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Abstract

An ion induction linac for HIF must operate near the
space charge current limit along most of its length. Small
erreis in the voltages applied to the accelerating gaps can
readily produce local unwanted beam bunching and
ccnsequent beam loss. iJncompensated space charge forces
wnll generate current loxs from longitudinal beam
spreading.  In the design of the MBE-4 ideal acceleration
voltaacs were developed that assure self-similar amplifyina
current waveforms at =zach position along the acceleratar.
These were a~nroximately synthesized by adding waveforms
that can be ootained from realizable electrical pulsers. A
code is used to study effects produced by the imperfect
synthesis un the longituginal ion dynamics and beam current
waveiorms in Lhe presence of space-charge forces.

Intreduction

In order te realize the necessary current amplification
in ar ton induction linac for HIF applicationr, the madules
shnuld accelerate the tail more than the head of bunch in a
c~arefully programmed fasiiion. The purpose s te keep the
current near the transverse space charge limit in order to
exploit the capability of linear induction accelerators to
handle bigh currents, but at the same time to minimize the
current fluctuations 1 order to prevent consequent particle
wsses and emitiance growth.

Wa used a procedure described in detail in Ref. 1 based
vn the current self-replicating schema. The scheme assures
self -similar ampiifying curient waveforins at each position
along the f{inac. In this scheme, all the particles emergine
from an accelerating gap are headed towar:d a common focal
spot 1N z-t space, which is different for each gap. These
corcnon foeal spots are determined by a number of
corstraints that depend both on physics and Lechnology The
ohysies  cunstraints  are  imposed by transverse  and
longitudinal beam dynamics. The bunch length should be
compressed, but sufficiently gently so that the line ct-qge
density does not exceed the space charqe limit. In the Leam
entrang e region the head must not be accelerated before the
tai has enlered At a given location the velocity variation
trom nead to tail of the bunch {AB/0) should not excewd a
certain Lot set hy the ability of the transport system to

torus  beams  wialh  time-varying  momentum. The
technological constraints are: The size of the module -- or
volt seconds per meter of the core material -- shouwid not

©d 4 certain limit determined by cost. The average
a.celerating voltage per meter should not exceed the
breakdown Himit,

In this numerical design study, we calculated the "ideal"
kinetic energy for the current self-replicating scheme by
catcuiating the commmon focal spot for each gap in
cornpliance with the various constraints. We also calculated
the kinetic energies of a number of test particle., subjected
to realistic accelerating vaoltages and space charge forces,
as functions of time and space. The difference between the
ideal kinetic energy just after a given gap ang the realized
kinetic enerqy just before the same accelerating gap gave
the desired acceleraling-gap roltage waveform for the gap.

*This work was supported by Lhe Office of Energy Research,
Uffice of B8a'ic Energy Sciences, L.5. Department of
Energy under Contract No. OE - ACD3- 765+ 00098

The desired waveform was then synthesized by adding
elementary waveforms similar to those observed in
development tests.

MBE -4 Design Parameters
MBE -4 has 30 FODO lattice periods {celis), 24 of which

have an accelerating gap. Every 5-th cell is used for
giagnostic access [2). The design parameters used in this

study are:
species cesium +1
input energy 200 keV
No, of beamlets 4

input current 26 mA (4 beamlets}
output current 60 mA {4 beamlets)
AB/B a.2

Gap Voltage (max) 30 kv / gap
Core Size (max) 0.1¥-s / gap
Output eneryy
Head 170 keV
Center 920 kev
Tait 880 keV

bunch compressian 0.5 «x initial iength

The ideal accelerating voitage waveforms for ail 2¢
accelerating gaps are shown in Fig.l. The pulse duratior
becames shorter as the bunch is compressed in time along
the linac. The ideal accelerating voitage waveforms of
MBE -4 have rouchly one of the following typical shapes: {I)
2 trianguiar shape in the beam entrance region, () a
trapezoidal shape in the beamn dynamics (aB/f3) limited and
volt -second limited regicns, and (3) a flat-top shape in the
breakdown limited region. The breakdown limit reqion
shiould compris™ most of the linac.

