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Abstract: The high-current superconducting proton linac is being studied for the accelerator-driven system
(ADS) project undertaken by the Chinese Academy of Sciences. The injector Il will be operated at 162.5 MHz,
and the proton out from the RFQ with an energy of 2.5 MeV will be accelerated to 10 MeV by two cryo-modules,
which are composed of eight superconducting half wave resonance cavities and nine solenoids. In this paper,
the design and beam simulation of the superconducting section of the injector II, the acceptance calculation
and a stability analysis are presented.
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1 Introduction accelerator-driven system (ADS), which is an effec-

tive tool for transmuting the long-lived transuranic

Nuclear energy as a clean energy will be widely radionuclides into shorter-lived radionuclides, is be-

used in the Chinese energy program in the future. ing studied at the Chinese Academy of Sciences. The
But one of the main problems is how to handle the roadmap of the project is shown in Fig. 1.
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Fig. 1. (color noline) The roadmap of the China CAS project.

Received 14 March 2011
* Supported by National Natural Science Foundation of China (11079001)
1) E-mail: wangzj@impcas.ac.cn
2) E-mail: hey @impcas.ac.cn
©2012 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute
of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



No. 3 WANG Zhi-Jun et al: The design simulation of the superconducting section in the ADS injector Il 257

The linac will accelerate protons with a beam cur-
rent of 10mA to about 1 GeV to produce high flux
neutrons for the transmutation of nuclear waste.

To ensure technical feasibility in the low-energy
section, two injectors for the superconducting (SC)
linac are designed during the first step. 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 CW
beam kinetic energy/MeV 10
beam current/mA 10

In this paper, the design and simulation results of
the SC section in the injector II are presented.

2 The layout of the SC section

The SC section will accelerate the proton from 2.5
to 10 MeV using the two same cryo-modules. Each
cryo-module is composed of eight SC half wave reso-
nance (HWR) cavities and SC solenoids. The main
parameters of the cavity and solenoid are shown in
Table 2.

Table 2.
and the solenoid in the injector II.

The main parameters of the SC cavity

parameter value
SC HWR cavity beta value 0.09
Ep at 1.0 J/(MV/u) 12.5
Bp at 1.0 J/mT 25
Qo at 4.4 K value 1.40E+4+09
Ra/Qo 148
Waiss/W at 4.4 K 2.9
operation temperature/K 4.4
length/mm (flange to flange) 210
SC solenoid effective length/mm 150
center field/T 7.5
operation temperature/K 4.4

The SC cavity is selected for its advantages of low
RF loss and high accelerating gradient, and the SC
solenoid is chosen to offer a transverse focusing force
at the low energy section. The SC solenoid can offer a
high focusing gradient with shorter length compared
with the quadrupoles [1]. Another advantage, which
is very important to the high-current machine, is that
the solenoid is less sensitive to misalignment errors
and beam mismatch. The layout of the cryo-modules
is shown in Fig. 2.
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Fig. 2. The layout of the cryo-modules.

As shown in Fig. 2, cold transition is consid-
ered between two cryo-modules to reduce the drift
length. This is beneficial to beam dynamics at low
energy. The focusing period, which is composed by
one solenoid and a resonator, can provide strong fo-
cusing at low beam energy and is important in terms
of minimizing the core emittance growth and beam
halo generation [2].

3 Design rules for the high-current
proton linac

The design of the SC section of the injector II
was undertaken using the following rules for the
high-intensity proton linac, so as to avoid emittance
growth and envelope instability.

(1) The phase advance at zero current beam in
transverse oyy and longitudinal ojg should be lower
than 90° per focusing period to avoid envelope insta-
bility at high current [3].

(2) Nonlinear parametric resonance should be
avoided when foarticies = fmode/2, Where foarticies 18 the
betatron frequency and fp,0q. is the mode-oscillation
frequency [4].

(3) The wave number in the transverse and longi-
tudinal, K¢y and Kj9, which means the strength of fo-
cusing force in each period, should change smoothly
along the whole linac. This will decrease the risk
of mismatch and make the linac less sensitive to the
beam current. This rule is very important at the
transition section, where the periods are broken due
to the practical limit in cryo-module length or the
change in SC cavity family. The wave numbers ko
and ko are expressed as follows [5].
’Z—f, am:’z—f, (1)
where Ly means the length of the focusing period.

(4) The energy exchange between the transverse
and longitudinal directions by space charge reso-
nances should be avoided. The work point of each
cell should be at a location far from the unstable area
[6].

(5) The matching between transition sections
should be accurate to avoid beam halo formation.
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The envelope should be as smooth as possible at the
transitions and keep off the high peaks in the envelop
along the linac.

4 Beam dynamics of the SC section

The beam dynamics of the SC section was per-
formed by the TraceWin code [7], which was devel-
oped by CEA Saclay. The code is used for linear
(matrix) and nonlinear calculations (macro-particle
transport with Partran library) for 2-D or 3-D elec-
trons or ions beam. The beam is simulated with a
field map of the cavities and solenoids acquired from
the 3-D finite elements Micro Wave Studio (MWS)
[8] and Opera3D [9] software.

