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Recent advances in solid-state switches have made it feasible to design programmable, high-repetition-
rate pulsers for induction accelerators. These switches could lower the cost of recirculating induction
accelerators, such as the “small recirculator” at Lawrence Livermore National Laboratory (LLNL), by
substantially reducing the number of induction modules. Numerical work is reported here to determine
what effects the use of fewer pulsers at higher voltage would have on the beam quality of the LLNL
small recirculator. Lattices with different numbers of pulsers are examined using the fluid/envelope code
CIRCE, and several schedules for acceleration and compression are compared for each configuration. For
selected schedules, the phase-space dynamics is also studied using the particle-in-eelrRecde
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I. INTRODUCTION The possible use of higher-voltage pulsers raises the
uestion of whether applying larger-amplitude but less-

atthe Lawrence Livermore National Laboratory (LLNL) to requent acceleration and control fields would seriously

. o . impair the beam quality of the LLNL small recirculator.
test.the concept of a recirculating mduc’qon_acceler.ator OI‘I'hl?s paper reports? num)tlerical work comparing lattices with
“recirculator” [1,2]. The pulsed-power circuitry designed

in 1995-1997 to drive the induction modules of this “Sma”between 5and 34 pulsers, with several compression sched-

. . . les being examined for each configuration. Although the
recirculator” attained the needed waveform control an .
" . . parameters of the LLNL small recirculator are used here,
repetition rate by using a parallel array of metal-oxide-

semiconductor field-effect transistors (MOSFETS), whi(:hv‘r'le expect thlat the quali_tati\lle corgclysio;slare arllso va]id for
at the time had a voltage limit of about 500 V. Because oiI 1€ UMER electron recirculator being built at the Univer-
N - . . -~ sity of Maryland [4].
this limit, the original small-recirculator design required
an induction module in each available half-lattice period Il METHOD
(HLP) of the ring in order to meet the goal of doubling '
the beam velocity during 15 laps. The pulsers for these The numerical work to compare acceleration schedules
modules constituted about half of the projected hardwaréas been done with the fast-running beam-dynamics code
cost of the small recirculator. circe [5]. The code combines an envelope description
Advances in power-control devices since 1997 allowof the beam transverse dynamics with a fluidlike treat-
the design of solid-state induction-module pulsers with anent of longitudinal dynamics. Althoughirce assumes
substantially higher output voltage than those designed far constant beam emittance, it has previously been bench-
the LLNL small recirculator. MOSFETs are now avail- marked against the three-dimensional (3D) particle-in-cell
able with a maximum operating voltage of 1.2 kV, andcodewarp3p [6] and is found to model transverse and lon-
insulated-gate bipolar transistors (IGBTs) can switch uggitudinal dynamics acceptably in cases where emittance
to 3.3 kV, although the switching speed of these devicegrowth is unimportant. To facilitate the testing of acceler-
is about 200 ns, compared with 20 ns for MOSFETSs [3].ation and compression schedules with different numbers
These devices can be connected in series or summed in ah pulsers, a subroutine has been addedikze to set
inductive adder [3] to obtain pulses of the desired voltagaip the longitudinal electric potentidf () in each induc-
and waveform. Between 1997 and 1999, LLNL workedtion module. This two-step calculation first uses a modi-
with First Point Scientific, Inc. (FPSI) to design and fied version of an approach developed by Kim and Smith
fabricate four prototype high-voltage pulsers for the smal[7] to generate acceleration fields for self-similar compres-
recirculator using the miniature inductive adder (MIA) sion in the absence of the longitudinal space-charge field.
developed by FPSI. The new pulsers delivered protongitudinal-control fields, called “ears” here, are then
grammable positive or negative pulses up to 1 kV, and nadded to balance the longitudinal force due to the beam
obstacles were found to generating pulses up to 20 kV fospace charge.
larger accelerators. This technology could lower the cost As originally formulated, the Kim-Smith approach as-
of the small recirculator by substantially reducing thesumes that beam slices have ballistic trajectories between
number of acceleration modules, and it could simplify theinduction modules, referred to here as “cells.” For itte
development of pulsers for a driver-scale recirculator byslice, the velocity between theth cell, centered at longi-
avoiding the problem of connecting MOSFETSs in series. tudinal positions,,, and the next one at,+; is then

