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Abstract

Japan Atomic Energy Agency (JAEA) is designing a
30 MW CW superconducting proton linac as a major com-
ponent for the accelerator-driven subcritical system (ADS)
project. The main challenge of the linac operation is the
high reliability required to avoid thermal stress in the reactor.
To this end, we implemented fault compensation schemes
to enable a fast beam recovery; consequently, reducing the
beam trip duration. This work presents strategies to increase
the fault-tolerance capacity of the JAEA-ADS linac.

INTRODUCTION

The Japan Atomic Energy Agency (JAEA) is designing
an accelerator-driven subcritical system (ADS) that employs
a30 MW CW proton accelerator for the transmutation of the
minor actinides [1]. Table 1 summarizes the most relevant
parameters of linear accelerator (linac). Among all the spec-
ifications, reliability is the most stringent requirement; thus,
the JAEA-ADS Superconducting Radio-Frequency (SRF)
linac is designed to be a reliability-oriented accelerator [3].

Table 1: Main Characteristics of the JAEA-ADS Accelerator

Parameter Beam trip duration

Particle Proton

Beam current (mA ) 20

Beam energy (GeV) 1.5

Duty factor (%) 100 (cw)

Frequency (MHz) 162/ 324/ 648

Beam loss (W/m) <1

Beam trips per year [2]  2x10% <10s

2x103 from 10s to 5 min

42 >5 min

Length (m) 429

To achieve a reliability-oriented goal, we started by devel-
oping a strong lattice design that has a simple configuration,
strict control of beam loss, and operates with de-rated SRF
cavities. Additionally, we optimized the number of cavities
and the linac length to reduce the operational cost. Figure 1
shows the schematic configuration of the linac. The main
linac has three different types of SRF cavities operating at dif-
ferent frequencies: Half-Wave Resonator (HWR) operates at
162 MHz, Single Spoke Resonator (SSR), at 324 MHz, and
five-cell Elliptical Resonator (EllipR), at 648 MHz. Addi-
tionally, the three SRF cavities are grouped into five sections,
as is shown in Fig. 1. Table 2 describes the SRF configura-
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tion periods using the following notation: C= SRF cavity,
S= solenoid, DQ= doublet quadrupole.

Table 2: Lattice Configuration in the Main Linac

Section  Layout Length (m)  Periods
HWR S-C 0.7 25
SRR1 S-C? 1.7 33
SSR2 S-C3 3.4 24
EllipR1  DQ-C3 5.7 20
EllipR2  DQ-C3 9.9 14

After obtaining a robust beam optics design [4, 5], the fol-
lowing step is to ensure a linac operation below the limits of
the beam trips to avoid thermal fatigue in the reactor compo-
nents, Table 1. To this end, we pursued the ability to operate
the accelerator with an acceptable beam performance in
the presence of undesired behavior of machine components,
the so-called Fault-tolerance [3]. This work investigated
the Fault-Tolerance Compensation Scheme (FTCS) for SRF
cavity or magnet failures reduce the system downtime; conse-
quently, the accelerator reaches the reliability requirements
for the JAEA-ADS machine.

FAULT-TOLERANCE

Fault-tolerance is accomplished by using parallel and se-
rial redundancy. Parallel redundancy duplicates partially or
completely the linac. In the case of full duplication linac,
both linacs operate independently. On the contrary, one is
used as the main accelerator and the other as hot-spare. For
the serial redundancy, this approach exploits the linac’s mod-
ularity by using the none Faulty-element to compensate for
the unwanted effect of the Faulty-element. JAEA-ADS linac
employs a combined strategy of parallel redundancy at the
low-energy part and serial redundancy for the high-energy
part. The general plan for the FTCS consists of the following
steps:

* Fast detection of an abnormal element, SRF cavity or

magnet, behavior.

* Fast Faulty-element detuning.

* Beam operation is stopped.

* Pre-calculated compensation settings are uploaded.

* Beam operation is resumed.

The entire process must take few seconds to increase the
number of acceptable beam trips. Thus, we focused on local
schemes, i.e., using neighboring elements to compensate for
a fast beam operation recovery [6-8]. Figure 2 illustrates
the Faulty-SRF cavity compensation scheme; nevertheless,
the Faulty-magnet one is the same. The settings of the none
Faulty-elements were re-adjusted to recovery beam condi-
tions similar to the baseline operation. We mainly use the
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Figure 1: Linac lattice configuration.

same type of element to compensate, and the other type im-
proves the matching and emittance. For a Faulty-SRF cavity,
the cavities restitute the missing energy, and the magnets
help to recovery beam values at a certain point downstream
of the failure location.
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Figure 2: FTCS for SRF cavities.

