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The China initiative Accelerator-Driven subcritical System (CiADS) project aims to design and build the
world’s first accelerator-driven subcritical system demonstration facility. The facility will attain 2.5 MW
thermal power in 2026 to realize accelerator-target-reactor coupling experiments. As the first approved
accelerator-driven subcritical system facility, the CiADS driver linac will adopt cutting-edge accelerator
technologies to achieve the challenging goals of high beam power and high reliability. The accelerator will
operate in cw mode to produce a 500 MeV, 5 mA proton beam. To meet the extremely high demands on
beam availability, the linac design lays strong emphasis on beam loss control and increased fault tolerance
via a novel fault-compensation method. The accelerator complex consists of a room temperature front-end
section, a main linac that employs superconducting accelerator technologies, and a high-energy beam
transport line. The beam-loss-oriented beam dynamics design of the driver linac complex is presented in the

paper.
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I. INTRODUCTION

Driven by national demands for the safe disposal of
nuclear waste and its potential to breed high-performance
nuclear fuel, accelerator-driven subcritical system (ADS)
was proposed years ago as one of the technological paths
toward a cleaner nuclear power source [1-3]. The China
ADS (C-ADS) program, which is planned in four stages,
aims to design and build an ADS demonstration facility
whose thermal power capacity exceeds 1000 MW in
multiple phases lasting about 20 years. The stage by stage
development roadmap in Fig. 1 shows how the C-ADS will
be implemented in four major phases: Research and
development (R&D) phase by 2018, experimental phase
by 2026, demo transmutation facility by 2030, and indus-
trial facility by the late 2030s.

The Chinese Academy of Sciences (CAS) initiated the
first phase of the C-ADS program in 2011 under the frame-
work of the “Strategic Technology Pilot Project.” The pro-
gram, named “Future Advanced Nuclear Fission Energy,”

*hey@impcas.ac.cn
"liush@impcas.ac.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL

2469-9888/24/27(1)/010101(26)

010101-1

aimed to acquire three key technologies including high
power superconducting proton linac, heavy metal spallation
target, and subcritical nuclear reactor [4,5]. The program was
completed and accepted with a pulsed beam of 25 MeV in
energy, 10 mA in current, and cw (continuous wave) beam of
18 MeV in energy, 2.2 mA in current. In this initial stage,
critical accelerator technologies, including cw operational
radio-frequency quadrupole (RFQ) cavity, low S super-
conducting cavity, and cryostat, were demonstrated.

As the second stage of the C-ADS program, CiADS
plans to realize the accelerator-target-reactor coupling
experiments and nuclear waste transmutation study. The
CiADS driver linac is designed to accelerate 5 mA proton
beam to 500 MeV in cw mode. As shown in Fig. 2, the linac
mainly consists of a normal conducting front-end section, a
superconducting (SC) acceleration section, and a high-
energy beam transport (HEBT). The front end is composed
of an electron cyclotron resonance (ECR) ion source, a low
energy beam transport (LEBT) containing a fast chopper
for beam pulse structuring and machine protection, a radio-
frequency quadrupole (RFQ) linac, and a medium energy
beam transport (MEBT). The SC section accelerates pro-
tons from 2.1 to 500 MeV. The previous design version
in 2019 [6] utilized half wave resonators (HWRs), spoke
resonators, and elliptical structures. Further considerations
on the technological feasibility led to a new scheme in 2022
where only HWR structures and elliptical structures were
employed. The HEBT is designed to deliver either a
2.5 MW proton beam to a bending beam line to reactor

Published by the American Physical Society
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FIG. 2. A layout of the CiADS driver linac.

(BLR) section, or a low power beam, during commission-
ing, to a straight beam dump that can sustain one-tenth of
the maximum beam power. The space to house another ten
cryomodules is reserved in the HEBT to readily increase
the energy to 1 GeV. Preliminary top-level parameters of
the CiADS linac are specified in Table I.

In this paper, general design considerations and main
parameter choices of the superconducting cw proton linac
are briefly introduced in Sec. II. The beam dynamics design
of each section is described in detail in Sec. III. Beam loss

TABLEIL The top level requirements and parameters of CiADS
linac [1].
Parameters Description

Beam energy
Beam current
Operation mode
Beam stability

Beam loss

Beam availability

Beam operation cycle

Beam trips @time < 10 s
Beam trips @time 10 s—5 min
Beam trips @time > 5 min

500 MeV (upgrade to 1 GeV)
5 mA (upgrade to 10 mA)
cw and pulse

+1% @100 ms for energy
+2% @100 ms for intensity
1 mm @100 ms for centroid
<1w/m

>80% @3 months

3-9 months per year
Unlimited

2500

300

in the whole linac is analyzed systematically in Sec. IV. The
novel fault compensation method and its application on
CiADS linac are presented in Sec. V. The paper concludes
with a summary of the beam physics design in Sec. VL

II. GENERAL CONSIDERATIONS AND MAIN
PARAMETER CHOICES

Unlike the traditional accelerator based experimental
facility, the CiADS driver linac has very strict requirements
on operation availability imposed by the downstream target
and reactor system. The reactor demands beam trips to be
resolved on a timescale of seconds, which is the most
challenging issue for the linac. There are no existing cw
proton linacs with similar beam power levels for reference.
Meanwhile, several proposed cw proton or deuteron linac
projects, such as PIP II [7,8], MYRRHA [9] and IFMIF
[10], etc., are good models for the physics design and
technical design of the accelerator. What is more, some
operating or underconstruction accelerator facilities that
use superconducting cavities, such as SNS [11], Facility for
Rare Isotope Beams (FRIB) [12], and ESS [13], etc., also
serve as a valuable reference for the choice of some critical
parameters of hardware systems. This section describes
general considerations on the whole driver linac, the beam
physics design philosophy, and the choice of key param-
eters of main hardwares.
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A. General design considerations

As an essential performance goal for CiADS, reliability
assumes central importance in the design of the SC linac.
To meet the stringent requirements, the overall design
follows the RAMI (reliability, availability, maintainability,
inspectability) principle [14], which is widely used in the
field of nuclear energy and aviation, to improve the
systematic reliability of the accelerator complex.

1. Reliability

The reliability of hardwares is the foundation of the
whole accelerator system. Redundancy and standardized
design are basic strategies to increase the said reliability.
Key elements such as superconducting cavities and mag-
nets were designed to operate at 80% of their full capacities.
Such an arrangement will reduce the probabilities of faults
and reserve large parameters for the implementation of
fault-compensation schemes. In particular, for the SC
cavities in cw mode, the operation voltages were optimized
according to the experience of existing SC accelerators.
Standardized design was adopted by systems of rf ampli-
fiers and magnet power supplies, which are the main source
of machine failure [15-17]. The CiADS linac will use
solid-state amplifiers and modular power supplies inte-
grated with standard units.