A series of scaled experiments was carried out recentl
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where the dlice arrival time ¢, is chosen so the beam
current I, at s,+ isself-similar to that at s,,. Specificaly,
I, is a self-similar function of time ¢ and scales inversely
with the beam duration Ar provided that the ¢ values at
each cell are chosen to give the same normalized beam-
frametimes 7/ = (t' — tmiq)/At, Where tpiq iSthe arrival
time of the beam midpoint. Assuming that the beam is
instantaneously accelerated at the midpoint of each cell,
the voltage V! needed in the nth cell at time ¢ is then
given approximately by
3172
vi= T 2 - B @
where M and ¢ are the mass and charge state of beam
ions, and ¥; is the Lorentz factor associated with B =
LB + (B )*.  This agorithm is sketched in
Fig. 1. For a gap length of L., an analytic calculation
shows that the assumption of instantaneous acceleration
introduces a fractional error in &¢ of about [(8,+; —
Bi)/2BT (Ly/8s,), which isless than 107 for all cases
reported here.

Thevoltage estimatein Eq. (2) issuitablefor abeamina
straight lattice, in which the design orbit coincides with the
beam-pipe axis. Inacircular accelerator like arecirculator,
however, the head-to-tail velocity variation or “velocity
tilt” needed for beam compression causes the lower-energy
beam head to have a trgjectory inside the design orbit, and
the higher-energy tail has atrgjectory outside it, provided
that the bend fields do not vary over the pulse duration to
counteract this tendency. This centroid displacement for
a beam dlice with a nonzero momentum error aters the
path length of a dlice in a bend and must be accounted
for, Eq. (1). A simple calculation using the approximation
of continuous focusing (often called the “smooth approxi-
mation”) shows that, for electrostatic sector bends each

2qe

Sn+2

with an occupancy 7,, a radius p, and a mean radius
p = p/mp, the beam displacement X in the accelerator
plane, averaged over the alternating-gradient (AG) flutter
motion, is

X =~ ﬁ % A— ©)

=~ r T 25 P D

Here, R isthe beam-piperadius, L isthe half-lattice period,
and o isthe betatron phase advance over afull lattice pe-
riod 2L in the absence of space charge. The “momentum
error” Ap = p — py is the difference between the local
beam momentum p = yBMc and the design momentum
po = [qeyME,,p]"/?, which is the value for which an
ion will stay on the design orbit in a sector bend with ara-
dius p and field strength E;,. For a magnetic sector bend
with afield strength By, the design momentum becomes
Po = qeyMB;,p, but the X expression corresponding to
Eqg. (3) differs only in the factor 2/p being replaced by
1/p. The phase-advance depression caused by the beam
space charge is accounted for in Eq. (3) by the term pro-
portional to the perveance K, given in Sl units by

1 2qely,

K = . 4

41mey (By)3Mc3 “)

For a sufficiently intense beam, this space-charge term
causes the displacement of a beam with a linear velocity
tilt to be “S shaped” rather than linear as a function of

time. To lowest order in X/p, the added path length due
to bends can be accounted for in Eq. (1) by the substitution

- L m <
P R (Som) (5)

0s, — O0s, + Z
m=1 m
where Ly, pm, and s,, are, respectively, the length, the
bend radius, and the axial location of m;, bends between
the induction cells. Since X; depends on 3, directly
through Ap/p and y;, and indirectly through o and the
dependence of 1, on At, Eq. (1) becomes a transcendental
equation for B,,.; and must be solved iteratively.

Sh+1

T

osn

'

(7]
3

distance —»

Sn-1

time —»

tmig B3 thy € e 5

FIG. 1 (Color) Cartoon illustrating the basic algorithm for setting induction-cell voltages. Each beam slice has a ballistic trajectory
between cell locations s,,, and for self-similar compression, the relative spacing of slices is kept constant at each cell. Cell voltages
are then calculated as functions of time from the slope change of beam-dlice trgjectories.
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A straightforward procedure is used here to calculate the
full waveforms for acceleration and longitudinal control.
First, the scaled midpoint velocity Bmiq and the beam du-
ration Az are specified as piecewise-continuous functions
of longitudinal position s. The modified Kim-Smith algo-
rithm is next used to generate appropriate waveforms for
acceleration and compression only, ignoring the longitu-
dinal component of the beam space-charge field. circe
is then run using these fields but with the longitudinal
space-chargefield artificially turned off, mimicking perfect
longitudinal control. The beam current profile from this
run is used to calculate the optimal control field in each ac-
celeration gap. These fields are written along with the cor-
responding acceleration/compression fields to an external
file and used in subsequent circe runs. For selected cases,
the same fields are a so used in warP3p simulations to cor-
roborate the circe results and to study emittance growth
during acceleration.

