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An accelerator-driven subcritical system (ADS) program was launched in China in 2011, which aims to

design and build anADS demonstration facility with the capability ofmore than 1000MW thermal power in

multiple phases lasting about 20 years. The driver linac is defined to be 1.5 GeV in energy, 10 mA in current

and in cw operation mode. To meet the extremely high reliability and availability, the linac is designed with

much installed margin and fault tolerance, including hot-spare injectors and local compensation method for

key element failures. The accelerator complex consists of two parallel 10-MeV injectors, a joint medium-

energy beam transport line, a main linac, and a high-energy beam transport line. The superconducting

acceleration structures are employed except for the radio frequency quadrupole accelerators (RFQs) which

are at room temperature. The general design considerations and the beamdynamics design of the driver linac

complex are presented here.
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I. INTRODUCTION

The China Accelerator Driven subcritical System
(C-ADS) project is a strategic plan to solve the nuclear
waste problem and the resource problem for nuclear power
plants in China. It is supported financially by the central
government and administrated by the Chinese Academy of
Sciences. With its long-term planning lasting until 2032,
the project will be conducted in three major phases: R&D
phase by 2015, experimental phase by 2022, and demo
transmutation facility by 2032.

The C-ADS accelerator complex is a large cw proton
linac in several sections and uses superconducting accel-
eration structures except the radio frequency quadrupole
accelerators (RFQs), which is under development in col-
laboration at Institute of High Energy Physics (IHEP) and
Institute of Modern Physics (IMP). The main design speci-
fications for the proton beam at the ultimate stage are
shown in Table I. Without mentioning the difficulties in
the spallation target, the reactor blanket, and the waste
separation, to design and build the proton accelerator
complex alone is extremely challenging, and there is no
existing model in the world.

For the first phase, the project goal is to build a cw
proton linac of 50 MeV and 10 mA by about 2015. The
first phase itself will be executed progressively in several

steps, with the first step to build two 5-MeV test stands of
different front-end designs.
The rf frequencies for the main linac have been chosen

to follow the Project-X at FNAL, namely, 325 MHz for the
spoke cavity sections and 650 MHz for the elliptical cavity
sections, in order to share more common design and pro-
totyping results. However, two different designs employing
different rf frequencies are pursued for the low-energy part
of less than 10 MeV, namely, injectors in the technical
developing phase, with 325MHz for Injector Scheme-I and
162.5 MHz for Injector Scheme-II.
For Injector Scheme-I which is proposed by IHEP, the rf

frequency of 325 MHz is also close to the frequencies of
the previously developed RFQ (352 MHz) for the ADS
studies and the actually developing RFQ (324 MHz) for
the China Spallation Neutron Sourc (CSNS) project. Much
experience on design and fabrication learned from the two
RFQs can be useful for the development of the C-ADS
RFQ. For Injector Scheme-II proposed by IMP, it was

TABLE I. Specifications of the required proton beam for
C-ADS.

Particle Proton

Energy 1.5 GeV

Current 10 mA

Beam power 15 MW

rf frequency ð162:5Þ=325=650 MHz

Duty factor 100 %

Beam loss <1 W=m
Beam trips/year [1] <25000 1 s< t < 10 s

<2500 10 s< t < 5 m
<25 t > 5 m
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decided to adopt a lower rf frequency of 162.5 MHz for the
RFQ. Lower rf frequency is also well matched to the
superconducting half-wave resonator (HWR) cavities that
are adopted for Injector Scheme-II. In the following, we
will focus on the physical design of Injector Scheme-I and
the associated main linac design, and the details about the
design of Injector Scheme-II and the associated main linac
can be found in Refs. [2–4].

II. DESIGN PHILOSOPHYAND CONSIDERATIONS

TheC-ADS accelerator complex is designed to have very
high beam power and very high reliability, which surpasses
those of the existing proton linacs by far. However, several
proposed cw proton/deuteron linac projects such as Project-
X [5,6], EFIT or MYRRHA [7], IFMIF [8] and EURISOL
[9], etc. are good models for the physics design and techni-
cal design of the accelerator. In addition, some pulsed high-
power proton linacs and some cw heavy-ion linacs using
superconducting cavities also serve as good reference ex-
amples. Although most of the design philosophy for the
linac has been addressed by previous literature, we still
consider it so important to be stated here.

A. Superconducting cavities as possible

It becomes a common understanding that the supercon-
ducting proton linac is the best choice as an ADS driver
accelerator [1,10].With recently approved superconducting
rf technology, especially the success of the medium-beta
elliptical cavities at SNS [11,12] and the test results of low-
beta spoke cavities [13,14] and HWR cavities [15,16], it is
thought that a proton linac with superconducting accelerat-
ing structures except the RFQs is possible, which is favored
due to the difficulty to deal with huge heat deposit in a cw
room-temperature acceleration structure. RFQ as the lowest
energy part remains as the only acceleration structure in
room temperature. Another advantage of using supercon-
ducting cavities is that one can use independently phased
resonators to make local compensation [10] when some
cavities fail during operation. This is very important to
achieve the very strict reliability for ADS accelerators.
Certainly, the required rf power that is very important in
the cw mode will be largely reduced with superconducting
cavities. Even more, the rf power sources based on modular
solid-state amplifiers for short superconducting cavities
(such as single-spoke cavities) also help to increase the
reliability of the linac.

B. Redundancy design

The most crucial requirement for developing and operat-
ing an ADS accelerator is the very high reliability, reflected
by the different numbers of beam trips for different dura-
tions, as shown in Table I. To achieve the goal, it is important
to have installed redundancy for all parts of the accelerator,
by means of increasing the reliability of the devices and also
the quick online substitution or compensation of device

failures [17,18]. Important measures include the maximum
use of superconducting acceleration structures, derated
parameters for key components, and the local compensation
and rematch method for cavity and focusing element fail-
ures. For example, in order to meet the requirement of local
compensation in case of cavity failures, the nominal opera-
tion voltage for the cavities in themain linac section is given
with about 1=4 reserve or redundancy. For the very low-
energy part, it is difficult to apply the local compensation
method, thus we will design two parallel injectors. When
one is in the online operationmode, the other is operated as a
hot spare and can be switched to the online mode quickly.
Redundant beam position monitors (BPMs) are used to
ensure good orbit correction in the case of some failures.

C. Beam-loss rate control

Another key point in designing the linac is that beam
losses should be kept as low as possible along the linac,
with a usual acceptance of 1 W=m for all high-power
proton accelerators. This is more difficult for the C-ADS,
because it has a beam power about 10 times higher than the
most powerful existing linac—SNS. This also means a
beam-loss rate of 7� 10�8=m at the higher-energy part
as shown in Fig. 1, and requires very delicate error and
beam-loss studies. Thus, it is particularly important to keep
low emittance growth along with the acceleration and
especially at the matching between different acceleration
sections, and strict control of errors and effective orbit
correction are needed.

D. Transition energies for different
acceleration structures

Although more types of acceleration structure or cavity
are useful in obtaining efficient acceleration, they also
mean more R&D efforts and higher cost, and this is espe-
cially true for superconducting cavities. It should be bal-
anced between the acceleration efficiency and the number
of cavity types. Nevertheless, for a large linac such as the
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FIG. 1. Maximum allowable lost particles rate per 10 meters in
the main linac section.
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C-ADS linac, we need several different acceleration struc-
tures and cavity types to reach the final energy of 1.5 GeV.

