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Abstract: For proton linear acceleratorsusedin applications such asaccelerator-driven systems,due to the nature of
the operation, it is essential for the beam failure rate to be several orders of magnitude lower than usual performance
of similar accelerators. A fault-toleran t mechanism should be mandatorily imposedin order to maintain short recovery
time, high uptime and extremely low frequency of beam loss. This paper proposesan innovativ e and challenging way
for compensation and rematch of cavit y failure using fast electronic devices and Field Programmable Gate Arra ys
(FPGAs) instead of embedded computers to complete the computation of beam dynamics. A method of building an
equivalent model for the FPGA, with optimization using a genetic algorithm, is shown. Results basedon the model
and algorithm are compared with TRA CEWIN simulation to show the precision and correctnessof the mechanism.
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1 In tro duction

The China Accelerator Driv en subcritical System(C-
ADS) aims to build a superconducting linac with beam
energyof 1.5 GeV and beam current of 10 mA [1]. As a
high power proton accelerator, the C-ADS linac should
have extremely high availabilit y and reliabilit y all the
time [2, 3], as shown in Table 1. This is becauseunex-
pectedbeamtrips may lead to seriouschangeof temper-
ature and thermal stress in the reactor core and result
in permanent damageof the facilities.

Reliabilit y-oriented design practices need to be fol-
lowed from the early design stage. In particular [4]:
(1) a high degree of redundancy needs to be planned
for critical areas, using methods such as \hot-stand-
by" [3]. (2) \strong design" is needed.(3) fault-tolerance
capabilities have to be considered,which requires some
main components to allow compensation and rematch.
The representativ e compensation work may be found on
SNS[5], which usesglobal compensation. When the cav-
ities fail, the machine will look up the databaseto �nd
the compensationdata and then readjust the parameters
of the working cavities. In C-ADS, somemodeling pro-
grams to build the databasestep by step have beenused
and tested by simulation software for beam dynamics,
like TRA CEWIN or TRA CK [6{8]. During the calcu-
lations of compensation and rematch for each compo-
nent, a lot of work needs to be prepared by humans,

and it is easyto make mistakesduring data processing.
This paper gives an alternativ e method, with calcula-
tion done in Field Programmable Gate Arrays (FPGAs)
to deal with cavit y failure. Using FPGAs will decrease
the number of repeated calculations and possibility of
making mistakes, and shorten the time for compensa-
tion and rematch. Due to the limitations of hardware
like FPGAs, a high-level algorithm and special model
which only includes simple arithmetical operations and
logical operations should be built. This paper focuseson
the above-mentioned model and algorithm.

Table 1. C-ADS design parameters.

parameter design value

particle proton
energy/GeV 1.5
current/mA 10

beam power/MW 15
RF frequency/MHz (162.5)/325/650

dut y factor(%) 100
beam loss(%) < 1

beam trips/y ear
< 25000 1 s< t 6 10 s
< 2500 10 s< t 6 5 min
< 25 t > 5 min

2 A new metho d for comp ensation and
rematc h of RF cavit y failures

To avoid the beam loss causedby superconducting
RF cavit y failures, it is necessaryto re-adjust the accel-
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erating �elds and synchronous phasesof the non-faulty
cavities to recover the beam. The usual way to imple-
ment this is: when the cavities fail, the machine looks
up a databasewhich was built by TRA CEWIN or other
simulation tools in advance and then re-adjusts the pa-
rametersof the working cavities [4, 9]. Looking up a huge
databasewastesa lot of time even comparedwith read-
justing hardware, especially through EPICS [10]. More-
over, much more work needsto be donewhen the lattice
changesduring operation and the databasedoesnot in-
clude such a situation.

In this paper, we proposean innovative way of calcu-
lating online instead of looking up a databaseto achieve
the compensation by a hardware implementation of the
scheme using fast electronic devicesand FPGAs. This
mechanism has several advantages compared with the
traditional method, detailed as follows.

(1) Arithmetic computing speedis higher. As an inte-
grated circuit device consisting of logic gates,an FPGA
is able to realize parallel calculating and synchronous
processing, which means a group of solutions will be
found in each clock period after the pipe-line is full. The
time to �nd a global optimum-solution of compensation
and rematch will be reduced greatly, which means cal-
culating online is viable compared with the traditional
method.