Gap Voltage (V)

Beam Time micro-seconds)

Fig. 1 Ideal accelerating voltage wavefo:ms for all 24 gaps
of MBE-4, Every S-th cell is used for diagnastic
access, and thus does not have any acceleration
voltage. Pulse duration decreases monotonically
along the linac. No space charge effects are

included here.
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Synthesis of Accelerating Waveforms

Errors in the accelerating voltages produce current
fluctuations as the beam passes down the accelerator. Since
the beam is already near the space charge limit, the
fluctuations can cause beam loss. Although the longitudinal
space charge forces tend to smooth out these fluctuations,
particular precauticrs were taken to avoid discontinuous
first derivatives and high frequency errors in the
synthesized waveforms. In this way, klystron-like bunchirg
was largely avoided.

Three generic types of elementary waveforms similar
to those ohserved in the develogment tests [3], {4} were used
in synthesizing the accelerating waveforms. We modeled
the elementary waveforms by the following three functions.

V : Vg (fast rise to a constant voitage) (48]
Vg (2% - x4} EEEN! 2)
Vo (1-cos(m)) ;D <x (2 )

where x is the normalized time, (t - toMtp, 2nd tg and tp are
respectively the turn-on time and the time to reach the
peak vnltage. The type (2} functions are used not only o
acceicrate the beam but also to compensate for the space
charge forces at the ends o1 the bunch, where the current
was assumed to fall parabolically. The last half {1 ¢ x ¢ 2)
of type (3) functions with negative values of Vg are used Lo
compensate for space charge expansion of the bunch head.
The furst half (0 < x ¢ 1} of type (3) functions witih positive
values of Vg are used for the tail of bunch.

Ihe waveforms were synthesized inodularly in groups of
4 cells preceding each diagnostic cell. The first three
wavetorms are synthesized in the sinpiest way possible.
The errors due to the imperfect synthests and the space
charge forces are left to accumulate and then ccrrected
with trimming pulsers at the 4 th ceil. Thus a trimming cell
is located just before each diagnostic cell. As an
illustration, synthesized waveforms just before and at a
trimming cetl are shown in Figs. 22 and b. Seventy-one
pulsers were used in this MBE-4 design study. Their
waveforms  fall into 18 different shapes which are
summarized i tahle . The first 10 of them are main
pulsers and the remaining 8 are the trimming pulsers. The
largest. number of oulsers (40) generate a square pulse of
from 1.3 1o § ysec duration. In order to reduce the required
number of power supplies the value of tp rather than the
value of vV, was varied when a choice was pessible.

Table I MBE -4 Puisers

Type VolkV) trlus) # Req'd
1 15.0 -- 34
[ 10.0 -- 6
2 15.0 5.0 t
2 195.0 6.0 3
2 15.0 6.9 |
2 15.0 7.0 i
3 1.5 4.2 1
5 1.5 6.0 4
3 5.0 3.0 |
3 5.0 .0 2
3 3.0 0.9 5
3 5.0 0.9 2
3 3.0 4.5 3
3 a3 0.6 1
3 1.2 L3 1
3 0.7 1.5 2
3 0.45 n.5 1
3 5.0 0.5 2
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Fig. 2 Typical synthesized waveforms at (3; a (=il just

before a trimming cel! and {b) at a tnimming cell.
The desired waveforms include corrections far the
accumulated errors due to imperfect synthesis anid
space charge forces in the previous celis. Oher
solid lines show various stage< ot adding individual
pulsers. Final synthesized wdavefrrms are marked
with "x".
Physics Performance
Judgment oi the guality of the synthesized waveforms
and the beam bunch 15 somewhat subjective. 1t HIF
applications, current and kinetic ene-gy fluctuations at the
accelerator exit are limited hy the passbanG of the final
transport system of containment, bending, and fncusing
elements. Current and energy fluctuations which are
reproducible from shot to shot can b~ rorrected in principle
to an arbitrary accuracy; haowever, fluctuations due to
timing and voltage jitters can not be corrected easily. The
effects of jitters depend not only on the magnitudes of the
jitters but also on the way the waveforms are synthesized.