As mentioned before, RFQ is the only room-temperature
acceleration structure in the C-ADS linac, and it will be
followed by low-beta superconducting cavities. For spoke
cavities, higher injection energy is much favored as very
low-beta spoke cavities are very difficult to develop and
less efficient in acceleration. Because a higher-energy
cw RFQ itself is also difficult to develop, the trade-off
makes us choose 3.2 MeV as the RFQ output energy, and
this is the case of Injector Scheme-I. It is similar for
Injection Scheme-II, where a 2.1-MeV RFQ is followed
by superconducting (SC) HWR cavities.

For the output energy of the two injectors, on the one
hand, one wishes to reduce the total cost by building
smaller injectors; on the other hand, higher energy is
favored for limiting the emittance growth both in the
beam transport section (MEBT2) and in the beginning
part of the main linac where the local compensation
method of element failures is applied. As a compromise,
the injector output energy is set to 10 MeV or slightly
higher according to the future optimization. It will be
shown later that with a relatively small energy range of
3.2–10 MeV it is possible to design a superconducting
section in one cryomodule for the injector.

According to the studies at Project-X [5], single-cell
spoke cavities are very efficient in the low and medium
energy until about 150 MeV. In this design, the output
energy of the spoke section in the main linac is about
160 MeV with two types of spoke cavities. With five-cell
elliptical cavities, one can reach the final design energy of
1.5 GeV from about 160 MeV with two types of elliptical
resonators with the geometrical beta values of 0.63 and 0.82.

E. Focusing structures

With the very large energy range and the different
acceleration structures, it is less efficient to design the
same focusing structure for the whole linac. Different
focusing structures in both the transverse and longitudinal
planes are used for the best fit to the different acceleration
structures or energy ranges. However, we should maintain
the smooth variation or better adiabatic change in phase
advance per meter, as any abrupt change will result in
important emittance growth due to the space-charge effect.

Although the maximum zero-current phase advance per
cell is limited to about 90� to avoid parametric resonances, it
should not be lower than about 20�, as higher phase advance
is favored to obtain higher acceleration gradient and be less
sensitive to the beam current variation. When keeping the
phase advance per meter varying adiabatically, jumps in the
phase advances per cell in both the transverse and longitudi-
nal planes are needed as the period length is changed abruptly
at the transition between two different sections.

For the low-energy part until around 160 MeV, super-
conducting solenoids are considered to be very effective in

the transverse focusing. Quadrupoles either in warm sec-
tions or in cryomodules will increase the period length that
reduces the acceleration efficiency [6]. On the other hand,
the beam emittance is almost symmetric in the two trans-
verse planes, so a round beam can be produced to avoid
strong emittance coupling between the two planes for the
solenoids-based focusing structure. As the defocusing ef-
fect of the rf field is evident at low energy, the focusing
structure in this energy range appears as different combi-
nations of R (rf field) and S (solenoid), such as SR and RSR.
For the high-energy part, the transverse focusing structure

is changed to be quadrupole triplets, as they are more
efficient in focusing at higher energy. Because the focusing
periods become quite long, the quadrupoles can be placed in
the warm sections between the cryomodules. Compared
with doublet cells adopted by other designs [5,19,20], triplet
cells are favored for their readjustability in case of one
quadrupole failure in a cell, and this is very important to
minimize the mismatch when keeping very high reliability.

F. Space-charge effects

Space-charge effects are the dominant factor in inducing
the emittance growth in high-intensity linacs. Although the
peak current at the C-ADS is significantly lower than most
pulsed linacs, its relatively long focusing periods in the
low-beta sections have an important impact to tune depres-
sion due to smaller phase advance per meter. With a beam
current of 10 mA, the tune depression along the linac also
reaches about 0.75 which can be considered as emittance
dominant, as most people accept the tune depression of
0.71 as the separation between emittance dominant beam
and space-charge dominant beam [21]. Figure 2 shows the
tune depression along the spoke sections in the main linac.
The importance of the tune depression is also reflected in

the Hofmann’s chart [22–24]. In order to avoid important
resonances induced by the space charge, the linac is de-
signed to follow the resonance-free or equipartition condi-
tion approximately. However, for a strong tune depression,
higher-order resonances that lead to the emittance change
between the transverse and longitudinal phase planes may
still happen.
If Injector Scheme-II [2,3] is finally adopted, thenwewill

have doubled bunch intensity in the main linac due to the rf
frequency doubling from the injector to the main linac. In
this case, the tune depression becomes even smaller, say
0.64, and the beam becomes space-charge dominant. One
must pay more attention to the space-charge effect.

G. Emittance and acceptance

The beam emittances in the three phase planes are very
important design parameters in the C-ADS linac. As the
beam-loss rate should be controlled at an extremely low
level, all the measures should be considered to control the
emittance growth along the linac, especially the halo emit-
tance that is directly linked to the beam loss.
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The initial transverse emittance can be defined by the
emittance diaphragm in the low energy beam transport line
(LEBT), which is about 0:2� mmmrad in normalized rms.
The longitudinal emittance can be defined by the beam
bunching process in the RFQ, which is taken as about
0:18� mmmrad in normalized rms as the multiparticle
simulation shows. Some halo particles in both the trans-
verse and the longitudinal phase spaces can be collimated
in the MEBT2 section.

As mentioned above, the beam is close to be space-
charge dominant, thus emittance parameters are important
in the focusing design. In addition, due to the nonlinearity
of the rf focusing in the longitudinal phase plane or the rf
defocusing in the transverse phase plane it is very impor-
tant to keep a large ratio between the acceptance and the
emittance. For a 6D water-bag distribution, we keep the
acceptance to the full emittance ratio larger than 10 for
the whole linac except in the injector part where the ratio is
relatively smaller. As the longitudinal acceptance is
strongly dependent on the synchronous phase (�s), to
keep the same acceptance-emittance ratio, a larger longi-
tudinal emittance means a large ��s, consequently a
lower acceleration rate and a stronger longitudinal focus-
ing. In addition, the phase advance limitation of less than
about 90� in the case of larger ��s also reduces the
applied rf voltage, and this reduces the acceleration rate
further. On the other hand, a larger longitudinal emittance
helps increase the tune depression modestly. Therefore, it
looks as if it is appropriate to adopt relatively small emit-
tance for both the longitudinal and transverse phase planes.

For the transverse acceptance, it is limited by the non-
linearity of the rf defocusing at low energy and by the
physical aperture of the beam pipes at higher energy.
Relatively smaller acceptance will be adopted in the

warm sections to avoid beam losses in the superconducting
cavities.
Although the geometrical rms emittance will shrink

along with the acceleration, it looks as if the total geomet-
rical emittance will still increase during the acceleration
due to all the errors and mismatches. Therefore, large
physical apertures are still needed at higher energy.

H. Acceleration gradients

A higher acceleration gradient is usually pursued to re-
duce the total length or the total investment cost for all kinds
of proton linacs. It is due to the same reason to use different
acceleration structures at different energy ranges. However,
there are some other reasons that we have to reduce the
gradient or the applicable rf voltage: (a) at lower energy, due
to the limitation on the longitudinal phase advance per cell
that should not exceed 90� significantly. As the bunch length
is large here, smaller synchronous phase (negative) is
needed to provide a large bucket width, but this will increase
the longitudinal focusing simultaneously. Thus the appli-
cable rf voltage is limited. (b) The transit time factor is
sensitive to the gap width at lower energy, thus the gap
widths for the spoke cavities are optimized to obtain the
maximum voltage for a nominal surface electric field. (c) At
lower energy, the transverse focusing in the presence of
strong space-charge force and rf defocusing requires every
cavity or every two cavities intermittent with focusing sol-
enoids. This also reduces the average acceleration gradient.
(d) At higher energy, superconducting cavities are much
more efficient in acceleration gradient, and the constraints
rely mainly on the performance of the superconducting
cavities themselves. The focusing becomes much less im-
portant, but the grouping of cavities with intermittent focus-
ing elements still has to be considered to maintain the

FIG. 2. Tune depression along the spoke sections in the main linac (X in red, Y in blue, and Z in green).
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smooth change in phase advance per meter and the phase
advance per cell always larger than 20�.