2. Availability

The design treated the availability of the driver linac as a
high-level systematic problem. In addition to the spare
hardwares and redundancies by design, fast beam recovery
in one second with a compensation scheme is an effective
way to improve the beam availability [18]. In this scheme,
the artificial intelligence technology under development
has the potential to realize the beam recovery. Also, the
machine protection system (MPS) should strike a balance
between beam availability and machine safety.

3. Maintainability

The maintainability is quite critical for the high-avail-
ability superconducting proton linac. First, the average
uncontrolled beam loss must be limited to below 1 W/m
level to facilitate hands-on maintenance [19]. In the beam
dynamics design, the aperture radius in the room temper-
ature section is smaller than that in the superconducting
section—this helps eliminate beam loss in the cold section
to keep the low temperature elements clean. Second, the
hardware should be placed in the warm section and low
radiation area to increase the maintenance possibility.
Mechanical designs should also be easy to dismount and
assemble. Third, online performance recovery technologies
of superconducting cavities were developed to shorten the
maintenance intervals.

4. Inspectability

Inspectability involves both beam diagnostics and mon-
itoring of the hardware system. Sufficient online beam
diagnostics devices must be installed to enable beam tuning
up to target beam power. What is more, such devices will be
used to offer the key signals to realize fast beam recovery.
Hardware systems, e.g., high-voltage rf systems, must be
inspectable at some critical locations to help detect poten-
tial problems. Timely resolution of such problems will
avoid accidents that can cause long-term shutdown of
the linac.

B. Beam physics design philosophy

Most of the design philosophy for high-intensity linacs
has been addressed by previous literature which includes
contributions from SNS [20], ESS [21], IFMIF [22], and so
on. Being a 5 mA, 500 MeV cw proton machine, the
CiADS linac can be characterized as an emittance domi-
nated high-power superconducting accelerator complex.

III. BEAM PHYSICS DESIGN OF
DIFFERENT SECTIONS

Beam loss control is the most challenging issue and the
ultimate optimization goal. Beam halo, caused by nonlinear
effects such as space-charge effects and nonlinear rf fields,
is the main source of beam loss.

A. Room temperature front-end section

The room temperature front end consists of an LEBT, an
RFQ, and an MEBT. Its main function is to deliver a high-
quality beam by minimizing beam halo in both the trans-
verse and longitudinal phase spaces.

A bending LEBT was designed to improve the transverse
beam quality by scraping the outer particles and impure
ions H?>* and H**. A chopper was available to generate
temporal structure and diagnostics were included to char-
acterize the beam distribution. A collimation scheme was
proposed to scrape the outside particles just at the end of the
ion source to achieve a good transverse beam distribution.

The four-vane type radio-frequency quadrupole (RFQ)
accelerator was designed to accelerate the proton beam
from 20 keV to 2.1 MeV within 5 m. High transmission
ratio and low longitudinal emittance were critical optimi-
zation objectives that facilitated reliable operation and
beam loss control in the downstream superconducting
section. The input energy and general bunch section were
carefully optimized to achieve favorable results. The
99.99% longitudinal emittance was 3.57 mmmrad at an
acceleration efficiency of up to 99.3%.

The MEBT serves the following functions: beam
reconstruction, halo scraping, and beam matching. The
MEBT was designed to achieve smooth matching between
the two adjacent accelerating sections. Beam instrumenta-
tion in the MEBT will enable phase space reconstruction
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TABLE II. Main rf parameters of the CiADS SC linac [24].

HWRO010 [25] HWRO019 HWRO040 Ellip062 [26] Ellip082 [26]
Freq (MHz) 162.5 162.5 325 650 650
Bopt 0.10 0.19 0.40 0.62 0.82
Number of cell 2 2 2 6 5
Aperture diameter (mm) 40 40 50 100 100
Epeak (MV/m) 26 28 28 29 29

experiments. Halo elimination was implemented with
scrapers separated by certain phase advances.

B. Superconducting acceleration section

An SC acceleration section including three families of
SC cavities was designed to accelerate a 10-mA proton
beam to 500 MeV. The beam loss was controlled to be
lower than 1 W/m strictly. The 90 deg. phase advance limit
at zero current and beam matching among different sections
were observed to suppress the formation of beam halo [23].
The phase advance was kept smooth while maintaining
acceleration efficiency. In view of the uniformity and
feasibility in the engineering implementation, the lengths
of cryostats in all five sections were determined to be less
than 6 m. The main rf characteristics of the SC linac
accelerating cavities are summarized in Table II.

C. Accelerator to beam dump

The HEBT was designed as a doublet lattice to deliver
the proton beam to a 300 kW test beam dump. A space
beyond 100 m in length was reserved for the upgrade plan
in the next stage. Beam transportation in the HEBT was
demonstrated with beam dynamics simulations.

1. LEBT

Designed to match the 20 keV proton beam of the
electron cyclotron resonance (ECR) ion source with the
downstream radio-frequency quadrupole (RFQ) accelera-
tor, the low energy beam transport (LEBT) also plays a key
role in beam quality control and machine protection. The
proton beam produced by the electron cyclotron resonance
ion source carries unwanted Hj and HJ ions, which may
transport to the RFQ accelerator [27] and lead to cavity arc
or radio trip, or even induce instabilities in cavity operation.
Therefore, instead of a straight line, the LEBT design of
CiADS adopted a bending structure to remove unwanted
ion species, thereby purifying the proton beam. In order to
improve the matching ability of the LEBT, three solenoids,
and one bending magnet were selected for the RFQ
matching. The bend angle in the rotation plane will be
20° and the pole face rotation angle will be 6.4°. to separate
unwanted ion species and to ensure that the beam would
enter the RFQ accelerator symmetrically. Meanwhile,
complete beam diagnostic instruments will be installed

in the LEBT segment to measure beam parameters accu-
rately and to reduce the mismatch between the LEBT and
the RFQ. Two sets of Faraday cups (FC), installed before
and after the bending magnetic, respectively, will measure
the beam current and act as a beam stop during beam
commissioning. A fluoresce view screen (FVS) will be set
to calibrate the beam profile and centroid. An Allison
scanner will be available downstream of the second
solenoid to measure the emittance of the purified proton
beam. The dc current transformers (DCCT) and the ac
current transformers (ACCT) will be used to monitor the
beam intensity in continuous wave or pulse mode, respec-
tively. The LEBT will also equipped with a fast chopper to
control the duty factor during beam commissioning and to
implement machine protection. To improve high-intensity
beam transport, the chopper will be placed at the RFQ
entrance to shorten the length where space-charge com-
pensation is absent. The layout of LEBT is shown in Fig. 3.

