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Beam loading compensation in the rf cavities is a key for acceleration of high-intensity beams in the
3 GeV rapid cycling synchrotron (RCS) of the Japan Proton Accelerator Research Complex (J-PARC).
Since we employ wideband magnetic alloy rf cavities for the J-PARC RCS and the wake voltage contains
several harmonics, multiharmonic beam loading compensation is required. The multiharmonic rf
feedforward for the six most important harmonics is implemented in the existing low-level rf (LLRF)
control system, which has been working fairly well for acceleration of high-intensity beams of up to 1 MW.
However, we found degradation of the performance for compensation of the feedforward with very-high-
intensity beams. The gain variation with output current of the tube amplifier affects the performance of the
feedforward, since it has an open loop configuration. Also, there is a voltage waveform distortion caused by
the distortion of the output current, which essentially cannot be compensated by the feedforward.
Therefore, we consider employing the vector rf voltage feedback control for beam loading compensation,
where the feedback is expected to work with the gain variation within the stability margin. A multiharmonic
vector rf voltage control has been developed as the core part of the next-generation LLRF control system
for RCS. Prior to the completion of the new system, the multiharmonic vector rf voltage control was tested
with one of the 12 cavities. The details of the system configuration, commissioning methodology, and beam
test results using very-high-intensity beams are described. Beam loading by the 1 MW equivalent beam in
the cavity is successfully compensated.
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I. INTRODUCTION

The 3 GeV rapid cycling synchrotron (RCS) of the
Japan Proton Accelerator Research Complex (J-PARC)
[1,2] is a high-intensity proton synchrotron, which simul-
taneously delivers proton beams to the Material and Life
Science Experimental Facility (MLF) and the main ring
synchrotron (MR).
The main parameters of the RCS and its rf system are

listed in Table I. The design beam intensity is 8.3 × 1013

protons per pulse (ppp), corresponding to the output beam
power of 1 MW at the repetition rate of 25 Hz. The output
beam power of the RCS has been steadily increased with
hardware upgrades and beam tuning since the RCS beam
operation was started in October 2007. At present, the
routine output beam power for the user program of theMLF

is 500 kW. High-intensity beam tests up to the design beam
intensity of 8.3 × 1013 ppp were performed, and we estab-
lished 1 MW beam acceleration with a very low fractional
beam loss below 0.2% [3] in the single-shot mode, where
a beam macropulse is injected from the linac to the RCS
on demand. Also, we successfully demonstrated 1 MW
continuous operation at the repetition rate of 25 Hz for one
hour in July 2018.
For high-intensity proton synchrotrons and storage rings,

beam loading [4–6] due to the wake voltage in the cavity

TABLE I. Parameters of the J-PARC RCS and its rf system.

Circumference 348.333 m
Energy 0.400–3 GeV
Beam intensity 8.3 × 1013 ppp
Output beam power 1 MW
Accelerating frequency 1.227–1.671 MHz
Harmonic number 2
Maximum rf voltage 440 kV
Repetition rate 25 Hz
No. of cavities 12
Q value of rf cavity 2
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induced by the beam must be considered carefully. Beam
loading compensation is a key as well to mitigation of
space charge effects.
The beam loading at the accelerating harmonic must be

compensated to keep the stability of the motion of the
rigid bunch [5]. The relative loading factor Y ¼ Ib=I0 [5],
where Ib is the beam current and I0 is the resistive current
into the cavity, for the 1 MW beam acceleration with
the normal voltage pattern varies from Y ¼ 0.8 to Y ¼ 6.9.
It reaches to an especially high value at 6.9 just before
extraction, where the programed voltage is low. Thus,
beam loading compensation at the accelerating harmonic
is indispensable.
Also, cavity impedance at the revolution harmonics can

be a source of longitudinal coupled bunch instabilities
[7–10], which may introduce unwanted longitudinal emit-
tance growth. According to our analysis [11,12], longi-
tudinal coupled bunch instabilities are not expected to
appear in the J-PARC RCS.
Bucket distortion [13–15] in wideband magnetic alloy

(MA) cavities [16,17] due to the higher harmonics of the
wake voltages is a relatively new topic, since the application
of MA cavities to high-intensity synchrotrons was pioneered
by the J-PARC constructed in this century. Bucket distortion
affects the longitudinal distribution and is an issue on the
bunch shape and emittance control. The MA cavity in the
J-PARC RCS has a wideband frequency response with a
low Q value of 2, which covers the accelerating frequency
sweep from 1.228 to 1.671 MHz with the velocity change of
the proton beam. It enables also dual harmonic operation, in
which a single cavity is driven by the superposition of the
fundamental accelerating harmonic (h ¼ 2) and the second
harmonic (h ¼ 4) for bunch shaping. The wake voltage in
the MA cavity contains several harmonics, where the
amplitudes of up to the third harmonic (h ¼ 6) are compa-
rable to the voltage program of the fundamental accelerating
harmonic. Multiharmonic beam loading compensation
against bucket distortion is necessary.
The rf system does not have fast rf feedback around the

final stage amplifier, which is considered to be one of the
most powerful beam loading compensation schemes and
widely employed in many proton synchrotrons and storage
rings in the world [18–21]. Fast feedback with the low
Q value of 2 requires a very low latency of the feedback
path, less than 30 ns according to the theory [6], which is
not easy to realize. We decided not to have fast rf feedback
in the RCS rf system at the time of construction, while we
should note here that a successful application of fast rf
feedback for a wideband MA cavity using a solid-state
amplifier at CERN was reported recently [22,23]. Therefore,
beam loading compensation is implemented in the low-level
rf (LLRF) control system of the RCS.
As described in our previous articles [24,25], we

employ the rf feedforward method [26,27] for multi-
harmonic beam loading compensation in the wideband