I. Key parameters for the accelerator physics design

As mentioned before, installed redundancy is required for
ADS linacs to obtain very high reliability. According to the
state-of-art performance and the prototype experience
[25,26], we define some key hardware and physics parame-
ters for the physics design of the C-ADS linac. (1) For all
SC spoke cavities: Epeak < 32:5 MV=m, Bpeak < 65 mT.

(2) For all SC elliptical cavities: Epeak < 39 MV=m, Bpeak <

65 mT. (3) Operation temperature for all SC cavities: 1.8 K.
(4) Apertures for SC cavities: 35 mm for E< 10 MeV;
40 mm for Spoke021; 50 mm for Spoke040; 100 mm for
Ellip063 andEllip082. (5)Maximum length for cryomodules:
<12 m. (6) rf frequency for the injectors: 325 MHz or
162.5 MHz. (7) rf frequency for the main linac: 325 MHz
(spoke sections) and 650 MHz (elliptical sections).
(8) Maximum magnetic field for solenoids: 5 T. (9) Beam-
loss rate:<1 W=m. (10)Phase advance per cell (zero current,
both transverse and longitudinal):<90�. (11) Acceptance to
emittance ratio (for 6D water-bag distribution):>9.

III. PHYSICS DESIGN OF DIFFERENT SECTIONS

The C-ADS accelerator complex consists of two
injectors, a special medium-energy beam transport line
(MEBT2), a main linac and a high-energy beam transport
line (HEBT), as shown in Fig. 3. Two identical injectors will
be operated in the mode of one as the hot spare of the other
to provide quick switch in case of failure of the one in
delivering beam to the main linac. MEBT2 is to transport
and match the beam from either of the two injectors to the
main linac. Asmentioned in the last section, this is crucial to
achieve very high reliability of the whole accelerator.
However, in the early developing phase two different ap-
proaches of injector will be developed in parallel by two
different teams. At a later phase, a decision based on the
R&D development will be made about which injector
scheme will be used in the future phase. The main linac
section that consists of different acceleration sections will
be developed in phases.

For such a high-intensity linac, the beam dynamic per-
formance with space charge included is very important.
Many iterations between the lattice design and the multi-
particle simulations have to be performed. The physics
design of the C-ADS accelerator complex has been carried
out mainly by using the codes PARMTEQM [27], TRACEWIN

[28], and TRACK [29]. The 3D field maps are used for all
the cavities except the RFQs, and for the solenoids and
quadrupoles the element’s transfer matrices are used. The
3D field maps of solenoids are used to check the difference
with the matrix method, and it is found that the difference
is marginal. In the next subsections, the lattice designs for
different sections are introduced first and optimized by
iterations with multiparticle simulations. The end-to-end
simulation results are presented in Sec. III G, and they also
affect the global optimization of the linac design.
High-energy beam transport (HEBT) is very important

in ADS applications. As the HEBT design for C-ADS is
still in the very preliminary stage [4], mainly due to the fact
that the interface among the accelerator, target, and reactor
has not been clearly defined, it is not presented here.

A. Ion sources and LEBTs

For a modest beam current about 10 mA in cw mode,
electron cyclotron resonance (ECR) ion source is a good
choice. A similar ion source using permanent confinement
magnets was developed at IMP [30]. Although the proton
linac for ADS is working in cw mode, the front-end needs
to have the ability to provide very short pulse beam as short
as 20 �s for commissioning. After having studied the very
short pulse length operation mode for commissioning the
superconducting cavities, we found that a chopper with a
fast rise/fall time of about 20 ns in the LEBT is indispens-
able. The chopper is also important in the machine protec-
tion and producing a gap in cw beam for the k-value
measurement in the subcritical reactor.
For a very low-energy and high-intensity beam, non-

linear space-charge force is the main cause of beam diver-
gence and emittance growth. Although the residual gas
tends to be ionized and the beam space-charge effect is
neutralized spontaneously, it is difficult to compensate the
space-charge effect completely. Therefore, a shorter LEBT

FIG. 3. Layout of the C-ADS driver accelerators.
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is preferred when all the functions such as transverse
matching, beam chopping, and emittance shaping, etc.,
are in place. The chopper is placed at the end of the
LEBT to maintain the neutralization effect by following
the design at CSNS [31]. The general layout of the ion
source and LEBT is shown in Fig. 4.

The TRACE-3D [32], BEAMPATH [33], GPT [34], and
TRACK codes were used in designing the LEBT and per-

forming simulations for matching the LEBT to the RFQ.
Figures 5 and 6 show the simulated beam trajectories along
the LEBT line and the distribution in the phase space at the
RFQ entrance. The simulations show that the LEBT design
can meet the intensity requirement with the given emit-
tance at the RFQ entrance for both injector schemes.

B. RFQ dynamics design

The cw RFQ is one of the most critical parts in ADS
applications. The design of the RFQ for Injector Scheme-I
is based on the following philosophy obtained from the
experience of the design and build of the similar machines

[35–37]: (1) The key parameters for the RFQ follow the
definitions for the C-ADS linac. As the beam current for
the linac is 10 mA, the design beam current of the RFQ is
chosen to be 15 mA after taking into account the adjust-
ability and its upgrading potential. The relatively low beam
current is also helpful for reducing the required transverse
focusing strength. The injection energy is also chosen to be
a comparatively lower value of 35 keV, to enhance the
bunching process in the RFQ and also ease the construction
of the ion source and the LEBT while the space-charge
effects at 15 mA in the LEBT are manageable. The output
energy is optimized to about 3.2 MeV as a compromise
between the technical difficulties of the RFQ fabrication
with higher energy and the favorable higher-energy re-
quirement by the low-beta superconducting spoke cavities
in the injector. (2) The total length of the RFQ is limited
within 4.8 m. The RFQ will consist of two resonantly
coupled physical segments and each segment includes
two technical modules connected together with flanges.
The length of the technical module is limited to 1.2 m by

FIG. 5. Trajectories along the LEBT simulated by BEAMPATH.

FIG. 4. Schematic for the LEBT (left) and the chopper (right). G1 and G2 are for Glaser magnetic lenses.

FIG. 6. Particle distribution in the horizontal phase space at the
RFQ entrance.
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the machine capability in industry domestically based on
the construction experience of the previous RFQ (or ‘‘973’’
RFQ: 3.5 MeV, 352 MHz, 7% duty factor) [38] built at
IHEP several years ago. (3) Higher beam transmission is
favored. Since the lost beam power in a cw RFQ will
worsen the deformation of the cavity and vice versa, the
deformation of RFQ will decrease the beam transmission
further. (4) The rf power dissipation per unit length and per
area should be designed as low as possible. This is impor-
tant for designing the water-cooling system and decreasing
the deformation of the RFQ cavity. (5) A modestly low
longitudinal emittance at the RFQ exit is beneficial to the
dynamics design of the acceleration sections downstream.
(6) Redundant water-cooling capability and water-cooling
control protection system safeguard the operation of the
RFQ. (7) Conservative rf coupler design lowers the cou-
pler’s load and ensures the coupler’s reliability. Four sets of
rf couplers will be adopted and the power load for each set
is less than 60 kW. (8) Take full use of the successful
experience of the previous RFQ in designing, machining,
and operation at IHEP. It is highly time saving and reliable
to adopt a similar RFQ structure as the previous one thanks
to the similar working frequency and output energy for the
two RFQs.