[11. RESULTS

A large number of circe runs have been made to study
the consequences of using higher-voltage pulsers in the
LLNL small recirculator. The intention here is to high-
light the effects of the number of cells and the rate of com-
pression, not to choose an optimum accel eration schedule,
so a somewhat simplified version of the small-recirculator
lattice is used. The bore, axia length, and nomina field
strengths of | attice elements match those of the experiment,
but fringe fields are ignored, and sector bends are used in-
stead of the more complicated “fl at-plate” bends actually
built. Also, to clarify the results, no errors in the strength
or alignment of lattice elements are introduced, and dipole
voltages are chosen to be matched to the beam velocity at
the pulse midpoint. These idealizations should have little
effect on the results presented here. Nominal parameters
of the small recirculator are given in Table |, and a de-
tailed description of the lattice is found in Ref. [8]. Using
the nominal 500 V pulsers, induction cells are needed in
34 of the 40 half-lattice periods. Three HLPs are needed
for alarge-aperture section to insert the beam into the ring
and to extract it, and another three-HL P section is planned
for extraction halfway around the ring. Acceleration is not
practical in these sections because of their size and com-
plicated geometry.

For this nominal case with 34 cells, the specified
four-to-one compression of the beam duration Az is
obtained by imposing a velocity tilt as rapidly as possible,
consistent with a maximum pulser voltage of 500 V. The
midpoint beam energy is taken to increase linearly with
s except in the insertion/extraction sections, where it is
constant, and the beam-compression requirement is met
by using a head-to-tail voltage increase AV = 500 V in
the first 13 cells on the first lap, followed by AV = 0 in
the remaining cells. The first 13 waveforms that result
are approximately triangular, with small deviations that

094202-3

TABLE I. Nomina parameters of the LLNL small recirculator.
Beam parameters

lon charge state q 1

lon mass M 39 amu

Beam current I 2— 8 mA

Kinetic energy (yo — DNMc? 80 — 320 MeV

Duration At 4—1us

Rise/fall time At, 1 — 025 us
Lattice parameters

Circumference Smax 144 m

Half period L 36 cm

Pipe radius R 35cm

Number of laps N 15

account for the transverse space-charge field, and the
remaining ones are nearly flattopped. Hereafter, we refer
to such pulses simply as “triangular” and “square.” In ad-
dition, appropriate ear fields are added to the acceleration
waveforms, as they are in all cases here, unless otherwise
stated. Two views of the resulting dynamics are shown in
Fig. 2. The time variation of the centroid displacement X
at the end of thelast lap isshown in Fig. 2a, while Fig. 2b
shows X at the beam head during the final lap. The two
types of plots are referred to hereafter, respectively, as
“snapshots’ and “histories.”

The head-to-tail slope in X evident in Fig. 2a results
from the 1.2% velocity tilt that remains at the end of
15 laps. For the beam and lattice parameters used here,
Eqg. (3) predictsthe average displacement of the beam ends
tobe X = *0.255 cm, whichisin fair agreement with the
final snapshot. It is clear from Fig. 2b, however, that the
beam head is undergoing substantial betatron oscillation
after the 15 laps, and a history of the beam tail shows a
similar amplitude of oscillation, but with a positive aver-
age displacement. This betatron motion, which is seen to
some extent in al cases in this paper, arises because each
pulse with a nonzero AV causes an abrupt change in the
velocity tilt A p/ p without significantly changing X. Since
achangein Ap/p is seen from Eq. (3) to alter the “equi-
librium” displacement X, the centroid is mismatched by an
amount AX ~ 6(Ap/p), and a simple calculation using
Eq. (2) shows that

Ap geAV
(3)- s
p 2ﬂymidﬁmid]‘/[c

where Bniq is the average of Bniq before and after the
cell and ymiq is the corresponding Lorentz factor. The
mismatches introduced in successive cells should add in a
Markovian sense because the betatron wavelength of cen-
troid motion istypically uncorrelated with the cell spacing.
Therefore, if N pulses are used to give a specified energy
increase and velocity tilt, so that AV ~ N~!, we expect
the accumulated betatron amplitude to have the approxi-
mate scaling
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FIG. 2. (Color) Beam-centroid displacement for the nominal lattice with 34 induction cells per lap, illustrated by (a) a “snapshot”
showing the displacement aong the pulse at the end of 15 laps and (b) a “history” of the beam head during the last lap.