As the beam focusing is far weaker in the LEBT than in
the RFQ accelerator, i.e., the RFQ has a higher phase
advance, a relatively compact focusing lattice near the
interface can facilitate beam matching. The compact space
in front of the RFQ entrance is also conducive to beam
envelope compression which helps avoid nonlinear effects
from the solenoid. Despite the above considerations, strong
space-charge effects of the high-intensity beam can still
cause phase space filamentization by the end of the LEBT.
The beam extracted from the ECR ion source is assumed
without coupling for the 2.45 GHz resonator before the
solenoid magnet filed. So one adjusting iris is used to
scrape the unwanted particles situated at large beam
envelop with large beam divergence. This method named

FIG. 3.

Layout of CiADS LEBT.
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FIG. 4. Beam phase space and beam distribution.

“point light source beam scraping” was applied to optimize
beam emittance in the LEBT design of CiADS.

TraceWin [28] code was used for particle tracking. The
initial particle distribution out of the ion source was
assumed to be a 4D Gaussian distribution with transverse
rms emittance of 0.18 mmmrad, and the total particle
number was 100 000, and the space-charge compensating
factor was set at 0.87 along the LEBT except that of 0 in the
banding magnet based on the study results of other
accelerator in the world. Tracking results showed that
Iris1 can effectively scrape out the filamentation particles
in phase space without affecting the beam core. Figure 4
presents the beam phase space and emittance distribution
with (top) and without (below) scraper at the exit of LEBT.
After the beam scraping, the beam size is decreased from
10 to 6 rms and the distortion of phase space is reduced
obviously.

Simulation results led to the following plan for LEBT
beam commissioning, which will be revised based on beam
measurements. Iris1 will be expected to scrape out about
30% of beam particles from the ion source to improve the
beam quality. The collimator will be used to eliminate H;
and Hy particles after the bending magnet. Iris2 will adjust
the beam intensity smoothly for beam power ramping in cw
mode. Figure 5 presents the beam envelope evolution. The
chopper with a 20-ns rise time will be used to generate a
pulsed beam with the designated duty cycle. These planned
procedures were adopted to ensure the matching of a high-
quality beam into the RFQ accelerator.

2. RFQ

The four-vane type radio-frequency quadrupole (RFQ)
accelerator was designed to accelerate the proton beam
from 20 keV to 2.1 MeV within 4.9 m. As the first
longitudinal component, RFQ converts the continuous
beam into bunches and determines the longitudinal emit-
tance. The output beam quality of the RFQ, especially the
longitudinal emittance, has a significant impact on beam
transmission in the superconducting linac.

The critical optimization objectives were reliable oper-
ation and beam loss control in the downstream super-
conducting section. New requirements were raised
regarding the CiADS RFQ design after the end-to-end
simulation study of the RFQ and the superconducting linac

TraceWin — CEA/DRF/Irfu/DACM

40 HJ
E 20 e
E A/ FML FM2 FM3 FM4
NG AVAYAVA VWIINV VY AVAVAVA
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—40 ﬂ
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FIG. 5. The beam envelope of LEBT (3 rms).
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FIG. 6. Beam phase spaces and longitudinal acceptances at cell 80, 121, and 212.

[29]: (i) To maintain long-term steady operation, the
maximum surface electric field of the 162.5 MHz RFQ
should be less than 17.66 MV/m in cw mode, namely
kp = 1.3. (i1) To achieve high acceleration efficiency in the
superconducting section, the rms longitudinal emittance of
the RFQ output beam should be less than 0.227 mm mrad
when the beam current is below 5 mA. (iii) To decrease
beam loss probabilities in the superconducting section, the
99.99% longitudinal emittance of the output beam should
not surpass 0.2 times the acceptance of the superconducting
section which was equal to 5.4 mmmrad. Also, the low
energy particles should be separated from the main bunch
and the proportion of the medium energy particles should
be lower.

There were two crucial processes in the full particle
optimization design. One was fine optimization of shaper
section (SH). Another was to optimize the longitudinal
acceptance of all particles in Genter buncher section (GB)
in which the 99.99% longitudinal emittance was the main
optimization goal.The PARMTEQM code was used for the
beam dynamics design of the RFQ [30].

SH is the most crucial section that determines the beam
emittance and quality [31]. A better control of the beam
emittance and quality, when the beam is shaped, can be
achieved through fine optimization of SH. The beam phase
space distributions at cell 80, 121, and 212 are shown in
Fig. 6. Fine control of SH can be seen from the relationship
between phase space and acceptance. At the beginning of
SH, there were 24 cells whose m = 1 and ¢ = —90° to
achieve stable acceptance of the beam. Then, the modu-
lation m and the synchronous phase ¢ were finely adjusted

Plot 241 Z = 156.14848 ngood= 9990 Plot 276

Z = 208.41105 ngood=

till the four horns of the beam were gradually dispersed. At
cell 121, m = 1.087, ¢ = —87.2° and at cell 212, m slowly
changed to 1.17, while ¢ shrank to —70°, so that the
longitudinal acceptance was optimized to achieve a phase
space without obvious distortion.

GB is another crucial part that affects the beam quality. It
optimizes the longitudinal acceptance of all particles with
the aim of minimizing the 99.99% longitudinal emittance.
The beam phase space distributions at cell 241, 276, and
323 are shown in Fig. 7. The synchronous phase and
modulation were alternately optimized after SH was finely
controlled. The synchronous phase was optimized first till
cell 241, the modulation gradually changed to 1.21, and the
synchronous phase shrank quickly to —54°. Then the
modulation was optimized till cell 276, modulation ramped
up to 1.95, and the synchronous phase slowly shrank to
—24°. After the longitudinal acceptance optimization of
GB, the beam with small rms and 99.99% longitudinal
emittance was obtained at cell 323.

Through the full particle optimization design, the rms
longitudinal emittance was 0.209z mm mrad. The 99.99%
longitudinal emittance was 4.457 mmmrad at an acceler-
ation efficiency of up to 99.5%. The separation of low
energy particles and the main bunch was achieved. The
number of simulated particles was 1 x 10%. The longi-
tudinal phase space of the output beam with low energy
particles is shown in Fig. 8. We can see that the output
beam consists of a main bunch and some low-energy
dispersed particles. No medium energy particle was found
when we analyzed the energy spectrum.

9944 Plot 323 Z = 400.08632 ngood= 9940
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FIG. 7. Beam phase spaces and longitudinal acceptances at cell 241, 276, and 323.
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3. MEBT

The medium energy beam transport (MEBT) down-
stream of the RFQ houses focusing elements that match
the 2.1 MeV beam into the subsequent superconducting
section. The MEBT was designed with great emphasis on
smooth matching between the upstream and downstream
acceleration sections, beam diagnostics layout, and beam
quality control. The design proposed and successfully
implemented ways to minimize the phase space distortion
and reduce the increase in beam emittance.