The standard RFQ code chain CURLI, RFQUICK, PARI, and
PARMTEQM [39] developed at LANL has been used to

design the RFQ. With these codes, the RFQ are physically
divided into radial matching section (RMS), shaper, gentle
buncher and accelerator four different sections. In order to

obtain a good beam transmission and a better bunching,
both the shaping and the bunching energy are chosen to be
comparatively lower values. In Table II, the main design
parameters of the RFQ are listed.
Both the vane-tip curvature �t and the average bore

radius r0 are kept constant (2.775 mm) along the RFQ
with a ratio of 1.0 between them, which are the same as
the 973 RFQ. A constant vane-tip curvature �t is beneficial
to the machining of vanes by a formed cutter, and therefore
it is both time saving and cost saving in machining, while a
constant average bore radius r0 benefits the machining of
the RFQ cavity and the tuning of field distribution. The
design of equal vane-tip curvature and average bore radius
benefits the beam transmission of the RFQ, but in the
meantime it introduces higher multipole field components,
higher surface field, and more rf power dissipations. It is
very critical to lower the rf power dissipation per unit
length and per area for a RFQ running in cw mode.
Because the rf power dissipation is proportional to the
square of the intervane voltage, it is a good way to choose
a relatively low intervane voltage of 55 kVand the average
rf power dissipation per meter obtained by SUPERFISH is
about 41.68 kW, which is close to the rf dissipation power
level for a usual heavy-ion RFQ with a lower rf frequency,
though the maximum power density is much higher here
due to high rf frequency, but it is still within the capability
of the cooling system, even taking into account the beam
losses which happened at lower energy. Such a low inter-
vane voltage is possible here thanks to the relatively low

TABLE II. Main design parameters for the Injector Scheme-I RFQ.

Parameter Value

rf frequency (MHz) 325

Injection energy (keV) 35

Output energy (MeV) 3.213

Pulsed beam current (mA) 15

Beam duty factor 100%

Intervane voltage V (kV) 55

Beam transmission 98.7%

Average bore radius r0 (mm) 2.775

Vane-tip curvature �t (mm) 2.775

�t=r0 1.0

Maximum surface field (MV=m) 28.88 (1.62 Kilpatrick field)

Cavity power dissipation (kW) 272.94 (1.4 � SUPERFISH)

Total power (kW) 320.94

Average copper power/length (kW=m)a 41.68

Average copper power/area (W=cm2)a 3.25

Maximum copper power/area (W=cm2)a 3.77

Input normalized rms emittance (x=y=z) (� mmmrad) 0.2/0.2/0

Output normalized rms emittance (x=y=z) ð� mmmrad=ð� MeV degÞÞ 0.2/0.2/0.0612

Vane length (cm) 467.75

Gap1 (entrance) (cm) 1.10

Gap2 (exit) (cm) 1.10

Accelerator length (cm) 469.95

aThe values were obtained by two-dimensional code SUPERFISH [40].
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beam current so that the transverse focusing is less de-
manding. A high beam transmission (about 98.7%) can be
still obtained by using a small average bore radius
(2.775 mm). In Fig. 7, the main design parameters along
cells are shown. In Fig. 8, the phase distributions at the exit
of RFQ are plotted.

C. MEBT1 design

According to the design of the RFQ, the beam energy
will be 3.2 MeV at the RFQ exit. With a beam current of
10 mA, this beam energy in the MEBT1 is quite low so that
the space-charge forces have an important impact on the
beam dynamics. In addition, the coupling between the
transverse and longitudinal planes, rf defocusing, and other
causes will also affect the beam dynamics. In order to
minimize the emittance growth and halo development
along the beam line besides meeting the matching
requirements in the phase spaces at the entrance of the

superconducting section, the lattice optics should provide
strong and uniform focusing. This can be achieved by
choosing three sets of quadrupole doublets and a pair of
bunchers with more-or-less balanced parameters. A rela-
tively small beam envelope at the bunchers is preferred to
ease the technical difficulties of the bunchers. After several
iterations between the engineering design and physics
design, the layout of the MEBT1 is shown in Fig. 9, and
the main parameters of the MEBT1 elements are given in
Table III. On the other hand, the MEBT1 line should
provide enough beam diagnostics for beam commissioning
and tuning, thus sufficient space has to be reserved for
installing the diagnostic devices as shown in Fig. 9.
Multiparticle simulations show that both the rms emit-

tance growth and the halo emittance growth are under
control in the MEBT1 [4], e.g., less than 5% for the
rms emittance growth in all three phase planes. Some
information is also shown in the end-to-end simulations
in Sec. III G.

D. Superconducting section in the injector

It is one of the most difficult problems in designing the
C-ADS injector to quickly and efficiently accelerate the
beam from the low energy at the RFQ exit to higher energy
while maintaining beam quality at the same time. We have
studied and compared several different schemes based on
different acceleration structures and lattice structures, in-
cluding normal conducting cross-bar H-type structure [41],
162.5 MHz HWR structure [42], and 325 MHz low-beta
superconducting spoke cavity [43]. For Injector Scheme-I,
low-beta spoke cavities in 325 MHz were chosen to accel-
erate the beam from the 325-MHz RFQ to 10 MeV.
Although very low-beta single-spoke cavities are con-

sidered very difficult to develop and lack both prototype
test and operation experience [44,45], it is straightforward
for IHEP to adopt such a spoke cavity for the supercon-
ducting acceleration structure in the injector since the main
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linac uses the same type of cavities but with higher betas,
which will reduce the time and cost in the cavity develop-
ment. The main design parameters of the cavity are listed
in Table IV.

The optimized geometry of the cavity is shown in
Fig. 10. The total length of the cavity is 180 mm and the
aperture is 35 mm. The fabrication of the first two proto-
type cavities has been completed and the vertical test was
successfully performed at the end of 2012 [46].

One of the most important principles in high current
linac design is to keep the zero-current phase advances per
period in all directions less than 90 degrees [47]. From our
studies, the phase advance limit is found even more im-
portant for low-energy superconducting machines in which
some kind of parametric resonance may be excited because
of the violation of the smooth approximation [48]. The
transverse one can be controlled by properly setting the
focusing gradients of the transverse focusing elements,

while the longitudinal one is directly related to the period
length, synchronous phase, and acceleration gradient.
The period length is determined by the lengths of the
cavity, the transverse focusing elements and the diagnostic
devices and the spaces necessary for assembling, and
the shorter the better. As discussed in Sec. II E, super-
conducting solenoids have more advantages in focusing
the low-energy and round beam: more compact and easy to
be adapted with the cryogenic environment. Together with
the rf defocusing, the transverse focusing structure of SR is
determined, where S denotes solenoid and R for cavity.
The element lengths and the spaces for assembling are
determined based on the engineering designs of the cavity,
solenoid, BPM, and the cryostat which refer to the designs
of similar projects such as Project-X [43] and FRIB [49],
and kept as short as possible [50]. Figure 11 shows the
element arrangement of a focusing period of Spoke012
section.
With the cavity design parameters listed in Table IV, we

need 12 cavities at least to accelerate the beam from 3.2 to
10 MeV. Usually it is preferred to have shorter cryomod-
ules housing a modest number of cavities and solenoids for

FIG. 9. Schematic of the MEBT1 for Injector Scheme-I.