8X ~ N'2Av ~ N7V/2, (7

Since the frequency of betatron oscillation for abeam slice
depends on the local perveance, betatron motion initiated
near the ends by this mechanism will eventually get out of
phase with the motion of the higher-density beam mid-
section, leading to the ripples seen in Fig. 2a near the
beam ends.

A. Effects of pulser number

Several effects of using fewer pulsers at a higher voltage
are illustrated here by comparing the nominal case with
34 cellsto cases with 5, 8, 10, and 18 cells per lap. These
particular layouts have been chosen because, except for the
case with 18 pulsers, they allow acceleration modules to
be spaced equally around the ring, facilitating the setting
of dipole voltages. As in the nominal case, equa cell
spacing is not feasible for the 18-pulser case because of
the two sections for insertion and extraction. For each
layout, Bmiq and Ar are specified by the same functions
asin the case with 34 cells, so the midpulse voltage scales
inversely as the number of cells per lap, and the number

(a)
o5 [\
5§ \ /\4\
x
-0.5 /
-1 . . . . . . .
0 2 4 6 8 10 12 14

s (m)

of triangular pulses changes proportionally. However, due
to the larger cell spacing, the transition from triangular
to square pulses does not in general coincide with a cell
location, so the final waveform with nonzero AV generated
by the algorithm here is approximately trapezoidal, again
with small deviations due to space charge.

The lattices with 18 and 10 cells per lap, which use
triangular or trapezoidal pulses, respectively, in the first
seven and four cells, both show acceptably smooth com-
pression. Final-lap histories of the beam-head displace-
ment for these two cases are shown in Fig. 3. Comparing
these with Fig. 2b, it is apparent that betatron motion be-
comes substantially worse going from 34 to 18 cells and
remains nonperiodic, but it is seen to have reduced ampli-
tude for the ten-cell case and to be more nearly periodic.
Thisimprovement seen in going from 18 to 10 cellsresults
from the uniform cell spacing possible with the smaller
number of cells. When induction cells are added to the
insertion/extraction sections of the lattices with 18 and
34 cells, making periodic latticeswith, respectively, 20 and
40 cells, the betatron motion at the beam ends becomes
very similar to that for the ten-cell case. We note that

(b)

0.5
5 0 N N\
05T 1
=1 . - - - - - -
0 2 4 6 8 10 12 14
s (m)

FIG. 3. (Color) Fina-lap “histories” of beam-centroid displacements using (a) 18 cells per lap and (b) 10 cells per lap. Here, a
velocity tilt isimposed in the first seven and first four cells, respectively, giving the nominal four-to-one reduction in beam duration.
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final amplitude of betatron oscillations seen in the cases
with 10, 20, and 40 cells per lap are roughly in agreement
with Eq. (7), although the small values of N in these cases
make this scaling dubious. However, the ssmple model
used to obtain the scaling misses the enhancement of 6 X
caused by nonuniform cell spacing, so the betatron motion
seen in the cases with 18 and 34 cells exceeds the analytic
estimate.

The enhanced betatron amplitude resulting from nonuni-
form cell spacing is illustrated in Fig. 4. Here, centroid
histories in a lattice with ten uniformly spaced cells are
compared with those in a similar lattice in which the first
and sixth cells have been shifted clockwise by a half-
lattice period, leaving the other cells fixed. When the
longitudinal component of the beam space-charge field is
artificialy turned off and no longitudinal-control fields or
ears are applied, the final betatron amplitude is found to
be roughly a factor of 3 higher in the nonuniform lattice,
as seen by comparing Fig. 4awith Fig. 4b. In both cases,
the betatron motion is nearly sinusoidal because the mis-
match is applied in thefirst lap by four successive triangu-

