the transport
of the desired amount of total charge requires the use either of
a large number of beams or individual beams of great initial
length. The achievable magnetic focusing forces may on the
other hand become sufficiently strong at higher energies
(especially with use of superconducting magnet windings) that,
despite the somewhat greater physical size of magnetic
quadrupole structures, a smaller number of larger beams can
best be employed to transport the same charge within
acceleration cores of substantially the same 1.D. as would be
used earlier.

The possible necessity, or strong desirability, of merging
several beams (e.g., 2 or 4) into one, at one or more locations
along a HIF Driver, accordingly has motivated a quantitative
review of the foregoing issues. To the degree that such a
review, along lines sketched in further detail in the following
section, serves to substantiate the desirability of beam
merging, so much greater the emphasis that should be devoted
withih our program to the experimental and analytical
investigation of means to achieve such merging -- and of the
price that necessarily must then be faced in terms of emittance
dilution.

Examples of Multi-Beam Transport

To illustrate the transport issues for a HIF Oriver, we
have considered the need to accelerate a heavy singly -charged
(A=209, q=1) multi-beam array of total charge npa2 =300
uCoulomb. 1In the early stages of acceleration the kinetic
enerqy is considered to be not substantially greater than that of
injection -- namely 3.0MeV. With the potentials of
electrostatic quadrupole electrodes at radius R restricted to
lie within  VElectrode = * 2333106 R (MKS units), the
focusing element occupancy factor in the range 1/2 < n < 2/3,
an envelope-to-electrode clearance (R-a) of the order of
1 em, and a zero-intensity "tune" (phase advance, o, per
period of the transport lattice) o, = 75°, one is led to consider
comparatively beams of the various dimensions tabulated in
Table I for highly depressed tunes. It will be noted that beams
of maximum matched-envelope radius less than that shown for
"Case A" would suggest increasingly stringent requirements for
alignment, while beams wilh radil greater than the radius
assigned to "Case G" (a = 4.0cm) would require undesirably
great electrode potentials. [The assignment o5 =75° for

which the tabulated value of ® = \/E L applies, may be
greater than permissible for a particle centrally situated along
a beam bunch under conditions such that a large velocity tilt

. (AB/B) has developed, but has been adopted provisionally here

for purposes of illustration.]

Under the conditions specified for each of the alternative
cases, a suitable half period

_ [[Kinetic Energy]/ge
t=J wOR®
Electrode

can be evaluated (= ) and the transportable beam intensity
N,n, & I, per beam) computed -- see Tablell. ([The
quantity p, included in the table, is given by p = 2.467 R and
represents the transverse period for an electrostatic focusing
array similar to the "80% design” used in the MBE -4 device.)

For each such "Case", fixing the characteristics (1,
coulombs/meter) of individual beams, transport of the desired
total charge of 300 uCoulomb then dictates a definite value for
the product nu2 of the number of beams and the length (%)
[or duration, T = 2/(Bc)] of the individual beams. It can be
desirable to avoid the use of beams of very short duration (e.q.,
for which 1 is less than a few microseconds), since the times
spent at the rise and fall of the beam and of the acceleration
wave forms could become relatively wasteful. Of greater
potential significance in a comparison of configurations with
various values of T is the restriction on permissible
acceleration rate that results if one recognizes that some
restriction should be placed on the head-tail velocity tilt of a
beam passing any fixed location along the accelerator. Such a
tilt will necessarily develop shortly after injection (unless the
spatial length of the beam 1is permitted to grow, initially,
deferring this problem to a downstream location), and for
acceleration with constant 2 the spatial average of
acceleration field is limited to

<E> = % [Kinetic Energy/{qge)] <%>
Full

A decreasing bunch length, £, in the electrostatically focused
region would require increased clectric fields and voltages in
the focusing structure, and is not permitted if maximum values
are used at injection.

The following tabulation shows possible values, under the
conditions mentioned, of &, T, and <E> [for
(AB/B)gyyy) = 0.20] for Cases A-G and np = 256,128,...16
beams. Such information can be used to examine in greater
detail the configuration of electrode and core assemblies, but it
is clear that a capability of accelerating with <E> at least in
the neighborhood of 0.1 to 0.2 MV/m (in the interest of reduced
length for the initial portions of the accelerator) will favor a
choice of parameters near the lower left-hand portion of the
Table IlI, for example “Case £, with ny, = 128.

For all the cases treated in Table I, the value of
¢ = <E> T Is approximately 0.72 volt-sec/m (neglecting rise and
fall times). For cases in which <E> = (0.2 MV/m, the value of
./@ p will be found to be close to 1 meter, and provides a rough
estimate of the overall transverse dimension of the multi-beam
focusing array.

