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Abstract:

The Injector II, one of the two parallel injectors of the high-current superconducting proton driver linac

for the China Accelerator-Driven System (C-ADS) project, is being designed and constructed by the Institute of

Modern Physics. At present, the design work for the injector is almost finished. End-to-end simulation has been

carried out using the TRACK multiparticle simulation code to check the match between each acceleration section

and the performance of the injector as a whole. Moreover, multiparticle simulations with all kinds of errors and

misalignments have been performed to define the requirements of each device. The simulation results indicate that
the lattice design is robust. In this paper, the results of end-to-end simulation and error simulation with a 3-D field

map are presented.
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1 Introduction

The China Accelerator-Driven System (C-ADS) [1],
which will be an effective tool for transmuting the
long-lived transuranic radionuclides produced in nuclear
plants into shorter-lived ones, is being studied at the
Chinese Academy of Sciences.

The Injector II, as part of the ADS, is being designed
and built at the Institute of Modern Physics (IMP). The
Injector II is composed of an electron cyclotron reso-
nance (ECR) ion-source, a low-energy beam transport
line (LEBT), a radio-frequency quadrupole (RFQ), a
medium energy beam transport line (MEBT) and an
SC accelerating section. The layout of the Injector II
is shown in Fig. 1.

The LEBT will match the proton beam with
0.035 MeV from the ECR source to the RFQ by two
solenoids. The RFQ will accelerate and focus the beam
from 0.035 MeV to 2.1 MeV, simultaneously. The MEBT
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has two main functions, which are to match the proton
beam from the RFQ to the superconducting accelerat-
ing section and to place some on-line beam diagnostics
devices. The superconducting accelerating section will
accelerate the proton from 2.1 MeV to 10 MeV with 16
superconducting half wave resonator (HWR) cavities.

The basic parameters of the Injector II are listed in
Table 1.

Table 1. The basic parameters of the Injector II.
parameter value
particle type proton
operation frequency/MHz 162.5
operation mode CwW
input beam energy/MeV 0.035
output beam energy/MeV 10
beam current/mA 10

SC section

(color online) The layout of the C-ADS II Injector.
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In this paper, the simulation results of end-to-end
simulation and error simulation with a 3-D field map of
the HWR cavities and solenoids will be presented.

2 The TRACK code

In the TRACK code [2], the transport of a charged
particle is described by the motion equation:
dp

EZQ(E_H)XB)’ (1)

where p is the momentum of the particle and ¢ is the
charge of the particle. E = E.+ FE,;, where FE
is the sum of the external electric from acceleration
and FEi, is the internal electric field between particles.
B=B.,.+Bi, is the sum of the external magnetic field
from focusing elements and the internal magnetic be-
tween particles. The external field can be simulated by
third party codes, such as Micro Wave Studio [3]. The
space charge effect is calculated using particles in the
cell method. wv is the particle velocity. For the trajec-
tory calculation, the fourth order Runge-Kutta method
is used. As a Z-code, it uses the independent vari-
able z to track the phase space coordinates of particles
(x,2' =da/dz,y,y =dy/dz,8 =v/c,¢), where v =|v| is
the amplitude value of velocity, and ¢ is the synchronous
phase, which is the particle phase with respect to the RF
field at the given section of the accelerator. The trans-
port of the phase space coordinates is shown by the set
of equations used for the step-by-step integration calcu-
lation:
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where y= is the Lorenz factor, h=

V1-32 1+x’2—|—y’2’

X=——7, A is the mass number, m, is the atomic unit
myC

mass, and E,, E,, E,, B,, B,, B, are the components of

the electric and magnetic field in each direction in Carte-
sian coordinates. For more details about the algorithms
and functions of TRACK, the manual [4] of the code can
be referenced.

3 End-to-end simulation of the Injector
II

In our case, the end-to-end simulation is carried out
for the section from the entrance of the RFQ to the end
of the superconducting section. The RFQ is simulated
with PARMTEQ-M [5] and the following sections are
simulated by TRACK.

3.1 The beam dynamics of RFQ

1000000 macro-particles are initialized in a water bag
distribution in the transverse direction and a DC beam
in the longitudinal direction. The input normalized RMS
emittance is 0.30 tmm-mrad at 35 keV. The beam cur-
rent is 10 mA. Table 2 shows the main results of the
simulation with the PARMTEQ-M code.

Table 2. The main simulation results of RFQ.
parameters value
transmission (%) 99.7

€z /(mm-mrad) 0.3178
Qg 0.4602
Bz /(mm/mrad) 0.2689
€y/(mm-mrad) 0.3155

oy —0.1042
By/(mm/mrad) 0.1256
€-/(deg-MeV) 0.0571
a; 0.2795

B./(deg/MeV) 1173.24

In Table 2, € is the normalized RMS emittance. The
output phase space distribution is plotted in Fig. 2.

3.2 The beam dynamics of MEBT and the su-
perconducting section

The MEBT and superconducting section are simu-
lated by the TRACK code. The particles distributed out
from the RFQ are transported as the initial distribution
of the downstream linac.

The simulation results are shown in Fig. 3. The RMS
envelopes in both the transverse and longitudinal direc-
tion are smooth and periodic in the superconducting sec-
tion. This shows that there is good matching between
MEBT and the superconducting section.