lar pulses. Since these cells span approximately a single
betatron wavelength, the mismatch is, in effect, an ini-
tial perturbation on a dlice trgjectory, and the oscillation
persists for the remainder of the run because there is no
phase-mix damping in this envelope calculation. Includ-
ing the space charge and earsis seen in Figs. 4c and 4d to
substantially increase the amplitude of betatron motion and
make it nonperiodic. The amplitude is larger because ear
fields in these ten-cell cases become substantially larger
than the nominal acceleration voltage as the beam com-
presses. The nonperiodic motion results from the appli-
cation of ear fields at times that are uncorrelated with the
betatron phase, giving the beam ends effectively random
transverse kicks severa times during each betatron period.
Because of this nonperiodic betatron motion, it is difficult
to quantify the increase in amplitude caused by the nonuni-
form cell spacing. However, if the curves are smoothed
to remove the AG flutter motion, the difference between
the maximum and minimum transverse excursions seen in
Fig. 4d isroughly afactor of 2 larger than that for the case
of Fig. 4c with uniform cell spacing. To give the correct
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FIG. 4. (Color) Final-lap centroid histories showing the effects of nonuniform acceleration. Cases with the longitudinal space-charge
field and the “ear” fields artificially turned off are shown (@) for a lattice with ten uniformly spaced cells and (b) for a similar lattice
with the first and sixth cells moved clockwise by one half-lattice period. The corresponding cases including longitudinal space charge
and ears are shown, respectively, in (c) and (d). Note that (c) shows the same data as Fig. 3b, but the vertical scale is changed to

match the other plots here.
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average longitudinal-control force, the ear fields here scale
inversely with the distance between cells, so when cells
have nonuniform spacing, the ear amplitudes show a simi-
lar variation, contributing to the higher betatron amplitude
seen in Fig. 4d.

In runs using five or eight cells per lap, the beam-end
betatron oscillations become large enough to invalidate the
numerical model in circe. Apart from the fact that the ac-
celeration voltage for these cases exceeds the design limit
of the FPSI pulsers being developed for the small recircu-
lator, these large oscillations prohibit the use of triangular
waveforms when there are eight or fewer cells.

B. Effects of pulser waveforms

The beam-end mismatch introduced by head-to-tail volt-
age variation in waveforms can be reduced by using a
smaller AV in a correspondingly larger number of induc-
tion cells. For a given lattice and overall compression, a
progressive reduction in betatron motion at the beam ends
is seen when a schedule with triangular pulses is replaced
by one using a larger number of trapezoidal pulses. This
improvement is illustrated by the final-lap centroid histo-
ries in Fig. 5, using trapezoidal pulses, respectively, for

04} (@

02}
£, A
< \

0.2 | 1

-04 | 1

0 2 4 6 8 10 12 14
s (m)
0 r
(c)

0.2 |
—~-04 | |
S e AN
)

*x.0.6 NV\ 1

038 |

-1 " " " " " " "

0 2 4 6 8 10 12 14

s (m)

the first 10, 50, 100, and 150 waveforms. Each case here
uses the same ten-cell lattice, and the head-to-tail voltage
increase AV on the trapezoidal pulses has been chosen to
give the same four-to-one fina reduction of the beam du-
ration. The case in Fig. 5a, with ten trapezoidal pulses, is
only dlightly better than that with seven triangular pulses,
shown in Fig. 3b, but a mgjor decrease in betatron mo-
tion is evident in Fig. 5b going from 10 to 50 trapezoidal
pulses. At the same time, the previously noted nonperi-
odicity due to ear fields decreases in proportion with the
betatron motion. Some further improvement is also seen
in Figs. 5¢c and 5d, where progressively smaller voltage
tilts are needed. From these cases and others with uniform
cell spacing, it appears that betatron motion introduced at
the beam ends by a voltage tilt becomes negligible when
momentum tilt Ap/p changesin acell by less than about
0.1%. Using Eq. (6), thiscriterion can be written to lowest

order in B2 as
AV
T 2T < 0.004, ®)
3 BmiaMc?

where %Brznindz isthe beam kinetic energy inthe nonrela-

tivistic limit. The cases in Fig. 5 with 50 or more
o :
(b)
-0.2
~-0.4
£
L
> .06}
-0.8
-1 . . . . . . .
0 2 4 6 8 10 12 14
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0 T
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0.2
—~-047F
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FIG. 5. (Color) Final-lap centroid histories showing the effects of applying a velocity tilt more gradually in alattice with ten equally
spaced cells. Trapezoidal pulses have been applied in the first (a) 10, (b) 50, (c) 100, and (d) 150 cells, with the head-to-tail voltage
increase adjusted to give the same overall compression. Note that a different vertical scaleis used in (a) to accommodate the larger

centroid swing.
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FIG. 6. (Color) (a) Beam duration and (b) the head and tail centroid displacement over 15 laps for compression schedules using ten
cells per lap and trapezoidal waveforms for the first 10, 50, 100, and 150 pulses. The voltage variation in the trapezoida pulses has

been adjusted to give the same final compression.

trapezoidal pulses satisfy this criterion, but the case with
ten trapezoidal pulses violates it.