As the upstream RFQ and the downstream supercon-
ducting structures have typical quasiperiodicities with
higher accelerating efficiency, their periodic phase
advances far exceed that of the transport line. For a compact
MEBT lattice design, the installation space of focusing
elements, vacuum components, and the drift section for
beam diagnostics is strictly restricted. To enhance the
capability of beam diagnostics and the compactness of
the MEBT design, the focusing structure and beam diag-
nostic components will be arranged alternately. Enough
beam diagnostics will be installed to improve the accuracy
and credibility of the system, as well as the completeness of
beam information. The ac current transformers (ACCT)
will be installed at both the entrance and exit of the MEBT
to measure the transmission. Each focusing cell will be
equipped with BPMs because the phase advance between

80

(=)
(=]
L

Phase advance/m (Z)
£

[
(=]
L

0 T T T
0 1 2 3 4 5

Position

FIG. 10. Longitudinal phase advance curve of MEBT.

every two adjacent cells will be over 90°. Multiple sets of
profile measurement components will be available along
the MEBT for transverse beam profile verification, the
components include slits with Faraday cup, wire scanners,
and beam scrapers. A fast Faraday cup (FFC) and bunch
shape monitor (BSM) will be available for longitudinal
emittance measurements. The layout of all the beam
diagnostics is shown in Fig. 9.

The prevention of phase space distortions at the MEBT
exit is a critical issue for the MEBT beam physics design;
its importance has also been acknowledged in the design of
the SNS [32], ESS [33], and ADS injector II accelerators
[34]. To avoid phase space distortions in the CiADS
MEBT, the positions and voltages of rf cavities were
adjusted to optimize the tune depression ratio and phase
advance. The resulting longitudinal phase advance of the
MEBT was greater than 20°/m, whereas the tune depression
was no less than 0.65. The longitudinal phase advance
curve is shown in Fig. 10.

After the optimization of the longitudinal phase advance,
the position of the buncher and the cavity voltage were
fixed. For transverse phase advance optimization, the rms
emittance growth and 99.99% emittance evolution were
compared under different matching cases. And finally, with
multiparticle simulation, the problem of phase space
distortions was resolved. Figure 11 shows the curve of
phase advance in the MEBT. The rms emittance increase in
the MEBT was less than 3%, and the 99.99% emittance
increase was less than 4%.

FIG. 9. Schematic layout of the MEBT.
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Based on the longitudinal and transverse phase advance
analysis above, multiple particles were tracked with space-
charge effect through the MEBT. Unbunched particles from
the RFQ were eliminated in the MEBT to reduce the
probability of beam loss in the superconducting section.
Figure 12 shows the loss of untrapped particles along the
MEBT with the nominal lattice. The untrapped particles are
all lost in the first 1 m of the MEBT. Figure 13 shows the 46
beam envelope with untrapped particles.

Furthermore, since the MEBT is the last room temper-
ature section, it is the most suitable location to apply beam
halo scraping. Because the beam power is as high as 10 kW
in the CiIADS MEBT, intercepting elements may bring
serious risks when scraping the beam halo. To solve this
problem, the MEBT was designed such that the cumulative
phase advance was close to 360° and that the beam would
evolve with a relatively smooth envelope. So, the beam pipe
could be used to limit the beam halo particles at any angle
within the“full” phase space. Figure 14 shows the ratio of
the effective acceptance of the superconducting section to
the maximum emittance of MEBT for beam pipes with
different semiapertures.

The drift pipe aperture radius was optimized to be 30 mm
to guarantee the minimum acceptance together with maxi-
mum transmission. The beam pipe aperture radius was
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FIG. 12. Untrapped particle loss curve along the MEBT.
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about 3.75 times the rms beam envelope. The maximum
emittance was less than 1.887 mmmrad at the exit of
the MEBT, which was 1/9 of the effective acceptance
of the superconducting section. These results indicated that
the beam quality will be superior with this beam pipe
dimension, and the halo particles will be far away from the
boundary of the superconducting section’s acceptance.

4. SC section design

Lattice structure design. The SC section was designed to
accelerate a 10 mA proton beam from 2.1 to 500 MeV. The
lattice design focused on achieving high acceleration
efficiency and extremely low beam loss. In the SC section,
the S of the proton beam changed from 0.06 to 0.76. The
types of SC cavities were selected based on the energy
region where they deliver the best performance. The
numbers of different SC cavities, Ncell, and beta were
optimized to achieve the highest acceleration efficiency.
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FIG. 14. Ratio of the downstream acceptance to MEBT with
different semiapertures.

010101-8



BEAM PHYSICS DESIGN OF A ...

PHYS. REV. ACCEL. BEAMS 27, 010101 (2024)

1.0 1 4
0.9 1 B
£ T
'_
5 081 J .
N ¥ ¢ ]
© /
E 0.7 4 .
5 —%— HWR010
z —e— HWRO019
0.6 1 —4—HWRO040 A
—v— Ellip062-6cell]
—o— Ellip082-5cell
0.5 T T T L T T L T T T T T T
00 01 02 03 04 05 06 07 038
B
FIG. 15. Transit time factor as a function of § for the five types

of cavities.

Based on the optimization, we chose five types of cavities:
two 162.5 MHz half wave resonator (HWR) cavities with
Pop: 0f 0.10 and 0.19, respectively, a 325 MHz HWR cavity
with f3,,, of 0.40, and two 650 MHz elliptical cavities with
Bop: 0f 0.62 and 0.82, respectively. The E ;. (peak electric
field) on the cavity’s surface was limited to 30 MV/m to
decrease the probability of field emission or quench; con-
sequently, the B, (peak magnetic field) was below 60 mT
for all the cavities. Additionally, power dissipation on the
cavity walls was reduced by maximizing the values of the
geometric shunt impedance and the geometric factor. The
aperture radius of different cavities was determined accord-
ing to the beam optics requirements. The main rf character-
istics of the superconducting cavities are summarized in
Table II. The transit time factors (TTFs) as a function of f for
the five types of cavities are shown in Fig. 15 where each
TTF is normalized against its maximum value.

The optics design of the SC section was optimized to
operate with beam loss below 1 W/m by minimizing the
emittance growth due to mismatch and space charge. The
design procedure was conducted using the program
TraceWin. First, we created the lattice of each SC period
and set up the cavity parameters based on both the
acceleration efficiency and phase advance limitation.
Then, the transverse parameters were determined according
to the temperature equipartition principle. Next, we per-
formed matching, obtained beam envelopes, and conducted
multiparticle simulations. Last, we performed case studies
with errors and element failures. Lattice configurations of
the different acceleration sections were optimized mainly
based on the beam optics and low cost. Three major
considerations determined the lattice design of the SC
section: (i) appropriate lattice configurations to reduce
beam loss probabilities from mismatch; (ii) maximized
beam energy at the transition between different lattice
configurations to overcome beam emittance growth from
strong space charge; and (iii) minimal number of SC
cavities and linac length to minimize cost of construction.