We also are now continuing to examine, for comparative
purposes, magnetic-focusing arrays such as will prove suitable
at higher ion energies and for which it may well prove to be
advantageous to employ a smaller number of beams (e.q., 32 or
fewer) that individually are of materially greater radius near
the transition point from electric focusing to magnetic focusing.



TABLE I

Transverse Beam Dimensions, Potentials, and Lattice Occupancy Factors for Cases A-G

o

n

75° and n Various

0
* Esti d val

Case a R-a R VE]ectrode vEdge n stimate alues
(cm) (cm) (cm) (at R) (at a) *ox

(kV) (kV) ® k
A 0.75 0.85 1.6 + 37. + 8.2 ~ 0.47 1.78 0.134
8 1.0 0.85 1.85 + 43, +12.6 172 1.72859 0.142
c 1.5 0.9 2.4 + 56. + 21.87 ~ 0.53 1.69 0.152
D 2.0 1.0 3.0 + 10. +31.11 ~ 0.57 1.64 0.1625
E 2.5 1.0 3.5 + 82, + 41,7 ~ 0.60 1.62 0.169
F 3.0 1.0 4.0 +93.3 1 52.5 ~ 0.63 1.60 0.174
G 4.0 1.0 5.0 +116.7 + 74.67 2/3 1.56785 0.180

* VElectrode/R = 2-333x106 V/m.

** The values tabulated for k have been discounted by a few percent, from their respective estimated asymptotic limits. (k = 0'/u2)

TABLE 11

Beam Transport Characteristics for Cases A-G

Case a R P vE]ectrode VEdge L N r I
(cm) (cm) (cm) (kV) (kV) (m) (ions/m) (Cou/m) (Amp)
0.255
A 0.75 1.6 3.95 + 37, + 8.2 ~ 0.1 3.82x101 6.12x10-8 0.101
0.267
8 1.0 1.85 4.56 + 43, +12.6 - 10.5" 6.22x101) 9.96x10-8 0.165
0.297
c 1.5 2.4 5.92 + 56. + 21.87 <1770 1.15x1012 1.85x1077 0.307
0.322
0 2.0 3.0 7.40 + 70. + 311 ~12.7 1.76x1012 2.81x1077 0.466
0.344
E 2.5 3.5 8.63* + 82, t 41.7 ~ 13.5 2.45x1012 3.92x10-7 0.649+
0.363
3 3.0 4.0 9.87 +93.3 + 52.5 ~14.3" 3.17x1012 5.08x10-7 0.843~
0.3975
6 4.0 5.0 12.34 + 116.7 1 74.67 = 15.65" 4.67x1012 7.48x10-7 1.24
TABLE I
Length and Duration of Individual Beams, and Permissible Average Acceleration Rate, <E>, for AB/B = 0.20
Qo(m) ‘(o(pSeC)
<E> (MV/m)
.
Case np: 256 128 64 32 16
A 19.16m  11.56 us | 38.33 23.12 76.65 46.24 153. 92.5 307. 185.
0.0626 MV/m 0.0313 0.0157~ 0.00783 0.00391
B 1.8 7.09 23.5 14.2 47.0 28.4 94.1 56.8" 188. 1147
0.102 0.0510 0.0255 0.0128- .00638
c 6.34° 3.82 12.67 7.64 25.3 15 50.7 30.6 101. 61.1%
0.189+ 0.0947 0.0474- 0.0237 .08
b 4.17 2.51 8.33 5.03 16.7 10.05 33.3 20.1 66. 40.2
0.288 0.144 0.0720 0.0360 .0180
£ 2.99 1.80% 5.98 3.61 12.0° 7.22 23.9 14.4 47. 28.9
0.401 0.201~ 0.100 0.0500 .0250
F 2.31° 1.39 4.61 2.78 9.22 5.56 8.4 1 36. 22.3
0.520 0.260 0.130 0.0650 .0325
6 1.57 0.945 3.13t 1.89 6.27 3.78 12.5 7.56 25. 15.1
0.766 0.383 0.191 0.0857 .0479~




MULTIPLE PULSING OF INDUCTION LINACS

The question of double or multiple pulsing of the induction
linac driver was reexamined following T. Godlove's suggestions
at the Systems Assessment meeting at EPRI (Oct. 85). The
main impediment to multiple pulsing has been and remains a
suitable switch which will turn off and recover in the time scale
of interest. While a limited amount of work is in progress
toward achieving a more ideal switch, we have found
substantial advantages in some instances by multiple pulsing
with currently existing technology. The cost advantage over
the "standard" Palaiseau reference case is in the region of 30%,
which makes it the largest single cost reducing item contingent
on development uncovered thus far. A preliminary look at
combining all of the major cost saving options, such as using
higher charge state ions and merging a large number of low
energy beams into a smaller number for acceleration at higher
energies did not lead to a multiplicative total saving, so it is
not clear at this time what the best strategy should be. A
particularly attractive feature of the double pulsing scenario is
that essentially all of the beam control is demonstrated with
the first pulse, which could be followed by installation of the
required additional pulsers and beam delay lines for the second
pulse.