Another feature seen in Fig. 5 is an increased average
displacement as more trapezoidal pulses are used. Be-
cause such pulses introduce a velocity tilt more gradually
than triangular ones, the beam duration decreases more

(a)

0 2 4 6 8 10 12 14

s (m)

!y

-0.5
§ -
b
1.5 |
-2

0 2 4 6 8 10 12 14
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slowly at first, and the beam length actually increases due
to the increasing velocity. Beam durations for the ten-cell
caseswith 10, 50, 100, and 150 trapezoidal pulses are com-
pared in Fig. 6a. As the number of trapezoidal pulses in-
creases and the voltage tilt is reduced, Ap/p reaches its
maximum of about 3% later in the acceleration sequence.

(b)
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s (m)

(d)

h
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FIG. 7. (Color) Final-lap centroid histories showing the effects of applying a velocity tilt gradualy in lattices with (a) 8,
(b) 10, (c) 18, and (d) 34 cells per lap. Here, trapezoidal pulses are used for al waveforms, with the head-to-tail voltage increase

adjusted to give the same overall compression.
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Consequently, the maximum average displacement esti-
mated from Eg. (3) increases with the number of trape-
zoidal pulses in these cases due to the approximate 8!
scaling of o found for magnetic focusing. This increase
is evident in the plots of head and tail displacement in
Fig. 6b. Since the sensitivity to lattice and field errors is
expected to be similar for all these cases, choosing an op-
timum acceleration schedule for a recirculator entails bal-
ancing this increased displacement of the ends against the
reduced betatron motion found with a more gradua in-
troduction of velocity tilt. It follows that the velocity tilt
should be introduced as rapidly as possible without initi-
ating betatron oscillations at the beam ends, as determined
by the criterion of Eqg. (8).

Asin theten-cell case, the other lattices examined show
some reduction in betatron amplitude when the velocity
tilt is applied more gradually, as seen in Fig. 7. Here,
final-lap histories are shown for four cases ranging from
8 to 34 cells per lap, each with trapezoidal pulses used for
al waveforms and AV adjusted to give the same overall
compression. The ten-cell case in Fig. 7b clearly shows
the least betatron motion. Slightly more is seen in the
eight-cell case of Fig. 7a, and another lattice with five cells
per lap had roughly twice the betatron amplitude in the
final lap compared with the eight-cell case. The two cases
in Fig. 7 with more than ten cells per lap show a substantial
betatron amplitude due to the nonuniform spacing of cells,
even though all cases shown satisfy the criterion in Eq. (8)
for negligible betatron motion due to voltage tilt. This
result suggests that nonuniform cell spacing acts as an
independent source of mismatch.

Besides reducing the mismatch at the beam ends, the
use of trapezoidal acceleration pulsesrather than triangular
ones makes more efficient use of the induction cores. The
volt seconds required for a trapezoidal pulse are nearly
the same as for a flat pulse, whereas a triangular pulse
uses only about half that value. An added advantage of
trapezoidal pulsesisthat theincrease of the midpoint beam
energy can remain the same on each lap, so to a good
approximation, the required dipol e voltage increases quad-
ratically with time during the 15 laps, and if the cells
are uniformly spaced, the same voltage waveform can be
applied to every dipole.

C. Emittance growth

Several of the acceleration schedules discussed here
have been tested by the 3D particle-in-cell code warrzp [6]
using the acceleration and ear fields generated by circk.
Although warr3Dp is able to model the fringe fields and
higher-order multipoles of lattice elements accurately, the
same hard-edged, linearized elements assumed in cirRce
were used in these tests in order to highlight the effects of
the schedules on the beam phase-space distribution, par-
ticularly the emittance. Since the beam density in warPzD
runs is taken to be initially uniform, circe was rerun in
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FIG. 8. (Color) Snapshots of the x emittance after 15 laps for a
lattice with 34 cells per lap and one with 10. Trapezoida pulses
adjusted to give the same overall compression have been used
in al cells.

these cases with that model, so that the two codes would
have similar beam-end dynamics, and magnetic sector
bends were specified in both codes due to small differ-
ences in the modeling of electric sector bends. Also, trape-
zoidal waveforms were used for all acceleration pulses to
minimize betatron motion.