The initial emittance is obtained from the output
of the RFQ simulation. 50000 particles, which are
initialized as Gauss distribution, are tracked at zero
and 10 mA. Some simulation and analysis results are
presented as follows.

4.1 The phase advance and envelop along the
SC section

The transverse and longitudinal phase advance at
zero current in each focusing period are depicted in
Fig. 3.

120
110
100
90
80
70
60
50
40
30

a kOt wkOsy = kOix

phase advance/(®)

2 4 6 8 10 12 14 16
period#
Fig. 3. (color noline) The phase advance of each
period at zero current.

There are some jumps at the transition section
because the periodic lattice is broken by splitting the
cryo-module into two parts. Four cavities and three
solenoids adjoined are adjusted to perform the match
between the two cryo-modules in order to avoid the
appearance of a high peak at the transition section in
both the transverse and longitudinal planes.

The rms envelop along the linac is plotted in
Fig. 4. When the beam is symmetric in the z and
y direction, the envelopes of z and y are the same as
shown in the above part. While in the blew part, the

vertical axis is RMS bunch length in degree. Also, we
can see that the envelope at the transition section is
smooth and there is no high peak, which means that
the match section is not sensitive to errors.
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Fig. 4. The envelope at a 10 mA current along z.

4.2 Acceptance analysis of the SC section

The longitudinal acceptance of the SC section
is analyzed with the TraceWin code at zero cur-
rent. The initial longitudinal emittance is set to be
large enough. In our analysis, particles whose energy
spread is larger than 0.5 MeV and phase spread is
larger than 120° are set as lost particles. These par-
ticles, which can track through the lattice, are used to
calculate the acceptance. The acceptance is plotted
in Fig. 5.
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Fig. 5. The acceptance of the SC section.
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As shown in Fig. 5, the blank part is the accep-
tance of the linac at 162.5 MHz. In the chart, the
horizontal axis is the phase spread in degrees and the
vertical axis is the energy spread. The emittance is
also plotted in the center of the acceptance. The ra-
tio of the acceptance and the emittance is about 20
times, so there is a large margin of acceptance.

4.3 Stability analysis of the SC section

An important parameter to evaluate the high-
current linac is the tune depression, 7, which is the
ratio of wave number per focusing with and without
space charge. The tune depression is a useful tool to
quantify the parametric resonance and coherent res-
onance. A common tool called the Hofmann chart [4]
is used to analyze the core—core resonance. For the
given ratio of longitudinal emittance over transverse
emittance, the region where the non-equipartition
beam can stably operate is indicated from the Hof-
mann Chart. The Hofmann chart with a longitudi-
nal to transverse emittance ratio of €,/€,=1.68 is pre-
sented in Fig. 6.
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Fig. 6. Hofmann chart of the SC section in the
ADS injector II.

In the chart, the horizontal axis is the ratio of
phase advance with space charge between longitudi-
nal k; and transverse k., and the vertical axis k;/kqo
is the tune depression in the transverse. The stabil-
ity of the SC section at the designed beam current
of 10 mA can be characterized. The shaded areas
shows where the non-equipartition beam will experi-
ence space charge coupling resonances, and the de-
gree of shading indicates the speed of the coupling
resonances [10]. From Fig. 6, we can see that some
tune points are located at weak coupling resonance re-
gions, so it will take a long time to develop coupling.

It should be pointed out that space charge coupling
resonances are not an issue for this linac operating at
10 mA beam current.

The main parameters of the design results are
listed in Table 3.

Table 3. Summary of the parameters in the injector II.
parameters value
€;t/T-mm-mrad 0.25
€;1/mT-mm-mrad 0.42
growth of e¢ (%) 3.2
growth of € (%) 2.0
growth of 0.99¢; (%) 10.0
growth of 0.99¢; (%) 6.1
A/tmax 8.49
s /lmax 7.78
length of per focusing period/mm 630
number of cavities 16
number of solenoids 18
total length/m 11.2

Where, in Table 3, €, is the initial normalized rms
emittance in the transverse, and ¢; in the longitudi-
nal; 0.99¢, is the normalized emittance including 99%
of the particles in the transverse direction, and 0.99¢,
in the longitudinal direction; A is the aperture of the
cavity, and t,,,, is the max value of the rms envelope
in the transverse along z, ¢, is the synchronous phase,
and ., is the max value of the bunch length along
z.

5 Summary

In this paper, the design of the SC section of
the ADS injector II is presented. The acceptance
and the Hofmann stability of the lattice are also an-
alyzed, and the results show that the design has a
large acceptance in both the transverse and longitu-
dinal phase space. In addition, from the Hofmann
chart, the operation tune has a large margin of core-
core space charge resonances. Further work on error
simulation will be performed next.
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