In the end-to-end simulation, beam loss is not ob-
served in the Injector II. To make sure the beam can
be accelerated and transported downstream, the beam
emittance evolution in the linac should be analyzed. The
emittance growth in each phase space is listed in Table 3.

047003-2



Chinese Physics C  Vol. 37, No

. 4 (2013) 047003

Fig. 2.

plane, and (d) is the phase space of the longitude.
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The output phase distribution of RFQ. (a) is the z-z’ phase space, (b) is the y-y’ phase space, (c) is the z-y
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Fig. 3. The simulation results of MEBT and the superconducting section.
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In Table 3, €.0.99 is the RMS emittance including
99% particles, and e_max is the RMS emittance including
all particles. What should be noted is that the longitudi-
nal emittance growth is a comparison with the emittance
of the beam extracted from the RFQ, since the emittance
at the entrance of RFQ is almost zero.

From Table 3, we can see that the transverse emit-
tance growth is in a reasonable range, while the max
longitudinal emittance growth is much larger, even up
to 420%. Ome can also see from the phase space that
the longitudinal phase space is distorted and some par-
ticles are out of the core. A more detailed simulation of
the longitudinal emittance is presented. The emittance
growth for the cases of including a different proportion
of particles is calculated, and the results are listed in
Table 4.

Table 3. The emittance growth in end-to-end simulation.

emittance growth value
ex-RMS (%) 8.33
€2-0.99 (%) 20.2
ez-max (%) 36
ey-RMS(%) 8.17
€4-0.99 (%) 21.3
ey-max (%) 33
ez-RMS (%) 10
€:-0.99 (%) 15
e--max (%) 420

We can see from Table 4 that the RMS emittance
growth with 0.9999 of particles grows just 20.5%, while
the emittance growth with 0.99999 of particles grows
420%, which is the same with max longitudinal emit-
tance growth. This means that one in hundred thousand
of the particles are far from the beam core and out of ac-
celeration acceptance. These particles will be lost in the
downstream linac. To avoid particle loss in the high en-
ergy part, these particles should be collimated at MEBT.

Table 4. The longitudinal emittance growth ob-
tained in end-to-end simulation.

proportion of particles emittance growth (%)

0.95 23.7
0.99 14.9
0.999 12.6
0.9999 20.5
0.99999 420

4 Error simulation of the Injector 11

In the TRACK code, the errors and misalignments of
the device are described by 10 randomly generated num-
bers, which stand for the misalignments of an element in
six independent coordinates and the static and dynamic
errors of the phase and amplitude. For the static error
of the phase and the amplitude, the errors are generated

in a uniform distribution between the extreme values +
max, and for the dynamic errors they are generated in a
Gaussian distribution at 4+ three times the RMS value.
The displacement errors are applied to the x and y posi-
tions of the center of the elements. The rotation errors
are applied around the z axis (beam axis).

For statistical significance, the simulations of each
kind of error and misalignment are repeated 200 times,
starting from a different seed for the random number
generator each time. One million particles are tracked in
every simulation. The simulation work is done in parallel
on the IMP-linac grid, which include 148 cores.

In the Injector II, there are quadrupoles, bunchers,
solenoids and superconducting cavities. All devices with
all kinds of errors are simulated to produce the allowable
error and misalignments range listed in Table 5. The goal
is that the maximum envelope in the transverse direction
is about 75% of the aperture.

Table 5. Error and misalignment value distribution.
quadrupole buncher solenoid SC cavity

dx/mm +0.2 +0.5 +0.75 +1.0
dy/mm +0.2 +0.5 +0.75 +1.0
dz/mm +1.0 +1.0 +1.0 +1.0
Ox /mrad +5.0 +5.0 +2.5 +5.0
Oy/mrad +5.0 +5.0 +2.5 +5.0
0z/mrad +3 +5.0
dpj/(°) +0.5 +0.5
d3F; (%) +0.05 +0.5 +0.05 +0.5
dps /() +1.0 +1.0
0Fs (%) +0.01 +1.0 +0.01 +1.0

As shown in Table 5, 6¢; and &F; are the RMS dy-
namic errors of the phase and amplitude of the field, and
d¢ and OF, are the static errors of the phase and am-
plitude of the field. From Table 5, we can see that the
quadrupoles are sensitive to the transverse displacement,
while the solenoid errors from the tilt are more crucial.

0 2 4 6 8 10 12 14 16
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Fig. 4. The maximum envelope along z with errors
and misalignments. The red line is the aperture
of the device, and the plots show in solid green
the superposition of the results from 400 sets of
errors. The black curves correspond to the refer-
ence case with no errors.
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The maximum envelope along z with errors and mis-
alignments is shown in Fig. 4. The aperture is 50 mm
in MEBT and 40 mm in the superconducting section. A
collimator is placed in MEBT to scrape off the particles
far from the beam core transversely. The maximum en-
velope is about 15 mm, which is 75% of the aperture in
the superconducting section.
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Fig. 5. The emittance, which varies along z with
errors and misalignments. The plots show in solid
green the superposition of the results from 400
sets of errors, and the black line is the ideal case.
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5 Summary

In this paper, end-to-end simulation is presented.
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