As expected from earlier benchmark tests, the two
codes predict similar longitudinal dynamics for the re-
circulator beam. In the cases compared, wARP3D gives
virtually the same compression and velocity tilt as circe,
although details of the betatron motion of dices differ,
and warrsD snapshots of the beam current show long-
wavelength waves with an amplitude of about 5% of the
peak current, suggesting small errors in the ear fields or
their timing. Comparing warr3p runsusing 10 and 34 cells
per lap, we find, as in circe runs, that the final betatron
amplitudeis substantialy higher for the case with 34 cells.
However, the amplitude is noticeably higher in both cases
than in the corresponding circe runs, due mainly to the
waRP3D beam being initialized with a nonequilibrium
distribution. The particle simulations with 34 cells also
show a larger and denser “hal0” of unconfined particles
near the ends than the ten-cell simulations, resulting in the
much higher x emittance near the ends seen in Fig. 8. For
both cases, the normalized emittance near the midpoint
increases about 68% during the 15 laps, again due mainly
to the nonequilibrium initiaization, but the increase is
greater than 165% at two maxima near the ends when 34
cells are used. In contrast, no emittance growth above the
midpoint value is seen in the ten-cell case. This enhanced
emittance growth near the beam ends for 34 cells appears
to be another effect of nonuniform cell spacing, sinceit is
not seen in warP3D runs in lattices with 20 or 40 cells.

IV. CONCLUSIONS

From circe and warrap simulations of the LLNL small
recirculator, it appears that the beam can be accelerated
and compressed using as few as five induction cells per
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lap, provided that the velocity tilt is introduced gradually
enough to avoid the initiation of betatron oscillations near
the beam ends. Triangular waveforms can be used when
there are ten or more cells, but using a larger number of
trapezoidal pulses to produce the velocity tilt reduces the
amplitude of betatron oscillations. A layout having ten
cells placed uniformly around the ring, with trapezoidal
pulses used on perhaps the first five of the 15 laps, appears
optimum for the small recirculator. In this case, the accel-
eration waveform has a nominal voltage of about 1.5 kV
and needs a head-to-tail voltage tilt of about 11.5%. This
schedule produces reasonably small betatron oscillations
at the beam ends in the absence of lattice errors, while still
keeping the beam centroid displacement less than 0.7 cm.
When fewer than ten cells are used, acceptable accelera-
tion schedules can be worked out using a sufficient number
of trapezoidal pulses, but the amplitude of betatron motion
is higher than the ten-cell case, and the nominal voltage is
larger than can be generated with the MIA pulsers devel-
oped for the small recirculator.

The main advantage of using MIA pulsers is the ex-
pected cost reduction due to the smaller number of pulsers,
and there are further small savings due to such things as
smaller housings for the pulsers and simpler mechanical
alignment. These savings are partly offset by the need for
more induction-core material. A second advantage of us-
ing MIA pulsers compared with a parallel-array MOSFET
or IGBT architecture is their ability to generate bipolar
pulses. It is found in the cases discussed here that ear
voltages can exceed the acceleration voltage as the beam
approaches full compression, which would make longitu-
dinal control difficult with unipolar pulsers. The required
ear voltages could, of course, be reduced by lengthening
the rise and fall times of the beam current, thereby reduc-
ing the longitudinal space-charge field. However, allowing
bipolar pulses increases the flexibility of the system.

A substantial amount of additional work is needed to
complete this preliminary study. As mentioned, the lattice
used here was somewhat idealized. To calculate usable ac-
celeration fields, the lattice elementsin the code should in-
cluderedlistic fringe fields, and flat-plate dipoles should be
used instead of the sector bends used here. Coding should
be added to calculate the volt seconds required in the in-
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duction cores in order to determine whether the cal culated
waveforms can be generated with the existing cores. Fi-
nally, a wider range of compression schedules should be
examined in order to find one that simultaneously mini-
mizes the centroid displacement at the beam ends and the
fina velocity tilt.
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