In the low energy part, the focusing period was kept short
for two purposes. First, the transverse rf defocusing is
proportional to the field amplitude in the cavity and its
effect is largest at low velocity. Therefore, each cavity was
paired with a solenoid to form a short focusing period—this
enabled every cavity to fully utilize its available accelerat-
ing voltage. Second, the short focusing period can mini-
mize the effect of the space-charge forces by limiting the
drift space a beam traversed through without focusing. In
order to protect the HWR cavities from potential contami-
nation coming from the MEBT, the period in the HWR
cryomodule started with an SC solenoid.

In the medium energy part and the high energy part, full
period structures were chosen to minimize optics pertur-
bations at the cryomodule-to-cryomodule transitions.

In the high-energy part, quadrupole magnets were used
to increase the reliability and maintainability of this section.
In addition, the effect of beam loss from the beam halo on
the superconducting cavities must be taken into consid-
eration. Quadrupoles with 80 mm beam pipe were used to
scrape uncontrollable halo particles, whereas the beam pipe
of elliptical cavities was 100 mm.

The cavity number and layout per period were chosen by
comparing the design results with different configurations.
The optimization goal was to reduce the total number of
cavities without decreasing the beam performance. The
lattice configuration for each section of the SC linac are
shown in Fig. 16.

The optics design obeyed a number of principles. The
phase advances per cell in the three-phase planes were
usually kept below 90° to avoid parametric resonances
and the resulting emittance growth or even halo for-
mation [35-37]. Under the phase advance limitation, the
initial ¢, at the HWR entrance was set to —40° and kept
smaller than —20° degree along the whole linac to obtain
enough phase acceptance and high acceleration efficiency.
The transverse phase advance was determined by the
equipartitioning condition lab [38]. This physical require-
ment and restrictions on hardware parameters determined
the basic operation parameters of magnets and cavities.
Figure 17 presents the synchronous phase ¢, the corre-
sponding accelerating field of the cavities, and the magnetic
gradient of magnets. The phase acceptance was maximum
at low energy and decreased with energy, thereby ramping
up the acceleration efficiency.

For high-intensity accelerator physics design, the phase
advance per meter needs to be kept smooth to avoid
mismatch effects. Figure 18 shows the phase advance
per unit length and phase advance per period.

Beam matching is a critical factor affecting beam loss in
the beam dynamics design. Each section in the linac has
different focusing periods, and therefore the linac is not a
periodic, but a quasiperiodic structure. Transition from one
focusing period to another or transition from one cryo-
module to another in the beam line might lead to abrupt
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FIG. 19. Beam envelope evolution along the linac.

changes in the beam envelopes, which may result in
emittance growth and halo formation. Thus, careful beam
matching is required at these locations of discontinuities.
The beam matching was done by adjusting the magnet
gradients, cavity phases, and cavity amplitudes around the
transition region in TraceWin.

In the transverse direction, the gradients of magnetic
elements near the transition section were optimized with the
goal of minimizing envelope oscillations. Figure 19 shows
the transverse beam envelope evolution along the linac.

In the longitudinal direction, continuity of the phase
acceptance at the frequency jump is a critical optimization
goal. In our case, to keep the same longitudinal acceptance,
the synchronous phase was generally doubled after the
frequency jump. To smooth the variation of the average
phase advance across the frequency jump, the accelerating
gradient of the first cavity downstream was reduced. In our
design, the scheme of keeping constant phase acceptance at
the frequency jump, as well as smoothing the phase
advance per meter, was valid. Figure 20 shows the
longitudinal acceptance at the entrance of the SC section,
white area, obtained by beam tracking simulations. The

60 meaEry

40 ’f"

20
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FIG. 20. Longitudinal acceptance of the SC section.

black area indicates the initial location of the particle that
becomes lost during beam transportation. The solid blue
ellipse represents the longitudinal phase space area of the
distribution and contains 100% particles assumed as the
input beam at the entrance of the main linac. The empty red
ellipse is the maximum area of the same ellipse parameters
transported through the linac without beam losses. From
this, it can be said that the longitudinal acceptance contains
an equivalent area of 10 times the input &0, ..

The longitudinal acceptance contained an equivalent area
of 10 times the input normalized longitudinal emittance
€norm, including 100% particles. The z corresponds to pulse
length, and Fig. 21 shows the variation in the absolute value
of the synchronous phase and beam phase along the linac.
The synchronous phase was kept larger than 8 times the
rms phase width throughout the main linac. The phase
acceptance was made sufficient in the low energy section
and decreased with increasing energy while the accelerat-
ing efficiency was ramped up.

Based on the design scheme, the main element param-
eters of the SC section are shown in Tables III and IV.

Beam dynamics simulation. Apart from the contribution
from mismatch, another vital factor that can cause beam
deterioration is the space-charge induced instability pro-
posed by Hofmann [39,40]. Figure 22 shows the Hofmann
chart for our design from Tracewin. Except for one point
from a matching cell that fell into the region of weak
resonance, all the other tune footprints were in the
resonance-free region.

In order to validate the design at the full operation
current, beam dynamics studies were carried out at 5 mA
including space-charge effects. Multiparticle simulations
were performed with the TraceWin program with 3D field-
maps for cavities and magnets. An initial Gaussian beam
distribution, truncated at 46 and 5¢ in transverse and
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FIG. 21. Variation in beam phase and absolute synchronous

phase along the linac.
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TABLE III. The main cavity parameters.

HWRO010 HWRO019 HWR040 Ellip062 Ellip082
Frequency 162.5 162.5 325 650 650
Aperture radius (mm) 20 20 25 50 50
E i (MV/m) 26 28 28 29 29
Eacc (MV/m) 5.42 7.27 8.46 13.69 15.87
Total number 9 24 60 30 28
TABLE IV. The main magnet parameters.

Solenoid-1 Solenoid-2 Solenoid-3 Quadruple

Type SC SC SC NC
Aperture radius (mm) 20 20 25 40
Magnetic field (T) 6 6 6 e
Gradient (T/m) e S cee 16.3
Total number 9 24 20 34

longitudinal directions, respectively, was adopted. 10°
macroparticles were used with rms normalized emittances
of 0.22 (transverse) and 0.25 (longitudinal) # mm mrad
based on the output beam quality of the front-end linac.
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aperture line is the physical aperture radius of the linac elements.

Some simulation results are shown below. The beam
density evolutions in transverse and longitudinal along
the SC section are presented in Figs. 23 and 24. Simulation
results revealed that the maximum beam size was less than
1/2 of the beam pipe (see Fig. 23). The beam was stable
longitudinally and there was no particle loss (see Fig. 24).