The induction cores are the most expensive item in a
driver at low energies,say, up to 1 GeV, and indirectly keep the
acceleration rate low in that region from economic
considerations. Taking some given design as a reference point,
and keeping everything but the pulse duration fixed, the
required volt-seconds in a core are halved if the pulse duration
is halved. This corresponds to accelerating the entire charge in
two pulses, or double pulsing. The volume of core material
required will decrease to between one quarter and one half of
the injtial core volume, depending on the ratio of the initial
outer and inner radii of the core, and lead to substantial
savings. The savings are increased if instead of keeping
everything else fixed, the cost minimization process of LIACEP
is applied to a bunch with one half the initial charge, and
"everything”" is optimized. The circuit for double pulsing is
assumed to be two parallel pulsers driving each induction core
and one special reset circuit designed to reset the
core between the two beam pulses. At the end of the
accelerator, the first pulse must be delayed by the initial
interpulse and pulse durations, typically about 20 usec, and a
special bunch compression section must be added at the end of
that delay line. The total saving is the difference between the
initial accelerator and the cost of the half-charge accelerator
plus additional pulsers, delay lines, and compression section.
Insofar as two-sided target illumination requires bending of the
two clusters of beams in a large arc, some of the delay can be
obtained by positioning the reactor chamber asymmetrically in
that arc. Repeating this procedure for 3, 4, or more bunch

A. Faltens

subdivisions results in progressively smaller savings, leading us
to concentrate on the double pulse example at this time.

In addition to the paper studies outlined above, we have
constructed a double pulse circuit as described. Figure 1 shows
the voltages generated by the two acceleration pulsers and the
reset pulser between them. Without applying saturating
reactors or snubbing circuitry, the thyratron tubes used in the
pulsers function as shown up to about 20 kV, whereas in a single
pulse mode we usually use them up to about 25 kV, therefore
the required derating is tolerable. In this mode of operation the
reset voltage adds to the voltage across the second pulser tube,
and the second pulse increases the negative voltage across the
first pulser. The impedance levels in this circuit were chosen
to prevent reapplication of positive voltages to any of the
thyratrons in the time interval shown.

In order to keep the thyratrons in the desired safe
operating condition during the pulse train, the pulse forming
network was mismatched with respect to the load. In the first
exercise of driving a resistive load, a 3 ohm pulse line was
chosen to drive a 1 ohm load, the 50% reflection ensuring that
the reset pulse would not refire the first tube. In the next two
exercises of driving actual induction cores, the circuit had to be
changed for the particular core and voltage combination desired
(because of the very nonlinear behavior of the induction cores)
in order to attain the same results. The approximate scaling
for the induction cores is that the required switching energy is
doubled when the pulse duration is halved; insofar as the volt
second product is fixed, the circuit capacity should be halved as
the voltage is doubled to generate the shorter pulse. Some
additional fine tuning was required to damp the several possible
circuit oscillations, but in a short time it was possible to
generate flat acceleration pulses of 2, 3, and 4 psec duration on
the induction cores, as well as the initial 5 usec pulse into a
resistive load. In the core driving tests the pulsers drove our
entire complement of 6 similar large Metglas induction cores in
parallel, therefore the "acceleration voltage" was six times the
measured voltage across one core, for example, 36 kV for the
2 usec pulse duration test as shown in Fig. 2. The single pulse
time duration near the injector has been typically 50-100 usec
in the various driver conceptual designs, consequently the
20 ysec gap between the pulses in Fig. ! is short on that time
scale. A variant of double pulsing the entire induction linac is
double or multiple pulsing of just the low energy, say, up to
50 MeV portions,and merging the beams either transversely or
longitudinally thereafter, analogously to the funneling used by
the HIF rf linac designs. The dilutions due to the merging
process are being examined at this time. While these various
options deviate from the apparent simplicity of a single pulse,
straight through system, the cost savings and reduction in
buy-in price at the low energies make them very interesting.

