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Abstract

Energy variation study for beam transport from the en-
trance of a conceptual induction radiography accelerator
to the x-ray target has been reported previously [1]. In this
report, we have extended the study upstream to the injec-
tor. To achieve minimum emittance growth and to obtain
a desired final beam size, we have developed three opti-
mal tunes. Among them, one optimal tune, capable of
supressing beam break-up instability and producing ac-
ceptable corkscrew motions, is used to study the energy
variation effects on radiography performance. The study
shows that £3% energy variation is acceptable.

INTRODUCTION

For a good resolution flash x-ray radiography accelera-
tor, it is desirable to produce small x-ray spots. In this
report, we present our study of beam energy variation
effects on the final x-ray spot sizes and doses on a 20-
MeV conceptual linear induction accelerator (see Fig. 1).
Using TRAK [2] ray tracing code and an optimization
scheme, we have designed a 2-kA, 2-MV injector capable
of delivering a parallel beam (see Fig. 2). The accelerator
consists of 72 250-kV accelerating cells, which are
grouped in 9 blocks. The downstream section consists of
two solenoids and a final focusing solenoid. For simplici-
ty, we assume that there is no target-plasma and back-
streaming ions in the target area. Transport from the ac-
celerator to the x-ray converter is modelled with AMBER
[3] PIC slice simulations and BREAKUP [4] centroid
motion simulations. To achieve desired final spot sizes
and minimum emittance growth, several magnetic
transport tunes are developed.

TRANSPORATION OPTIMIZATION

Let dy/y be the A-K gap voltage variation, which leads
to the initial beam energy variation, and dV/V be the

accelerating cell voltage variation.
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Figure 1: The conceptual accelerator configuration.
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Figure 2: A conceptual 2-kA, 2-MV injector.

The nominal beam has no initial energy variation dy/y =
0 and does not experience any accelerating voltage varia-
tion (dV/V = 0). To minimize emittance growth on a
space-charge dominated beam, the magnetic tunes are
optimized to minimize the nominal beam’s envelope.
Three optimal magnetic tunes are developed. All three
tunes give the normalized emittances at the target around
200 mm-mrad and their final rms spot sizes at about 0.34
mm. Among them, the tune (shown in the top graph of
Fig. 3) can suppress the beam breakup instability and
provide acceptable corkscrew beam motion is chosen for
the energy variation study.

ENERGY VARIATION STUDY

To model energy variation, we assume both the A-K
gap voltage waveform and the accelerating voltage wave-
form have linearly increasing ramps on their tops. For any
given A-K gap voltage variation and accelerating voltage
variation case, we use 11 voltage values uniformly dis-
tributed on the voltage ramps to perform TRAK and
AMBER simulations for beam transport of their corre-
sponding 11 beam slices. For this report, dy/y and dV/V is
varing coherently from — 3% to + 3%. These 11 slices’
phase spaces at the x-ray converter are combined to form
this beam’s final time-integrated phase space. We can
then use the final time-integrated phase space to calculate
the integrated spot size and emittance.

The optimal magnetic tune and 11 slices’ rms beam en-
velopes and normalized Lapostolle emiitances are pre-
sented in Fig. 3. The curves for the nominal are presented
by thick purple lines. As predicted, beam slices with larg-
er energy variations, i.e., accelerated with larger voltage
variations, experience larger envelope oscillations, which
lead to larger emittance growth.
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Optimized magnetic tune
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Figure 3: Magnetic tune #2, beam envelopes and emit-
tances for various dy/y and dV/V. The curves for the nom-
inal beam are given by the thick purple line.
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Figure 4: Time integrated x-y spaces at the target for
beams with no transverse beam motions.

The time-integrated x-y configurations at the target for
beams with dy/y =dV/V =0, + 1%, + 2%, and £ 3%, are
presented in Figs. 4. The calculated time-integrated rms
beam radius and 50% Modulation Transfer Function
(MTF) [5] spot size are given in the figure for each ener-
gy variation. The time-integrated phase spaces and nor-
malized Lapostolle emittance at the target for these ener-
gy variations are presented in Fig. 4.