Given the importance of beam loss control, beam
emittance control was the main focus of the beam dynamics
studies. For multi-MW high-power linacs like CiADS,
beam loss should be controlled at the level of 10~7/m
which renders the behaviors of halo particles highly
important. Therefore, the emittance evolution for rms,
90%, 99%, 99.9%, and 99.99% fractions were studied as
shown in Fig. 25. The emittance evolutions for different
beam fractions were consistent, and there were no strong
nonlinear behaviors in both horizontal and vertical direc-
tions. rms emittance growths were 4.4% and 2.5% in the
transverse and longitudinal directions, respectively. The
99.99% emittance growths were 34.1% and 38.3% in X and
Y directions and 37.7% in the longitudinal direction. There
was no significant emittance and halo growth. The phase
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FIG. 24. Longitudinal beam density along the SC section.
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spaces at the exit of the SC section had no severe distortion
as shown in Fig. 26.

5. HEBT

HEBT (high energy beam transport) includes EUS
(energy upgrade segment), BLHD (beam line to high-
power dump), BLR (beam line to reactor), and several other
beam lines to different terminals as shown in Fig. 27. About
17 periods are reserved in EUS for the proton energy from
630 MeV to 1.4 GeV by periodic Ellip082 accelerating
structure. Beam is bent to left 30° to the high-power dump
with the designed power of 300 kW. 500 MeV@5 mA
proton beam will be sent to the dump with a 10% duty
factor.

- e
100 150 200 0 50 100 150 200
Position(m)

£ (= mm mrad)

Position(m)

Beam emittance evolution along the linac for different beam fractions.

Transverse structure periodic phase advance in EUS
shifts from 60° to 30° smoothly in second order. Beam tube
diameter is beyond 25 times of the beam rms size ¢ as
shown in Fig. 28. Symmetrical achromatic design is applied
via two 15° dipoles in BLHD bending section, and Fig. 29
illustrates the dispersion function. The beam is expended to
the dump entrance by four quadrupoles. Beam density
distribution is shown in Fig. 30.

6. End-to-end simulation

End-to-end beam dynamics simulations were performed
from the ion source to the end of the linac to verify the
matching between different parts. The initial particle
distribution out of the ion source was assumed to be a
4D Gaussian distribution with transverse rms emittance of
0.18 mm mrad and the total particle number was 100 000.

The smooth rms envelopes along the linac shown in
Fig. 31 verified the optical design and matching for the
beam core along the linac. The phase space distributions at
the end of the linac are shown in Fig. 32.

IV. ERROR ANALYSIS

In a high-power accelerator facility, uncontrolled beam
loss poses a severe threat to the reliable and safe operation
of the facility. For the CiADS linac with extremely strict
requirements on beam loss, it is important to study beam
performance not only in the nominal case but also in the
case of errors. Error studies were conducted to evaluate the
linac tolerances.

The errors mainly come in two forms: element errors and
input beam errors. Element errors include translation errors,
rotation errors, and field errors for all electromagnetic
devices [41]. Translation errors and rotation errors are
mainly caused by imperfect installation, and each error

1150
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FIG. 27. CiADS HEBT layout.
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amplitude is distributed uniformly within plus-minus the
maximum absolute error value. These errors are static and
can remain constant for a long time, and they can be
measured and compensated. Field errors include two com-
ponents: one is gradient errors of magnetic fields from power
supplies for magnet elements and another is the amplitudes
and phase fluctuations from power sources for cavities.
These errors are random in time and cannot be compensated;
they are modeled using the Gaussian distribution. In
simulations of the SC linac, the output distributions from
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FIG. 31. rms envelope evolution from ion source to dump.
the front-end linac in TraceWin simulations were used as initial
beam conditions. Input beam errors arise from possible
deviations in these initial beam parameters.

The error studies were conducted in three steps. First, we
independently applied each of the errors to find the boundary
conditions. Second, all errors of the same type were applied
simultaneously to analyze the influence of each type of error.
Third, in a procedure called combined errors, all errors were
applied simultaneously to verify the robustness of the
physics design. Each error study consisted of 100 indepen-
dent runs with a beam distribution of 1 x 103 macropar-
ticles. We centered the error studies around two figures of
merits: beam loss and normalized rms-emittance growth.

Each element error was bounded by the requirements of
no beam loss and the same emittance growth as the ideal
case. The initial values of these errors are summarized in
Table V. The amplitudes of these errors were selected based
on the beam performance of multiparticle simulations and
technical feasibility.

Figure 33 shows beam envelope and beam loss evolution
along the linac when all the static and dynamic element
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TABLE V. Element error values.

Static error Dynamic error

Amplitude and
Gradient of phase of cavity

Element Ax/Ay/Az (mm) Apy /Ay /Ag, (mrad) magnet (%) (degree/%)

HWRO010 Sol 0.5/0.5/1 1.4/1.4/0 0.1

Cav 0.5/0.5/1 7.6/7.6/0 0.1/0.1
HWRO019 Sol 0.5/0.5/1 0.6/0.6/0 0.1

Cav 0.5/0.5/1 2.8/2.8/0 0.1/0.1
HWR040 Sol 0.5/0.5/1 0.4/0.4/0 0.1

Cav 0.5/0.5/1 1/1/0 0.1/0.1
Ellip062 QUAD 0.2/0.2/1 0/0/1 0.1

Cav 0.5/0.5/1 1/1/0 0.1/0.1
Ellip082 QUAD 0.2/0.2/1 0/0/1 0.1

Cav 0.5/0.5/1 0.9/0.9/0 0.1/0.1

errors were applied simultaneously. The percentage of most
of the maximum beam size to beam aperture radius was
larger than 90%, and there was a high probability of beam
loss, and beam loss less than 1 W occurs at the transition
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section of 30 m. Doubling the error amplitudes in Table V
presented a large transverse offset that resulted in beam
loss, as is shown in Fig. 34. The envelopes reached the
aperture radius in the HWR section, and noticeable power
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FIG. 33. Transverse beam size (left) and beam power loss (right) along the linac when all element errors were applied simultaneously

as presented in Table V.
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loss was recorded, mainly in the transition section of two
cryomodules in the low energy part.

It is important to perform beam centering during beam
commissioning and beam operation. The beam centroid
offset from static errors can be corrected based on the beam
alignment method. Based on the lattice design, we devised
a correction scheme for the CiADS superconducting
acceleration section which employed a pair of corrector
and BPM in each focusing period, as shown in Fig. 35. In
the low energy part, a BPM and a solenoid with steering
coils formed a compact period. In the high-energy part, the
correction scheme combined a BPM and a quadrupole
doublet with integrated steering coils. The BPMs were
simulated with an accuracy of +200 um to consider their
displacements and measurement resolution. On one hand,
this scheme ensured good sensitivity without damaging the
periodicity of the structure. On the other hand, considering
the BPM is easy to break, this solution was highly fault
tolerant. An error analysis was carried out to verify the
tolerance of the basic design and the degradation in beam
properties was estimated with or without corrections using
the TraceWin program. The effectiveness of the correction
scheme was demonstrated by applying the combined
element errors. The maximum beam size was above
10 mm in the transverse plane and 1.8° in the longitudinal

50

m)
N
o
1

w
o
1

N
o
|

R particle density propability(m
)

100 150

Position(m)

200

FIG.

plane as shown in Fig. 36. Applied correction reduced the
transverse residual orbit error from 6 to 0.6 mm along the
linac as shown in Fig. 37. The maximum steering strength
in the corrector was below 5.4 x 1073 Tm as presented
in Fig. 38.