(2) Instantaneouscompensation and rematch is eas-
ier. Not only is the computing speedhigher for FPGAs,

but it is also an easierway to connect with the low level
RF system, experimental physics and industrial control
system,and other typesof hardware facilities on the ac-
celerator to make instantaneous compensation and re-
match possible.

(3) Good portabilit y and repeatabilit y. Calculating
by FPGAs can operate independently of some speci�c
components. When the lattice changes,all the data in
the databaseneedto be re-calculated, which meansit is
necessaryto prepare setsof the database. However, it is
much easierto get new results with the FPGA, because
changing the lattice for the FPGA just meansreplacing
modules. The new method has advantages for subse-
quent modi�cation and upgrade.

In order to verify this new method, we chose Injec-
tor I of C-ADS at the Institute of High Energy Physics
(IHEP), Beijing as a test bench. This machine is a 10
MeV proton linac containing fourteen superconducting
RF cavities and solenoids. A diagram of the operating
principle is shown in Fig. 1. Modeling the lattice is the
�rst step to get a global optimal solution of compensa-
tion and rematch. Based on the nominal parameters,
continuous iteration of the model can then be carried
out by the FPGAs. The optimum solutions are trans-
ported as digital signalsto re-adjust the elements, while
the nominal setting is transported to the lattice during
normal operation.

Fig. 1. (color online) Diagram of the hardware compensation and rematch in Injector I.

3 Equiv alent model of dynamic simula-
tion

Due to the limitations of hardware circuits and logic
gates, it is hard for FPGAs to realize somecomplicated
operations, such as division, exponent and square root,

asopposedto addition and multiplication. Therefore,we
chooselinear basis function models [11] to mitigate this
problem, as shown in Eq. (1).

y(x;w) = w0 +
M � 1X

j =1

wj ' j (x); (1)
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where y(x;w) is the equivalent model of each transfer
matrix element. ' j (x) are known as basis functions,
which may be replaced by nonlinear functions. wj are
the weights of the basis functions. Each component has
its own transfer matrix exceptcavities and solenoidswith
actual �eld, so a structure of \drift + gap/solenoid +
drift" is chosento approximately replacethem. Because
of this, wecanusea polynomial to takeplaceof the trans-
fer matrix of each component. The equivalent model de-
scribed in Eq. (1) was �rst implemented in MATLAB
[12], and then applied to the FPGAs. The simulation
waveform in Chip-Scope describesthe beamcharacteris-
tics spreadingin the lattice of Injector I, asshown in Fig.
2. When the clock is under 200 MHz, the calculation of
longitudinal Twiss parameters and for the whole lattice
energy takes 270 ns, and horizontal Twiss parameters
takes695 ns.

Fig. 2. (color online) Timing simulation of Injector I.

Spacecharge is an important and complicated fac-
tor which brings about coupling between the longitudi-
nal and horizontal beamcharacteristics. Consideringthe
linear spacecharge, the equivalent model should divide
each component into short slicesfor which spacecharge
can be dealt with as a thin lens. Similarly, the e�ect
of spacecharge can be modeled as transfer matrices in-
serted into each component [13{16], which means the
polynomial model is a suitable format for this scenario.
We take the longitudinal result of the equivalent model
as an example, shown in Fig. 3. The envelopes cal-
culated by the polynomial model and TRA CEWIN are
nearly coincident.

Fig. 3. (color online) The longitudinal envelopesin
TRA CEWIN (blue line) and � calculated using
polynomial model (red points).

The relativeerrors betweenthe result from the model
and TRA CEWIN are shown in Fig. 4.
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Fig. 4. (color online) Relativ e error of beta at 10
mA and longitudinal beta at di�eren t beam cur-
rent.

With the beam current increasing, the relative error
also shows an obvious increase causedby two factors.
First, the e�ect of spacecharge shows more strongly in
low-energysections,which makesthe linear spacecharge
model insu�cien t for describing the e�ect. Secondly, in
order to be eventually calculated on FPGAs, the model
has to be simpli�ed, which sacri�ces the model precision
and limits the active zone. However, the distanceof local
compensation and rematch is lessthan 4 meters includ-
ing �v e periods, which means the relative error can be
controlled within �v e percent during the optimization for
Injector I.