In order to evaluate the present design, the behavior of
the beam subjected to the synthesized waveforms ind space
charge forces was studied numerically. Trajectories of a
number {Lypically 101} of interacting test particles were
calculated using a computer code similar to the one used in
Ref. 1. The particles were ecually spaced initially with
charges weighted proportionally tu the initial line charge
density, which was assumed to be unifarm (Zusec) with
parabolic bunch ends (0.5 usec for each end). The line
charge density at a later time is inversely proportional to
the inter-particle distance and nroportional to the initial
weighted charge. Although this method does not ailow
particles o overtake their neighbors, it appears to be
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adequate for the present design study. The calculated
amplification of the beam current in MBE-4 is shown in
Fig.3 for one of the four beamlets. The beam current at a
given location is calculated at the time the center of the
beam passes the location. A factor of 2 in current
amplification is due to the increase in kinetic energy and a
factor of 1.5 due to the spatial compression. Our transverse
focusing system will be adequate to handle the 3-fold
current amplification.

Reference Current imA)

. - e " B

ance Along the linac Imeters)

‘lurrent  amplification in MBE -4, The valun of
current at a given location is calculated at the time
whn the center of the bunch.passes the location,

Fig. %

The calculated kinetic energy, the current waveform,
and the energy flucteation - - the deviation of the kinetic
enerqy trom the "ideql" value - are shown in Figs. &a, b,
and ¢, at the linac exit, Notice that the current
fluctuations in the flat portion of the beam are less than 2%
and the energy fluctuations are less than 500 ev for most of
the bunch except at the bunch ends. The macnitude of the
current fluctuations depended on the accuracy of waveform
synthesis nver a distance along the accelerator. However,
the maqgaitude of the enerqy fluctuations was mostly
dependent upon the accuracy of the cocrections made at the
last trimming cell. As the beam is accelerated, the
fractional energy fluctuatinns decrease.

we alsa studied the effects of random timing jitter on
the magnitude of the current fluctuation. We found that
tuning jitters of the indivicual pulsers on the order 30 nsec
introduced current fluctuations of no more than 2%. The
magnitade of the fluctuations scaled linearly with the
timing jitter.

Conclusinns

Several properties of accelerating voltage waveforms
needed to a~celerate and campress lon bunches in an
induction I'mac have been revealed or illustrated in this
study. We have found that waveform components having
bolh signs of curvature are needed for synthesizing some
waveforms acceptably. Slope discontinuities of synthesized
waveforms are to be avoided because they produre current
spikes further dov.astream. Errors in ion kinetic energy
along a bunch, which have accumulated from waveform
errors at several preceding gaps, can be corrected by
trimming pulsers at a single gap; nowever, errars in r rrent
distribution along a bunch cannot be repaired at a single
gap. From this study we have demonstrated that waveforms
for accelerating bunches in the MBE-4 can be synthesized
acceptably by superposing realizable waveform. components
having shapes already demonstiated in laboratory tests.
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Authors wish to acknowledge helpful discussions with
Drs. D. Keefe, L. Smith, and .}. Bisograno.

References
I. C. Kim and |_. Sinith, l.awrence Berkeley l.aboratory
internal report, 1 BL-19157 ([989), submitted for
publication in Particle Accelerators

2. A.. Avery, (C.S. (Chavis, 1.J. Fessenden, [D.E. Gough,
1.F. Henderson, D. Keefe, J.R. Meneghetti, C.D. Pike,
O.L. Vanecek, and A.l Warwick, in these proceedings.

3. D. Gough, private communicatians (1985}

4, A, Faltens, M, Firth, S.S. Rosenblum, and D. Keefe,
ILEE Trans. Nucl. Sci. NS-30, 3669(1983).




This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Labaratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of Calilomia or the U.S,
Department of Energy to the exclusion of others that
may be suitable.