To decide until which energy we can successfully use se-
rial redundancy, FTCSs were developed using the TraceWin
program [9], and the flowchart for its implementation is pre-
sented in Fig. 3. In the selection of the FTCSs, we minimize
the number of readjusted elements to reduce the complexity.
In addition, we included restraints in the maximum varia-
tion of readjusted parameters; for example, the maximum
electric peak (Epk) inside the SRF cavities was 36 MV/m.
The FTCSs were evaluated using multiparticle simulations
in two steps. First, the scheme was tracking within few peri-
ods before and after the Faulty-element for fast selection of
possible FTCSs. Then, the candidate scheme was simulated
until the end of the linac to estimate the error propagation.
The selection criteria for local and global multiparticle track-
ing were the absence of new beam lost and achieved similar
beam performance as the baseline model. The last crite-
rion refers that the difference in the final energy (AE/E)
should be lower than 1%, the emittance growth on the trans-
verse plane ((A€/ep),) does not increase the double, and
the mismatch (M) lower than 0.2.

1) Chose Faulty-element
(SRF cavity or magnet)

1
v

2) Select Fault-tolerance
compensation scheme (FTCS)

1
v

3) Simulation

1
A\

4) Is the performance
acceptable?

Yes
v

5) FTCS developed

Figure 3: Flowchart of the FTCS in TraceWin.

SRF Cavities

The main linac is composed of 293 SRF cavities; thus, the
testing for each element will require a considerable amount
of time. Therefore, instead of analyzed all the SRF cavities,
we studied the cavities and the beginning, middle, and end
cryomodules of the five different sections. As an example,
Fig. 4 shows the FTCS when the last cavity of EllipR1 was
set down. In this case, the four upstream and the three down-
stream cavities were used to compensate. Figure 4-top and
middle shows the readjusted in synchronous phase (¢,) and
accelerating gradients (E,... ), respectively. Subsequently,
the energy compensation is observed in Fig. 4-bottom.

In almost all the main linac, the implemented FTCSs
produced satisfactory results; however, the HWR FTCS
recorded beam loss and significant beam degradation. Thus,
we decide to apply the FTCS from SSR1 to the end of the
linac. Table 3 provides a summary of the worst performance
for each of the different SRF cavity sections. The emittance
growth was lower than 36% for all the cases, M was below
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0.13, AE/E, is lower than 0.02%, and the constraint in the

E, was kept.
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Figure 4: FTCS for the failure in the last EllipR1’s cavity.
The black dotted vertical line indicates the transition between
EllipR1 and EllipR2 regions.

Table 3: Summary of the Beams Optics Performance for
the Worst SRF Cavity’s FTCS

Parameters SSR1 SSR2 EllipR1 EllipR2
(Ae/eq); (%) 12.2 1.9 3.5 0.4
(Ae/eq); (%) 358 7.8 4.5 1.4
M, 0.03  0.06 0.03 0.04
M, 0.06 0.04 0.09 0.12
AE/Eq (%) 0.00 0.01 0.01 0.00
Max E,(MV/m) 32.6 359 354 359
Max B, (mT) 483 519 66.1 69.3

Additionally, we investigate the scenarios of several
Faulty-SRF cavities that occurred at the same time. To this
end, we investigated two cases: multiples Faulty-SRF cavi-
ties (MSRFC) in independent cryomodules and a full Faulty-
cryomodule (FCRYO). For the MSRFC case, the initial SRF
cavity of each section, from SSR1 to EllipR2, was set down.
In addition, the final cavity of EllipR2, the last one of the
linac, was also simulated as a Faulty-cavity. Figure 5 shows
the ¢, and E,, .. for the Baseline model and the FTCS one.

PASJ2021 TUOAO1

The location of the five Faulty-SRF cavities corresponds to
the points where ¢, and E,,.. are zero. We compensated
these failures using the scheme developed above for a single
Faulty-SRF cavity, and the result is summarized in Table 4.
The overall beam performance is acceptable, despite the
increase of 50% in the longitudinal emittance that does not
represent a potential threat.
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Figure 5: ¢, (top) and E,, ... (bottom) plots for multiples SRF
cavity failures along the linac.