4 Comp ensation and rematc h algorithm

Cavit y failures causenot only lossof energybut also
mismatching which eventually leads to beam loss. Re-
adjusting neighboring cavities and solenoidsmay avoid
this situation. How to re-adjust becomesa di�cult prob-
lem, which can be solved by combining the equivalent
model with some algorithms. Genetic algorithms [17]
can get near-optimal solutions by iteration. A o wchart
for a genetic algorithm applied to an FPGA is shown in
Fig. 5.

Within the scope of the active zone of the equiva-
lent model, we randomly produceaccelerating�elds and
synchronous phasesof cavities which attend the com-
pensation and rematch. Repeating this whole processN
times is known asthe initialization of population. Under
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coding, populationinitialized

Fig. 5. Flowchart for a genetic algorithm.

the samecondition of kinetic energyand Twiss parame-
ters at the entrance, we can get the state of the beamat
the matching point N times. As opposedto nominal en-
ergy, phaseand Twiss parametersat the matching point,
the best result of this iteration is selectedand reserved.
At the same time, the limiting condition in the model
of longitudinal and horizontal envelopes eliminates the
worst solutionsduring the selection. A typical generation
algorithm operator called the roulette wheel is used to

selecthigh-probabilit y individuals. Subsequently , single-
point intersection and mutation are also applied in the
algorithm to generatenew individuals. This algorithm
choosesthe squareroot of quadratic sum of relative er-
rors to be the object function. Reaching the condition
of the speci�ed �tness level or the maximum number of
generation will terminate the algorithm.

5 TRA CEWIN veri�cation of the model
and algorithm

In order to verify the feasibility of the hardware com-
pensation and rematch, we used TRA CEWIN to test
the optimization result using the above-mentioned model
and algorithm. It is di�cult to realize the compensation
and rematch in the low-energysection of the linac [4].

Therefore, we take a cavit y failure in the eleventh
period, at which point the energy has already reached
about 8 MeV, as an example and use the cavities from
the ninth period to the thirteenth period to completethe
compensation and rematch, as shown in Fig. 6. Com-
bining the model and genetic algorithm, we can get the
settings of cavities and solenoidsfor compensation and
rematch. We then put these settings in TRA CEWIN
and obtain the energy and emittance before and after
re-adjustment, as shown in Fig. 7.

matching elements

M

400400 170400

Fig. 6. (color online) The compensation and rematch for the eleventh cavit y's failure.

When nothing is done after cavit y 11 fails, the lon-
gitudinal emittance shoots up to 10 � �mm�mrad which
goeso� the scalein Fig. 7. After the compensation and
rematch, beam energy has recovered to nominal energy
(10 MeV). Meanwhile, longitudinal and horizontal emit-
tancesshow about 5.6% and 4.2% increasesrespectively
at the end of Injector I. Figure 8 shows the envelopes
before and after re-adjustment.

The longitudinal envelopes after cavit y failure have
goneo� the scaledue to the rapid growth. The blue lines
are the envelopesafter compensation and rematch. The
envelopes after compensation and rematch show slight
growth near the failing cavit y, and later on after the
thirteenth period the envelopesare just the sameas the
nominal lattice. The detailed results for the Twiss pa-
rameters at the matching point are shown in Table 2. A
mismatched beam with mismatch factor [18] under 10%
is tolerable especially at low energy. Fig. 7. (color online) Energy and emittance before

and after compensation and rematch.
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Fig. 8. (color online) Envelopes before and after
compensation and rematch. The red lines are
nominal envelopesand the green lines are the en-
velopes after cavit y 11 failure. The blue lines are
the envelopes after compensation and rematch.

As shown above, the method of equivalent model

and genetic algorithm to deal with compensation and
rematch e�cien tly is feasibleand e�ectiv e.

Table 2. Twiss parameters at the matching point.

Twiss
parameters

nominal
after

compensation
and rematch

mismatc h
factor

� x 1.9548 2.0718
3.07%

� x 0.5476 0.5974
� y 1.9856 2.1156

3.23%
� y 0.5599 0.5911
� z 1.2822 1.2408

6.53%
� z � 0.3446 � 0.4531

6 Conclusion

A new method for compensation and rematch with
an equivalent model and high-level algorithm in FPGAs
is proposedand has been veri�ed as viable. Using fail-
ure of the eleventh cavit y in Injector I asan example,the
polynomial model with spacecharge and optimized ge-
netic algorithm hasbeentestedagainst resultscalculated
by combining Matlab and TRA CEWIN with reasonably
good results.
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