TABLE III. Main parameters of the MEBT1 elements.

Element

Effective length

(mm)

Bore radius

(mm)

Field gradient

(T=m)/ effective

voltage (kV)

Q1 70 17.5 27.13

Q2 70 17.5 �21:08

Q3 80 27.5 11.91

Q4 80 27.5 �11:19

Q5 80 27.5 11.25

Q6 80 27.5 �10:67

Buncher-1 250 �17:0 48.12

Buncher-2 250 �17:0 96.07

TABLE IV. Main design parameters of the Spoke012 cavity
for the injector.

�g

Frequency

(MHz)

Uacc Max

(MV)

Emax

(MV/m)

Bmax

(mT)

R=Q
(�)

0.12 325 0.82 32.5 47.5 148.7
FIG. 10. Optimized geometry of the Spoke012 cavity.
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easier fabrication of cryomodules and easier assembling
and alignment of the inside elements. For example, an
alternate scheme with two cryomodules for the injector
has also been studied but abandoned, where each cryomod-
ule has a length of about 6 meters and houses six cavities.
The transition space between two cryomodules will inevi-
tably destroy the periodicity of the focusing array, and the
beam quality will be degraded severely. This is especially
true when a warm transition is used, as it demands more
space. After proper optimization, for example, the length of
the cryomodule can be reduced to about 8.5m. The elements
layout in the cryomodule is shown in Fig. 12. In order to
reduce the length of the cryomodule, no solenoids are used in
both ends of the cryomodule. The beam will be matched to
acceleration structures downstream and upstreamby the two
beam transport lines, MEBT1 and MEBT2.

E. MEBT2 design

As mentioned before, the C-ADS linac requires two
injectors with each of them as the hot spare of the other.
It is a real challenge to design a merging beam line to
connect the two injectors to the main linac, as this is a high-
intensity beam requiring very strict control over beam loss
and emittance growth. At the low beam energy of 10 MeV
and high intensity of 10 mA, it is found difficult to control
the emittance growths in the three phase planes when a
bending section is present. Several rf bunchers have to be
applied to keep the bunch width not too wide to be outside
the linear region of the rf field, and the bunchers within the
bending section will introduce complexity in the achroma-
tism matching. MEBT2 is also supposed to have a good
collimation system to scrape the beam halo and nontrapped
particles generated in the injectors in both the transverse

and longitudinal planes. Some of the halo particles in the
longitudinal phase plane can be removed together with the
halo particles in the horizontal phase plane by the collima-
tors in the dispersive region [51]. For each injector, the
beam will be directed to the main linac through the main
line of the MEBT2 when it is turned into the online
operation mode, and the beam will be directed to a beam
dump through an auxiliary beam line with a much reduced
beam power when it is in the offline mode. The dump line
is also used for the commissioning or beam setup of the
injector with the full beam power of 100 kW. The layout of
a preliminary design is shown in Fig. 13.
For each of the mainstream lines of the MEBT2,

eight quadrupoles, two 20�-bending magnets, and four
325-MHz single-gap normal conducting reentrant-type
bunchers with maximum voltage of 145 kV are used.
In the common part, three quadrupoles, two Spoke012
cavities, and two solenoids are used for the matching in
the phase spaces, while another two Spoke012 cavities
serve as the backups. A minimum separation of 2.4 m in
the transverse space between the two injectors requires a
bending section for each branch was imposed to guarantee
the installation space of the two parallel injectors. The
design scheme satisfies the requirements of more-or-less
uniform transverse focusing, achromatic bending, and
good control in the beam phase width. The details of the
MEBT2 design can be found in [51,52]. Further optimiza-
tion for MEBT2 is still under way.

F. Main linac design

1. Cavities and lattice structures

In order to satisfy the rigorous demands on the accel-
erator stability and reliability, over-design, redundancy,
and fault tolerance strategies are implemented in the basic
design. The fault-tolerant design in the main linac is guar-
anteed by means of the local compensation and rematch
method [18], which is effective only for a linac composed
of short independently powered cavities. To cover the
whole energy range from 10 MeV to 1.5 GeV in the
main linac, at least four types of superconducting cavities
are needed. After optimization, we have chosen two single-
spoke cavities working at 325 MHz with geometry � of
0.21 and 0.40, respectively, and two 5-cell elliptical cav-
ities working at 650 MHz with geometry � of 0.63 and
0.82, respectively. The acceleration efficiencies of the four

FIG. 11. Layout of one focusing period in Injector Scheme-I.

FIG. 12. Schematic of the Spoke012 lattice with one cryomodule.
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cavities and their effective energy ranges are shown in
Fig. 14. The effective energy ranges for the four types of
cavities are all shifted to the lower energy to fit the special
phase advance law required by the stable beam dynamics.
The main design parameters of the cavities are listed in
Table V. For the nominal design, only 3=4 of the maximum
cavity voltage is used, whereas another 1=4 is reserved for
the local compensation, and this redundancy is also bene-
ficial to the cavity reliability. The variation in performance
for practical cavities coming from the fabrication process
can also be included in the reserved capacity.

There are four sections each consisting of one type of
cavity in the main linac, Spoke021 and Spoke040 for the
lower-energy part and Ellip063 and Ellip082 for the higher-
energy part. The lattice structures for each section are
shown in Fig. 15, and they are characterized by long drifts
in both sides of each period. With these kinds of lattice
structures, the cryomodules are more flexible. Each cryo-
module can accommodate one lattice period, two periods,
or even more periods without affecting the beam dynamics

performance and is totally decided by the mechanical and
engineer considerations. Furthermore, it also helps in min-
imizing the possibility of mismatch within one section. The
matching between two sections is guaranteed by varying
the parameters of the adjacent cavities and transverse
focusing elements. With warm transitions between cryo-
modules, the replacement of failure cryomodules can be
easily carried out; in addition, beam diagnostics and colli-
mators can be arranged in the warm sections.
In total, thirty-eight Spoke021 cavities in seven cryo-

modules, sixty-four Spoke040 cavities in eight cryomod-
ules, forty-two Ellip063 cavities in 14 cryomodules, and
100 Ellip082 cavities in 20 cryomodules are used in the
main linac, where the two first Spoke021 cavities and the
four Spoke012 cavities in the MEBT2 are housed in a
special cryomodule. All the cryomodules have modest
length of 5–10 m.

2. Beam dynamics design

The phase advances per cell in the three phase planes are
usually kept below 90� to avoid the parametric resonance
[47,48,53]. Except in the matching cells at the section
transitions and in the Ellip063 section, the focusing fields
in both the transverse and longitudinal directions are kept
almost constant in each section to have almost constant
envelope amplitude when the geometrical rms emittance is
shrinking along the acceleration [54]. This also means
constant synchronous phase in each section, but the abso-
lute value of the synchronous phase decreases from the
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FIG. 13. Schematic of the MEBT2 (only the upper part of two symmetric branches is shown).
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TABLE V. Main parameters of the SC cavities in the main
linac.