Errors in input beam parameters are another factor
influencing beam quality. Such errors include the input
beam displacement and rotation errors, Twiss parameters
mismatch, emittance errors, beam current error, phase error,
energy error, and so on. The beam current error, phase error,
and energy error were found to have little impact on the
beam within their possible values. So, we focused on the
input beam displacement and rotation errors, beam emit-
tance errors, and Twiss parameters mismatch errors.
Table VI presents the input beam error amplitudes.

Figure 39 shows the emittance growth compared with the
ideal machine case at the error settings presented in
Table VI. For the combined case, the emittance growth
was about 3% in the longitudinal direction and 12% in the
transverse direction, and there was no beam loss. Compared
with element errors, input beam errors had a limited impact
on the beam performance. The envelope evolution is shown
in Fig. 40.

Finally, we applied all element errors and input beam
errors to carry out a comprehensive simulation to verify the
robustness. In the ideal machine case, unwanted beam
losses did not occur and the normalized rms emittance
growth was less than 40%. When element errors and input
beam errors were applied without any correction, the beam
loss rate exceeded the safety limit of beam operation. When
the one-by-one correction scheme was implemented, beam
performance was restored and approached that of the ideal
machine. Figure 41 presents the maximum envelopes for
the ideal machine and error cases with correction. Given
applied corrections, the envelopes behaved similarly to
those of the ideal machine. There was no beam loss along
the linac, and the rms energy deviation was less than

25 : : —7oT)
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20f —10—3_
] —1074]
15 ——10°5]
10 —— 105

—10-74

Phase particle density propability(deg)

100 150

Position(m)
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36. Beam size with correction in the transverse and longitudinal planes along the linac.
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FIG. 38. Maximum steering strength in the corrector along
the linac.
TABLE VI. Input beam errors.
Description Error amplitude
Ax, Ay (mm) 0.5
Ax', Ay’ (mrad) 0.5
Al (mA) 0.1
Agp (deg) 1
Emittance growth—x/y/z(%) 10
Mismatch—x/y/z(%) 5
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FIG. 39. Emittance growth compared with the ideal machine
case at the error settings presented in Table VI.
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FIG. 40. Maximum beam size with and without input beam
errors presented in Table VI.
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FIG. 41. Transverse beam density for the ideal machine and

error cases with orbit correction.
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FIG. 44. Transverse and longitudinal normalized rms emittance
evolution.

50 1

40

30+

201

R particle density propability(mm)

Position(m)

FIG. 45. Transverse beam density along the linac with double
errors and orbit correction.

0.04 MeV as shown in Fig. 42. The simulation results
demonstrated that the correction scheme is important to
beam operation when errors exist.

Figure 43 shows the transverse beam density with errors
and corrections. The envelope evolution was smooth even
for the halo particles. The beam was under control and
there were relatively big margins in the transverse planes.
The normalized rms emittance growths were less than 4%
and 12% in the longitudinal and transverse directions,
respectively, with errors and corrections, as shown in
Fig. 44. Doubled errors were applied to verify the sensi-
tivity of the beam to the errors. Beam envelopes with
different proportions of outlying particles are presented
in Fig. 45.

Figure 45 shows the beam density along the linac with
double errors. The maximum beam size was less than the
aperture radius size, and there was no beam loss along the
whole linac. Table VII lists the rms emittance growth with
or without errors. It can be seen that there was about an
additional 16% average emittance growth in the transverse
and longitudinal planes with double errors. No beam loss
was observed. The normalized rms emittance was also
nearly the same as the results at standard errors, which
means that it was still in the linear region. All the
simulation results indicated that the baseline physics design
has high tolerance.

TABLE VII. rms emittance growth with or without
errors@double errors.
rms emittance rms emittance rms emittance  Beam
growth_X (%) growth_Y (%) growth_Z (%) loss (%)
EI 12.7 11.6 3.6 0
2*El 14.8 14.5 3.6 0
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FIG. 46. Energy evolution (left) and beam loss (right) @ cavity failure in each acceleration segment of CiADS linac.

V. FAILURE COMPENSATION AND
REMATCH SCHEME

High reliability, as characterized by the different num-
bers of beam trips, is the most crucial requirement for an
ADS accelerator. Besides conservative operation of all
hardwares and redundancy by design, quick online com-
pensation in the case of device failure is an effective way to
increase reliability.

Magnet failures and cavity failures are two types of
element failure situations which will induce serious beam
loss along the accelerator. Compared with magnet failure
compensation, cavity failure compensation is more com-
plex. For cavity failures, in addition to Twiss parameters
matching, energy compensation is another critical

Cavity #n is faulty

RARISERIRE [m

matching target. Not only will it decrease the final beam
energy, failure to achieve energy compensation will also
cause beam loss in part of or the entire downstream
linac.The phase slip caused by velocity change is the main
reason which makes the beam go out of the acceptance of
the downstream acceleration section. The energy evolu-
tion and beam loss when one cavity failure occurs in each
acceleration segment of the CiADS linac are shown
in Fig. 46.

Global compensation and local compensation [42-44]
are the two traditional methods that are widely used to
compensate for cavity failure. Their schematics are shown
in Fig. 47. The global compensation method uses all the
components downstream of the failed cavity to achieve

0 O (I m
WA AR W W T, (W W
H
il
rf Field control and ?i
corrections @£

| Cavities #n-2, #n 1, #n+1, #n+2 are retuned to recover the nominal beam energy & phase at point M

Reference
energy and phase

(a). Local compensation

(b). Global compensation

FIG. 47. Principles of local (a) and global (b) compensation method [42].
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FIG. 48. Principle of piecewise compensation method.
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situation.

compensation and rematch. One example of its application
is the SNS accelerator [45]. The lattice parameters are
redesigned based on the condition of cavity failure in this
scheme, and the adjustment is particularly complex. In

60 Taz—

40 19
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Z'(mrad)

—204

—40 4
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0 T T T
-40 -30 -20 -10 20 30

z'(mrad)

comparison with global compensation which may involve
elements far downstream of the failed element, local
compensation only adjusts the several elements adjacent
to the failed element to recover design beam properties at a
rematch point shortly downstream. Local compensation is
usually possible because the nominal operation voltages for
the cavities leave about 30% redundancy, but it is difficult
to apply in the very low-energy part where compensation
ability is more limited [45].