05 Beam Dynamics and Electromagnetic Fields

D01 Beam Optics - Lattices, Correction Schemes, Transport

MOPIK114

dyy=0, AV/V=0 dyfy=+1%, AV/V==+1%

50
99.9 %
95 % 50
- - 90%
40

0 y 30

yprime (mrad)
o
xprime (mrad)

20
10
€, = 199.6 mm — mrad €, = 219.6 mm — mrad
0 5 1 0 -50 0

1 2 -2 -1 0 1 2

0
y (mm) x (mm)

dyfy=+2%, AV/V==+2%
50

dyfy=+3%, AV/V==+3%

50
[ Iau

20

XprimeCarad)
°
xprime(mrad)
o

10 i 10
€L = 238.3 mm — mrad ' €,n = 260.7 mm — mrad '

- -50 o
0 a 0 1 2 ° 2 -1 0 1 2
x(mm)

x (mm)

Figure 5: Time integrated phase spaces at the target for
beams with no transverse beam motions.

BEAM MOTIONS AND SPOT SIZE

The transverse beam motions with dy/y =0 - £ 3% and
dV/V =0 - £3% are modelled with BREAKUP code. The
beam is initial offset by Xog = Yo = 0.5 mm. The 36 of the
system’s solenoid displacement is 2 mm, and the 3¢ of
the solenoid tilts is 2 mrad.

To calculate the final spot size and emittance for each
energy variation case, we project the physical spaces and
phase spaces of the beam’s 11 slices on the time-
integrated physical space plane and phase space plane
with their corresponding transverse displacements. Then,
the spot size and emittance are calculated based on the
time-integrated physical and phase spaces. The effected x-
ray dose changes using the scaling law in Ref. [6] are
estimated also.
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Figure 6: Time-integrated x-x’ and y-y’ phase spaces and
spot size at the x-ray target with transverse beam motions

without any steering.

For the beam having + 3% energy variation, the ampli-
tude of its centroid motion without steering is about 1
mm. Its time-integrated x-x’, y-y’ and x-y spaces are
shown in Fig. 6. Comparing them with the time-integrated
physical space and phase space shown in Figs. 4 and 5, it
is clear that its large transverse beam motions have made
its time-integrated spot size and emittance larger.

The beam centroid motions can be reduced after im-
plementing a steering optimization using global optimiza-
tion algorithm (genetic algorithm). After the steering, the
time-integrated x-y configurations and phase spaces at the
target for beams with dy/y=dV/V =0, + 1%, + 2%, and =
3%, are presented in Figs. 7 and 8.
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Figure 7: Time integrated x-y spaces at the target for
beams with transverse beam motions and with steering.
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Figure 8: Time integrated phase spaces at the target for
beams without transverse beam motions with transverse
beam motions and with steering.

The calculated spot sizes, emittances and x-ray dose
changes based on the time-integrated physical and phase
spaces in Figs. 7 and 8 are presented in Table 1. The re-
sults indicate that accelerator with up to + 3% voltage
variation has only small effects on the spot sizes and the
forward x-ray dose.
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SUMMARY

We have studied the effects of beam energy variation
on a conceptual radiography accelerator’s performance
numerically. The end-to-end electron beam transport is
optimized for minimum emittance growth and for achiev-
ing a desired spot size at the x-ray converter. For each
beam slice with a different energy, beam transport in the
injector is simulated with TRAK ray tracing code. Beam
transport on the rest of the machine is simulated with
AMBER PIC code and BREAKUP centroid code. The
results show that the beam energy variation up to + 3%
only weakly affects the time-integrated 50% MTF spot
size and forward x-ray dose.

Table 1: Summary of Beam Parameters at the Target with
Transverse Beam Motion and with Optimal Steering

Injector | Acceler- | R Normal- | 50% | dD/
energy ator (25 ized MTF D
spread Voltage m) Lapostoll | (mm) | (%)
(£ %) variation ¢ Emit-
dV/V (& tance
%) (mm-
mrad)
0.35 205.6 0.648 0
1 1 -
0.37 225.3 0.655 | 0.30
2 2 -
0.39 241.7 0.659 | 0.59
3 3 -
0.42 266.5 0.689 | 1.18
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