Cavity

type �g
Frequency

(MHz)

Vmax

(MV)

Emax

(MV/m) Bmax (mT)

Spoke021 0.21 325 1.64 31.14 65

Spoke040 0.40 325 2.86 32.06 65

Ellip063 0.63 650 10.26 37.72 65

Ellip082 0.82 650 15.63 35.80 65
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lower-energy section to the higher-energy section to obtain
higher acceleration rate while maintaining the acceptance
and 6D water-bag emittance ratio larger than 10, a low
beam-loss design criteria for the acceptance in the main
linac. Because of the limitation in the longitudinal phase
advance per cell, the cavity voltages at the beginning parts
of the sections may not be fully exploited.

Since the phase advance per cell should be below 90�, it
is better to set the longitudinal phase advance larger than
the transverse one to obtain higher acceleration efficiency.
This design must be considered together with the equi-
partition condition if we want to avoid the energy
transfer between different freedoms [55]. When the longi-
tudinal emittance is smaller than the transverse one, it is
easy to set up theworking point at the resonance-free region
in the Hofmann chart. This explains why the RFQ design
was optimized to have a relatively small longitudinal
emittance.
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FIG. 15. Schematic view of the lattice structures for the main linac sections: (a) for Spoke021, (b) for Spoke040, (c) for Ellip063,
(d) for Ellip082.

FIG. 16. Tune footprint in the Hofmann chart for the main linac. Growth rates are in units of zero space-charge betatron tune.
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Although there are three transitions for the four sections
of different lattice structures and cavity types, the one
between the section Spoke040 and the section Ellip063 is
the most important. One reason is the rf frequency dou-
bling from Spoke040 to Ellip063, and the other is the

transverse focusing from inside-cryomodule solenoids to
room-temperature quadrupole triplets. Careful matching
should be carried out to avoid important emittance growth
at the transitions. One important thing is to make smooth
changes in focusing, and another is to avoid the absolute
synchronous phase being too small.
Different phase advance ratios between the longitudinal

and the transverse planes have been studied. It turns out
that the phase advance ratio of 0.75 is adopted after the
compromise among the equipartition condition, the accep-
tance to emittance ratio, and the phase advances per cell.
Figure 16 shows the tune footprint in the Hofmann
chart. We can see that, except for one point falling in the
very weak part of the kz=kx ¼ 2 resonance region, all the
other points are in the resonance-free region.
Figure 17 shows the effective rf voltage in use as com-

pared with the nominal voltage for all four types of super-
conducting cavities. It is the optimized result by following
the requirements on the phase advance, smooth change in
focusing, and longitudinal acceptance. Another limitation
on the effective field level comes from the multipacting
effect in the superconducting spoke cavities. The voltage
ratio should not be lower than 0.5 to avoid the possibility of

FIG. 18. Absolute synchronous phase and 10 times RMS phase
width along main linac.

FIG. 19. Phase advances per meter (upper) and phase advances
per cell (lower) along the main linac.
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working in the multipacting regions. To reduce beam loss,
the synchronous phase is kept larger than 10 times the RMS
phase width throughout the main linac as shown in Fig. 18.
The phase advances per meter and phase advances per cell
are shown in Fig. 19, and they change quite smoothly.
Figure 20 shows the energy gain per meter along the linac.

Detailed multiparticle simulations have been performed
for the main linac. As the first step, using an initial 6D
water-bag distribution we have studied the dynamic be-
havior of the beam core or the properties in rms along each
of the major sections, then combined them to form the

main linac. The rms emittances are 0:24� mmmrad for the
transverse planes and 0:216� mmmrad for the longitudi-
nal plane, respectively at the entrance of the main linac,
assuming the emittance growths by 20% in the injector and
in the MEBT2 section. It is found that the transverse
emittance growths are 3% and 2.8% for the horizontal
and vertical planes, respectively, and the longitudinal emit-
tance growth is almost nothing (�0:3%). The transverse
rms beam size in average is about 2.5 mm. The simulation
results are shown in Figs. 21–23. From the simulation
results, we can find that the rms emittance growth along

FIG. 22. Root-mean square envelope evolutions in the main linac (upper: X in red, Y in blue; lower: phase width).

FIG. 23. Beam distributions in the phase spaces at the exit of the main linac (@1.5 GeV).
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the main linac is under control in all three phase spaces,
e.g., about a few percent. The envelope evolutions are also
smooth along the main linac.

As the halo development due to errors, mismatches and
resonances is key in causing beam loss, it becomes the
central focus of the beam dynamics studies once the lattice
and the basic dynamic behavior are determined using the
beam core or the rms emittance. As this is a linac of very
high beam power, beam loss should be controlled at the
level of 10�8=m. This means that the behaviors of very

sparse halo particles should be studied. Therefore, the
emittance evolutions for 99%, 99.9%, 99.99%, and 100%
beam fractions have been studied, using both TRACK and
TRACEWIN codes. The number of macroparticles is 105 for
the simulations.
The error related studies will be presented in Sec. V;

some mismatches due to component failures are presented
in Sec. IV. Here we will show the resonances-related
studies. The imperfect matchings at the section transitions
are also included as we perform end-to-end simulations for
the main linac.
For the halo development related to the space-charge

resonances, we have carried out simulations on the halo
formation to see if the working point is sensitive or not.
Figure 24 shows the emittance evolutions with the nominal
working point ("z="x ¼ 0:85, kx=kz ¼ 0:75, 10 mA,
Injector Scheme-I), which is free from dangerous reso-
nances. Figure 25 shows the longitudinal emittance evolu-
tion with the working point situated in the resonance region
in the Hoffman chart ("z="x ¼ 0:85, kx=kz ¼ 1:0). We can
find that even for a modest beam current of 10 mA, the
resonance plays a significant role in the halo development;
therefore, we adopt the design with the working point in
resonant-free regions.

G. End-to-end multiparticle simulations

End-to-end beam dynamics simulations are performed
from the input of the RFQ to the end of the linac to verify
the matching between each part. It was also recommended
that the end-to-end simulations should be started from the
plasma surface of the ion source since the initial particle
distribution is very important to the beam properties in the
downstream, and this can be pursued in the future. The
initial particle distribution at the entrance of the RFQ is
assumed as 4D water-bag distribution with transverse
rms emittance of 0:2� mmmrad and the total particle
numbers are 100000, and the optimized distributions at
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the RFQ exit are applied as the initial particle distributions
for TRACEWIN. In the following, only the simulation results
after the RFQ are given.

Figure 26 shows the evolutions of normalized rms emit-
tances along the linac. Both the transverse and longitudinal
emittances are nearly constant along the main linac part,
but about 20% emittance growth in the longitudinal plane
and 10% in the transverse planes can be observed in
MEBT2, just as expected. It indicates that the matching
and design for the core beam along the linac are good; the
smooth rms envelopes shown in Fig. 27 also indicate this.

Besides the rms emittances, the evolutions of halo emit-
tance including different fractional particles are also
studied. As shown in Fig. 28, the MEBT2 contributes to
very important growth of the 100% emittance, almost 5
times in the transverse planes. It is expected that some halo
particles can be collimated in MEBT2 with proper colli-
mation schemes. The phase space distributions at the end
of the linac are shown in Fig. 29.