Based on the characteristics of global compensation and
local compensation mentioned above, combined with the
physical characteristics of the CiADS linac, we proposed a
novel compensation method for cavity failure which we
named as piecewise compensation method [46]. This
compensation method is a hybrid approach between global
and local compensation for cavity failure. Unlike global
compensation, this approach separates beam Twiss param-
eter matching and energy compensation based on the
characteristics of beam transmission and the compensation
capabilities of cavities. The principle is presented in
Fig. 48. It achieved Twiss parameters rematch and energy
compensation separately for cavity failure based on the
characteristics of the CiADS linac. First, we focused on
Twiss parameters rematch to avoid beam loss at the
location where the failure occurred, and this process
was achieved by adjusting the neighboring cavities and
magnets of the failure cavity. Second, the acceleration
capability of the high beta cavity is much greater than that
of the low beta cavity, and it is more effective to achieve
energy compensation by cavities in the high energy part.
So, we used the cavities of the last three cryomodules to
achieve energy compensation. The energy that is com-
pensated is distributed to all the cavities of the last two
cryomodules, and minimal voltage redundancy is taking
as the optimal target. This method can greatly reduce the
gradient redundancies of cavities. We present below the
simulation results of superconducting cavity failures
based on the piecewise compensation method in the
CiADS superconducting linac.

60
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0_
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—-40 4
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FIG. 50. Longitudinal acceptance at the entrance of the SC section for one Ellip062 cavity failure situation. Left: piecewise

compensation method, Right: local compensation method.

010101-20



BEAM PHYSICS DESIGN OF A ...

PHYS. REV. ACCEL. BEAMS 27, 010101 (2024)

[ —
40 £33
201

0

z'(mrad)

—-204

—40 1

-60
~40

20

0 10

z(mm)

-3 -20 -10
FIG. 51.
compensation method, Right: local compensation method.

Taking the compensation of single Ellip062 SRF cavity
failures as an example to explain the piecewise compen-
sation method. As it was explained above, the rematching
is accomplished by adjusting E,.. and ¢ of the nonfaulty
element, and energy recovery was accomplished by
adjusting E,.. of cavities in the high energy section.
Figure 49 presents variation of E,.., ¢, and the beam
energy for the compensation of the SRF cavity 106 in the
Ellip062 section, as an example. In this case, the scheme
comprises five SRF cavities for rematching Twiss param-
eters: two upstream and three downstream. The failure
was simulated by setting the values of the faulty-SRF
cavity to zero, as shown in the top plots of Fig. 49. The
bottom figure of Fig. 49 presents an increase in the beam
energy of the compensation scheme. The beam energy is
recovered at the end of the SC section by increasing the
E,.. of the cavities in the last two cryomodules. During
compensation, the variation of the rf phase can be got from
below equation:

Aqﬁrf = A¢input + A¢abs (1)
Ad,s is the change in each cavity’s phase setpoint, A¢;npy
is the change in the phase slip through the cavity because
the beam energy has changed from the nominal case, and
Adgps 18 the change of absolute beam cumulative phase.
The variation of the rf phase can be obtained through the
variation of phase slip and absolute phase.The middle
figure of Fig. 49 presents the variation of the rf phase of
the cavity.

The readjusted values had a significant impact on
the longitudinal acceptance. Figure 50 presents accep-
tance for the situation of one Ellip062 cavity failure.
Compared with the local compensation scheme, the
piecewise compensation method has the same acceptance.
However, in the low energy section, the effect on the
acceptance is different with the local compensation
scheme and piecewise compensation when a cavity fault.
As shown in Fig. 51, the ratio of acceptance to the input
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20
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Longitudinal acceptance at the entrance of the SC section for one HWRO10 cavity failure situation. Left: piecewise

emittance is larger than 26% with piecewise compensation
scheme than that with local compensation scheme. So, the
piecewise compensation scheme has a greater advantage
in keeping large acceptance.

The superconducting (SC) section of the CiADS linac
is divided into HWRO010, HWR019, HWR040, Ellip062,
and Ellip082 based on SC cavity types. Figures 52-54
show the compensation results of different failure sit-
uations in the case of one cavity failure in each segment.
After applying the piecewise compensation method, the
increase of beam size was less than 5% at the rematch
location except the case of HWRO010 failure compensa-
tion. Multiparicle simulations showed that less than 13%
growth in the rms emittances and about 67% growth in
the 99.99% emittance occurred after applying the piece-
wise compensation method. The envelope and emittance
evolutions after compensation indicated that a good
matching was achieved, and the process was achieved
by adjusting the neighboring cavities and magnets of the
failed cavity. Figure 54 presents the variation in cavity
voltage, absolute phase, and energy gain after compen-
sation compared with the ideal case. After compensation,
the final energy was the same as the ideal case, and the
operating reserve requirement of the cavity field only
needs to be imposed upon the last type of cavities. This
compensation scheme achieved Twiss parameters
rematching and energy compensation, and the adjust-
ment of cavity voltage was less than 10% under the
condition of one cavity failure. In addition, the fact that
compensation can be achieved when the energy is less
than 10 MeV enabled the piecewise compensation
method to replace the two parallel injectors compensa-
tion scheme in the very low energy part.

Cavity failure can result in degraded longitudinal beam
quality and even beam loss due to insufficient longi-
tudinal focusing over long distances. The occurrence of
cavity failures in the transition section has the greatest
impact on the low energy part. Figures 55 and 56 present
the compensation results of one cavity failure at the
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transition between HWR010 and HWRO019. The envelope
evolution after compensation indicated that a good
matching was achieved. The rms emittance growth is
less than 15% and about 80% growth in the 99.99%
emittance occurred after failure compensation. The beam
quality is controllable.

VI. CONCLUSIONS

The physics design of the CiADS linac was carried out
based on state-of-the-art technologies in high-power proton
linacs. The design work was in the phase of engineering
design. The linac beam dynamics simulation was presented
in the ideal case. Beam losses were not recorded due to the
large beam acceptance, the rms emittance growth was lower
than 5% in the transverse plane and 3% in the longitudinal
plane, and the 99.99% emittance growth was lower than
40% in the three planes.

Error studies were conducted to validate the robustness
of the physics design in controlling beam loss and
emittance growth given realistic error values. The one-
to-one correction scheme demonstrated its ability to restore
the transverse beam centroid. In addition, it controlled the
emittance growth and the beam envelopes. Thus, it is
mandatory to have a correction scheme for the CiADS
linac. In the CiADS linac beam dynamics simulation,
applied corrections could achieve zero beam loss even
when all standard errors (element errors and input param-
eter errors) were present.

Piecewise compensation method is proposed and applied
to CiADS linac for extremely strict control on beam-loss
level by controlling emittance growth. Simulation results
indicate that the beam loss is controllable.
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FIG. 55. Envelope evolution of one failure situation at the transition between HWR010 and HWRO19.
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