XBB 864-2512
Double pulsing into a resistive load, where the two

Fig. 1.
negative pulses correspond to 5us long, 6kV
amplitude acceleration pulses, and the positive pulse
between them corresponds to a "reset" pulse of
comparable volt-second area.
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XBB 864-2513

One of the acceleration pulses of a double pulsing
train driving six parallel induction cores. The top
trace is the voltage across one core, at 2 kV/div, and
the bottom trace is the driving current through that
core, at 200 Amps/div. The horizontal scale is
1 usec/div.

Fig. 2.



MBE -4 QUADRUPOLE INSULATOR TESTS

C. Pike, G. Stoker

In support of continuing work on the MBE-4 Experiment
to accelerate heavy ions to higher energies several quadrupole
insulator materials have been tested. These insulators were
4 5/8 inches long and 1 inch in diameter, and were mounted in
an MBE-4 quadrupole assembly for testing. Each quadrupole
assembly contains four insulators so that four insulators of the
same type were tested in each set-up. The present MBE-4
design does.not use "flower pots" at the triple point. See
LLBL-20310, page 9, Fig. 1 for details of quadrupole assembly.

STEATITE

Kilovolts

0 20 40 60 80 100 120140

Time in Hours

Fig. 1 XBL 864-1531

The tests were made in a vacuum tank with a high voltage
feed-thru. The vacuum tank base pressure was about
4x10-7 Torr. A 200 kv Spellman power supply was the source
of high voltage.

OBJECTIVE: Insulators which can reliably hold 75 kV are
required for MBE -4 when the beam energy is about 1| MeV. This
test is an attempt to identify the least expensive material
which can be used for this purpose.

STEATITE: Insulators were baked at 125°C before
installation. Voltage was raised from 45 kV (lst. spark) to
60kV in about seven (7) hours. Voltage was then raised to
80 kV over a period of two (2) days. Samples sparked
continuously at 90 kV with no improvement with time. Samples
then would only hold 75 kV before the onset of corona after
which the voltage-holding decreased with time. See Fig. 1 for
graphed data.

CONCLUSION: These insulators could probably be used
at 45 kV to 60 kV as long as they were shiclded from the ion
beam and secondary electrons.

MACOR: Samples baked to 125°C for one hour. On set of
sparking was 25 kV. Reached 80 kV in three (3) hours. After
overnight pumping, reached 90 kV in seven (7) minutes and
155 kV in fifteen (15) hours. Overnight pumping resulted in
105 kV to first spark on turn-on and second spark at 119 kV. At
100 kV the leakage or corona current was 100 pa. Further
testing resulted in a first spark break-down voltage of 100 kv
and 120 kV resulted in a glow discharge. See Fig. 2 for graphed
data.

MACOR
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100 ] J

Kilovolts
oo
<o

0 20 40 60
Time in Hours

80

Fig. 2 XBL 864-1532
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CONCLUSION: This is probably a good insulator for
75 kV as long as it is shielded from the ion beam and secondary
electraons.

ALUMINA (85%): Baked at 125°C for one hour. First
spark at 40 kV. Conditioned to 100 kV in about two (2) hours.
Glow discharge was noted on ion gauge. Re-X feed-thru
insulator was gilowing near the ground end. Insulators would
continue to come on at 100kV and go to 120kV to 130 kV
before break down or large leakage current was observed. See
Fig. 3 for graphed details.

85% ALUMINA
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Fig. 3 XBL 864-1533

CONCLUSION: While ultimate withhold voltage was not
as high as with the MACOR insulators, this was just about as
good. These insulators should work at 50 kV to 75 kV if shielded
from the ion beam and secondary electrons.

ALUMINA (97%): NOT BAKED. First spark at 40 kV.
Conditioned to 70 kV. Could not condition above 70 kV - 75 kV.

CONCLUSION: All right "just out of the box" for low
voltage (50 kV) operation. Try baking.

ALUMINA (97%): Baked at 125°C for one hour. First
spark at 45 kV, conditioned up to 100 kV where it sparked or
glowed continuously. See Fig. 4 for graphed details.

97% ALUMINA
120 1
@ 100 : __J
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2 60 :J—tﬂ
o
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20 4
0
0 4 8 12 16 20 24 28
Time in Hours
Fig. 4 XBL 864-1534
CONCIUSION: Voltage seemed low compared to unhaked

sample and other samples tested.

While previous samples showed some discoloration on the
insulator in the last two tests the discoloration was more
pronounced. Additional samples of the previously tested
samples were tested and all fell short of the reported test
values. Further investigation disclosed that an LN trap had
gone dry and the system was probably contaminated with oil
just prior to testing the first 37% Alumina insulator, hence the
last two sets of data probably give too pessimistic a result.
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