IV. COMPENSATION AND REMATCH SCHEMES
FOR MAJOR ELEMENT FAILURES

In order to achieve the required reliability for the C-ADS
accelerators, besides all the hardware which is operated
with conservative performance and redundancy, it is still
important to have fault-tolerant capabilities in the design
[1,17]. For example, modular solid-state rf powers are very
useful in increasing their reliability. However, no matter
how we improve the hardware’s reliability performance, it
should be expected to meet some failures of important
devices but with a much lower rate. The accelerator design
has to deal with these situations. In the following, we will
discuss how to compensate the failures of two kinds of
major components: superconducting resonators and trans-
verse focusing elements (solenoids and quadrupoles).

A. SC cavity failures

Cavity failures are considered to be one of the most
important hardware failures [10,56]. Several factors may
cause cavity failures: rf power source, coupler, low level
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FIG. 27. Root-mean square envelope evolutions in the linac (upper: X in red, Y in blue; lower: phase width).
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radio frequency system, cavity mechanical tuning, etc.
When a cavity fails, if nothing is done, the whole or part
of the beam will be lost in the downstream linac [18]. The
reason is that the phase slip caused by the velocity change

will make the beam center phase to exceed the longitudinal
acceptance of the downstream acceleration section. The
best way to deal with this kind of failure is to readjust the
settings of the neighboring cavities to regain the nominal
velocity, and to rematch the transverse focusing at the same
time as the rf cavities also affect the transverse focusing. At
SNS, it is the usual operation to adjust all the downstream
SC cavities when one fails (or ‘‘global compensation
method’’ [57]). However, it takes some minutes to make
the adjustment and the beam should be cut off during the
tuning. For C-ADS, the beam stop time should be con-
trolled within a few seconds and it is better to make the
compensation by just involving only a few neighboring
cavities so that more cavity failures in different locations
can be compensated independently and efficiently [10]. It
is also found that at lower energy the local compensation
method is much more efficient in controlling the emittance
growth than the global compensation method.
The local compensation method for cavity failures has

been successfully applied in all the subsections of the main
linac [4,58]. Almost no growth in the rms emittance and
slight growth of a few percent in halo emittance have been
obtained. Taking the example of a failure of one cavity in
the middle part of the Spoke040 section, Fig. 30 shows the
local compensation method. As mentioned earlier, the
nominal peak surface electric field in operation is also
derated from the applicable 32.5 to 25 MV=m, so that
about one-fourth reserve can be used for the compensation
and rematch. The multiparticle simulations show no sig-
nificant growths in the rms emittances and the halo emit-
tances after applying the local compensation and rematch
method.

B. Focusing element failures

From the operation experience of the existing accelera-
tor, the failures of the transverse focusing elements such as
quadrupoles and solenoids are much less frequent than rf
cavities; however, they are still very important in an ADS
linac due to the very strict requirement on reliability.
Rematch is also needed to minimize the emittance blowup
due to the failures. Major failures come from quench in SC
magnets or solenoids, power supplies, and control units.
Because of quite different focusing structures, the re-
matches for SC solenoid failures and quadrupole failures
are also very different.
For solenoid failures, we found that the rematch is much

more difficult, especially in the low-energy sections. As we
adopted the long period lattice and there is only one
solenoid in one cell for transverse focusing, once the
solenoid fails, the beam size in the cell or neighboring
cells will become significantly larger even if the beam is
rematched by the neighboring solenoids. Large transverse
beam size will result in the emittance distortion due to
the nonlinear rf fields and space-charge force. If other
elements in the cell could provide additional transverse
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FIG. 28. Halo development along the linac for different beam
fractions.
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focusing while the solenoid fails, the beam halo growth
could be controlled. Then we studied the possibility of
inversing the synchronous phase of one of the cavities in
the cell to provide additional transverse focusing, namely
we change the synchronous phase from negative to positive
when keeping the acceleration. The nominal transverse
focusing structure RSR or DFD will become FD or DF in
the rematch mode. This method has been proven success-
ful. As focusing element failures are more critical in the
cells with large phase advances, namely in the beginning
part of each spoke sections, we take the failure of the
solenoid in the middle of the Spoke021 section as an
example, as shown in Fig. 31. The synchronous phase of
the first cavity in the same cell is inversed from �33� to
40.5�, the neighboring cavities and solenoids are adjusted
to achieve the local rematch goal at the matching point.
Multiparticle simulations show less than 10% growth in the
rms emittances and about 30% growth in the halo emit-
tance growth after applying the local compensation and
rematch method.

The rematch method for the failures of the quadrupole
magnets in the Ellip063 and Ellip082 sections has also
been studied. It is also due to the rematch for failures
that we changed the transverse lattice from the earlier
doublet-based structure to the triplet-based structure. The
triplet-cell focusing structure is considered to have advan-
tage over doublet-cell structure: when one of the three
quadrupole fails, the two others can be easily transformed
into a doublet to rematch the rms beam at the matching
point with little mismatching. Slight readjustments in the
two neighboring triplets can help to make almost a perfect
rematch including beam halo. Unlike in the case of sole-
noid failures, there is no need for putting the neighboring
cavities in the rematch.
There are also other possible failures in themain linac that

affect the normal operation of the accelerator, such as fail-
ures of cryomodules, beam diagnostics devices, computer
network, vacuum system, etc. Cryomodule failures are fatal
so that the accelerator cannot continue to operate, and the
beamhas to shut downwhen they are repaired or replaced by

FIG. 29. Phase space distributions at the exit of linac (@1.5 GeV).

FIG. 30. Local compensation for a cavity failure in themiddle Spoke040 section. (The blue ellipses stand for cavities, the red squares for
solenoids, the black ellipse for the failed cavity, and the orange ellipses for major compensation cavities. M stands for matching point.)
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a new one. Some beam diagnostic devices failures and
vacuum pump failures can be tolerated. The computer net-
work may need backup to guarantee normal operation.

V. ERROR AND BEAM-LOSS STUDIES

A. General considerations

Although all the magnets installed in the beam lines
should be aligned strictly with special alignment
technique, the residual errors of the installation, field
imperfections, and variations give rise to important
beam off-centering. The off-centering may lead to direct
beam loss due to the aperture limitation or significant

emittance growth due to mismatching in the phase space
that will probably result in beam loss in the downstream
sections. The beam off-centering from most of the static
errors can be corrected by a proper correction scheme that
employs a number of correction magnets together with
some beam position monitors which are also aligned
strictly in the beam lines. The correctors are often inte-
grated into SC solenoids and quadrupoles to save the pre-
cious longitudinal space. Therefore, the beam can be
centered to the optical axis within an acceptable
tolerance. However, even with orbit corrections and re-
matches the beam quality will still degrade mainly due to
the nonlinearity of rf field and space-charge force. The halo

TABLE VI. Amplitudes of static errors used for error studies.

Solenoid Spoke cavity Elliptical cavity Quadrupole

Element

errors

Alignment/field

error

Alignment/rf

error

Alignment/rf

error

Alignment/field

error

�x (mm) �1 �1 �1 �0:1
�y (mm) �1 �1 �1 �0:1
�z (mm) �1 �1 �1 �0:5
�x (mrad) �2 �2 �2 �2
�y (mrad) �2 �2 �2 �2
�z (mrad) �2 �2
�Eð%Þ=�Bð%Þ �0:5 �1 �1 �0:5
�RF (�) �1 �1
BPM accuracya �0:1 mm

aBPM accuracy: measurement accuracy and misalignment (offset).

FIG. 31. Local rematch method for the failure of the SC solenoid in the middle of the Spoke021 section.