Table 4: Summary of the Beams Optics Performance for the
Multiples Faulty-SRF Cavities (MSRFC) and Full Faulty-
cryomodule (FCRYO)

Parameters MSRFC FCRYO
(Ae/eq); (%) 9.2 1.3
(Ae/eg); (%) 50 -2.5
M, 0.04 0.16
M, 0.16 0.64
AE/Eq (%) 0.01 0.03
Max E,; (MV/m) 35.9 359
Max B, (mT) 69.3 69.3

In the FCRYO case, we have chosen the failure of the
last cryomodule of EllipR2 because it is the most challeng-
ing in terms of energy compensation, about 72 MeV. The
FTCS model required the five periods upstream of the Faulty-
cryomodule, as shown in Fig. 6. The main difference with the
previous cases is the change in phase for the readjusted SRF
cavities. For the above cases, the ¢ adjusted was slight be-
cause the energy difference between the baseline and FTCS
was relatively small; however, for this case, the energy dif-
ference is appreciable. Therefore, we pre-calculated the new
¢, and made the adjusting cavity by cavity to avoid a con-
siderable reduction of the phase acceptance. Figure 6-top
shows the ¢ phase was not significantly changed; thus, the
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phase acceptance was basically preserved. Table 4 presents
that the beam performance for the FCRYO fulfills the goal
criteria.
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Figure 6: ¢, (top) and E,,... (bottom) plots for the failure of
the last cryomodule of the linac.

Magnets

The last case that we investigate was failures in mag-
nets. JAEA-ADS linac has 83 solenoids and 35 doublet
quadrupoles, i.e., 70 normal quadrupoles. We started using
only magnets to compensate for the transverse focusing and
cavity for the matching. This strategy works well for double
quadrupoles; however, for solenoids, the control of the beam
envelopes was not enough resulting in beam loss. Thus, SRF
cavities were used to recover the transverse focusing [10].

Figure 7 shows the change on the solenoid’s magnetic
field (top) and the SRF cavity’s ¢ (bottom) for a failure
is the first solenoid of SSR2. For this case, three upstream
and four downstream periods magnets were required. The
readjusted SRF cavities were in one period upstream and
on the same period of the Faulty-magnet. For the same
failure, the maximum horizontal envelope until the end of
the linac is presented in Fig. 8. The region plotted corre-
sponds from the last period of SSR1, about 70 m from the
main linac’s entrance, until the end of the linac. For the
FTCS case using only magnets for compensating the trans-
verse focusing (green dotted dashed), the envelope reached
the aperture; consequently, beam loss appeared. When the
FTCS employed magnets and SRF cavities (blue dotted line),
the envelope growths are controlled, and a similar evolution
as the baseline (red dashed) is achieved.

Table 5 provides a summary of the worst cases for each of
the SRF sections. Similar to the Faulty-SRF cavities, FTCS
provided an acceptable beam performance from the SSR1
to the end of the linac. At HWR, beam envelopes became
large even with the use of SRF cavities; consequently, beam
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Figure 7: FTCS for the failure in the first SSR2 solenoid. The
black dotted vertical line indicates the transition between
SSR1 and SSR2 regions.

loss appeared. It is worth mentioning that the worst case for
each section corresponds to the first-period magnet, except
for the EllipR2 that whose worst case was the failure in the
last period.
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Figure 8: Horizontal beam envelope for different models.
The start point begins from the last five periods of SSR1
until the end of the linac.

Table 5: Summary of the Beams Optics Performance for
the Worst Magnet Compensation Case in Each Section

Parameters SSR1 SSR2 EllipR1 EllipR2
(Ae/€eg); (%)  63.7 8.2 22.1 35.8
(Ae/eg); (%)  63.1 10.1 4.6 7.5
M, 0.08 0.04 0.06 0.12
M, 0.17  0.04 0.03 0.16
AE/Ey (%) -0.04  -0.01 0.01 0.00
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CONCLUSIONS

The Fault-tolerance studies demonstrated serial redun-
dancy capabilities from the SSR1 section until the end linac
without a severe beam degradation. In addition, it showed
that the linac could operate in the presence of multiples
Faulty-SRF cavities and even in the case of a full cryomod-
ule failure. Thus, it shows the possibility of fast recovery
after a failure of a principal component: cavity or magnet.
Nevertheless, the main limitation comes from the engineer-
ing side to guaranty the effectiveness of the compensation.
We need to reduce the time required to trusty detect an ab-
normal element behavior, detune the element, and applied
the compensation setting. To this end, we require a large
R&D effort to overcome these difficulties.
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