TABLE VII. Amplitudes of dynamic errors used for error studies

Solenoid Spoke cavity Elliptical cavity Quadrupole

Element

errors

Alignment/field

error

Alignment/rf

error

Alignment/rf

error

Alignment/field

error

�x (�m) �10 �10 �10 �2
�y (�m) �10 �10 �10 �2
�z (�m) �2 �2 �2 �2
�x (mrad) �0:02 �0:02 �0:02 �0:02
�y (mrad) �0:02 �0:02 �0:02 �0:02
�z (mrad) �0:02 �0:02
�Eð%Þ=�Bð%Þ �0:05 �0:5 �0:5 �0:05
�RF (�) �0:5 �0:5
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formation is the most important source of beam loss which
is critical in very high beam power accelerators, such as the
C-ADS linac.

On the other hand, the beam off-centering and mis-
matches from dynamic field and alignment errors cannot
be corrected, due to their random property in time.
Therefore, they will result in direct emittance growth or
halo formation and should be controlled by limiting the
stabilities or ripples of the power supplies and the rf power
sources.

The changes in the Twiss parameters due to the
static errors can also be corrected by rematching with
the measured beam profile data; if not corrected, the mis-
matches in envelope will lead to emittance growth.
However, this correction is only effective to large errors
as profile monitor measurements are not precise. Small
mismatches cannot be detected by the profile monitors
and they are included in the dynamics simulations. As
many as possible beam profiles are planned to be installed
in the warm sections between cryomodules.

B. Influence of different errors

There are inevitably installation errors including trans-
lational errors and rotation errors, and also field errors [59]
for all electromagnetic devices which are used to focus,
guide, or accelerate the beams. For focusing magnetic
fields, the amplitude rippling coming from power supplies
is the main source of dynamics errors, and the frequency
spectrum does not need to be considered here; for rf fields,
the dynamic errors mainly come from the amplitude and
phase fluctuations of the rf power sources and the cavity
instabilities. As mentioned above, static errors are usually
larger but they can be corrected or compensated to a large
extent. On the contrary, most of the dynamic errors are
usually smaller with an exception of the dynamic rf errors
that are considered almost similar to the static rf errors, but
they cannot be corrected. Tables VI and VII show the initial
error definitions for the error studies [60–65]. The errors in
displacement and rotation are uniformly distributed and the

rms value is the maximum divided by
ffiffiffi

3
p

[60]. The opera-
tional experience at the Spallation Neutron Source (SNS)
shows that even for superconducting cavities operating in
pulsed mode with strong Lorentz force detuning, the rf
errors can be controlled below 0.5� in phase and 0.5% in
amplitude [66].
It is important to perform beam centering during the

beam commissioning or beam setup and also minor
adjustment during operation. The beam position monitors
(BPMs) measure the beam centroids both in x and y direc-
tions. A beam alignment program uses the BPMs output
data to set correctors which steer the beam back to the
optical axis. However, BPMs have also installation errors
and measurement errors [64]. With beam calibration, the
BPM errors can be reduced significantly. It is found that
the BPM error plays a key role in the orbit correction
system [65].
Error studies become more crucial at the C-ADS linac

than in other proton linacs, due to three reasons: the first
one is the extremely strict requirement on beam loss; the
second one is that as a number of rf cavities, focusing
solenoids and BPMs are housed in a long cryostat, it is
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FIG. 32. Simulation results with different schemes in the Spoke012 section (left: rms centroid errors with different alignment error
strength, green for after correction; right: centroid trajectories, blue for before correction, red for after correction).
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much more difficult to align them in cold temperature than
in warm temperature; and the third one is that the phase
advances per cell are quite large, thus the error influence
becomes more significant.

In the studies of errors and correction schemes, five im-
portant factors should be considered: beam-loss rate,
rms residual orbit or maximum residual orbit, emittance
growth, energy deviation, and corrector strength.
Eventually, it is the beam-loss distribution along the linac
that has the determinant influence over the design and the
operation. Other factors will lead to potential beam loss
downstream.

C. Orbit correction schemes

The impacts of the misalignments and field errors of the
focusing elements and the superconducting cavities as well
as a correction scheme for the central orbit have been
investigated for all the linac segments. Table VI lists the
misalignment tolerances of all beam elements and static rf
errors that are used for the orbit correction studies.

According to the lattice design, a pair of BPM and cor-
rector in each period is responsible for the orbit correction.
The correctors are attached to the solenoids in the spoke
sections, and can be independent magnets in the elliptical
sections. Figure 32 shows the orbit errors along the
Spoke012 section without correction and with correction

including BPM errors. For each set of alignment errors,
TRACEWIN or TRACK code is used to minimize the central

orbit deviations at the BPM locations using the available
correctors. The simulations have also been carried out on the
other sections. In all these cases, we can obtain corrected
orbit errors (rms) within 0.5 mm, which is considered
acceptable. Even after the orbit error correction, the rms
emittance growth is still significant, about 10% compared to
the case without errors.

D. Simulation results with errors

In order to investigate the performance of the real
linac, the end-to-end simulations with errors listed in

TABLE VIII. Root-mean square emittance growths and beam
loss in the end-to-end simulations with and without errors.

Ex
(%)

Ey
(%)

Ez
(%)

Average

loss rate

Maximum

loss power

(W)

Without

error

11.8 12.0 15.3 0 0

With error

(mean\rms)

36:110:9 38:512:7 33:711:9 1:6� 10�7 3.3
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FIG. 34. Averaged power distribution of the lost particles
along the linac.

FIG. 35. Particle trajectories in the horizontal plane (upper),
vertical plane (middle), and longitudinal plane (lower).
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Tables VI and VII have also been carried out. Starting from
the exit of the RFQ, 1000 different linacs were generated
by errors with 105 particles for each linac. By applying the
orbit correction scheme as mentioned in the last section,
the residual orbit is less than 0.2 mm in most of the main
linac, even the maximum excursion of 0.4 mm in MEBT2
is within the predefined upper limit of the residual orbit
(0.5 mm). The maximum strength for the correctors is
1:5� 10�3 Tm. Figure 33 shows the rms residual orbit
along the linac. Table VIII lists the rms emittance growth
with or without errors. It can be seen that with errors there
is about an additional 20% average emittance growth in the
transverse planes and in the longitudinal plane and it
causes particle losses of 1:6� 10�7, and the lost particle
distribution along the linac is shown in Fig. 34. There are
1.3% linacs that have lost particles and the maximum loss
power is about 3.3 W which should be collimated at
MEBT2. Particle trajectories with all errors in the trans-
verse plane are shown in Fig. 35.

More detailed error studies including collimation are
under way.

VI. SUMMARY

The physics design for the C-ADS accelerators has
been carried out based on the state-of-art technology in
high-power proton linacs, which shows no stop for the
project to be pursued in multiple phases. Although the
design work is still preliminary and needs to be proceeded
with much more efforts in the future, the actual conceptual
design of the C-ADS accelerator physics shows that it can
meet the basic requirements on beam dynamics for the C-
ADS project. This study also provides the basic schemes
and the fundamental parameters for the hardware R&D and
the construction of the test stands.

The main design features of the C-ADS linac include:
two parallel injectors with one as the hot spare of the other,
optimized cw RFQ design with special attention on heat
load and cooling, independently powered superconducting
acceleration structures along the linac except the RFQ,
sophisticated medium-energy beam transport line to merge
two injectors to the main linac, local compensation and
rematch for major element failures to meet the very strict
reliability requirement, extremely strict control on beam-
loss level by controlling emittance growth along the linac
and localized collimation, etc. Multiparticle simulations so
far including space-charge effect and all kinds of errors
support the design.
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