MA cavity in the RCS. A conceptual diagram of the rf
feedforward method is illustrated in the top of Fig. 1. The
compensation signal is generated by using the beam signal
so that the wake voltage is canceled.
The multiharmonic feedforward system compensates the

beam loading of the fundamental accelerating harmonic
(h ¼ 2) and the higher harmonics up to the third harmonics
(h ¼ 6). The odd harmonics (h ¼ 1, 3, 5) are compensated
for high-intensity single-bunch acceleration.
The feedforward system works fairly well for high-

intensity operation with up to 1 MWequivalent beams. The
acceleration is stable and the unwanted beam oscillation is
not observed, which implies that the compensation at the
fundamental acceleration keeps the stability condition
within the limit, and no beam losses at the dispersion
peaks due to the longitudinal motion are observed.
However, we found that the compensation at more than
600 kW is not as good as in our previous articles, in which
the beam tests were performed with beams at less than
400 kW. The phase of the rf cavity voltage and then the
beam phase with respect to the reference phase signal vary
with various beam intensities at more than 600 kW, which
implies that the compensation at the fundamental accel-
erating harmonic is not very good. (See Sec. III B 4 in
Ref. [24]). We have to align the rf phase of the MR so that
the bunch is injected to the center of the MR rf bucket,
when the injected beam intensity is changed for beam
commissioning. Compensation of the higher harmonics is
not as good as the previous article [24]. For example,
suppression of better than 30 dB of the second harmonic
with a 300 kW equivalent beam is reported in Ref. [24],
but suppression of only 1=4 to 1=3, which varies during
the cycle, is observed when accelerating the 1 MW beam.
The voltage waveform is clearly distorted especially near
extraction, where the programed voltage is low. The voltage
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FIG. 1. Conceptual diagrams of (top) the rf feedforward method
and (bottom) the voltage feedback.
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waveform distortion introduces a discrepancy of the bunch
shape between the real beams and the transverse space
charge tracking simulations, where the beam loading
effects are hardly implemented. The discrepancy affects
the transverse beam loss prediction by the simulation.
Although stable acceleration of the beams at the design
intensity is achieved with the existing feedforward system,
better beam loading compensation is demanded.
The feedforward compensation signals are generated

from the beam signal. In our commissioning methodology
[24,25], we assume linearity of the system. For the very-
high-intensity beams, the nonlinearity of the vacuum tube
amplifier degrades the performance of the compensation.
Furthermore, the voltage waveform distortion due to the
distortion of the tube amplifier output current becomes
intolerable under heavy beam loading, which requires a
high tube output current for compensation.
In summary, our conclusion of the previous articles

[24,25] that the multiharmonic feedforward would work at
the design beam power of 1 MW as lower beam power is
based on an underestimation of the nonlinearity of the
amplifier chain. At a very high beam power, we found that
the effects of the nonlinearity are significant and severe.
Therefore, we consider employing the vector rf voltage

feedback control for beam loading compensation. As
illustrated in the bottom of Fig. 1, the feedback picks up
the gap voltage signal to generate the compensation and
driving signal. Because of its closed loop configuration, it
is expected that the feedback can compensate the beam
loading with the gain variation of the tube amplifier as long
as the variation is within the stability margin. Also, the
feedback can reduce the waveform distortion due to the
tube current distortion. These effects are not significant for
the acceleration of beams at less than 400 kW.
Amultiharmonic vector rf voltage control was developed

as the core part of the next-generation LLRF control system
for the RCS. The existing LLRF control system, which has
been in operation for more than 10 years, is to be replaced
with a new system in the near future. Prior to the
completion of the new system, the multiharmonic vector
rf voltage control was extensively tested.
In this article, we describe the development of the

multiharmonic vector rf control. First, we investigate the
nonlinearity of the beam loading compensation by using a
circuit simulator. Also, the in situ measurement of the
solid-state amplifier when accelerating a high-intensity
beam is presented. We describe the configuration of the
system. The commissioning and characterization of the
system are described. We performed beam tests with very
high power beams up to 1 MW equivalent. The various
beam test results are reported.

II. NONLINEARITY OF BEAM-LOADING
COMPENSATION

Circuit simulations using LTspice [28] are performed to
investigate the nonlinearity of beam loading compensation.

The simplified circuit model used for the simulations
including the cavity, amplifier, and beam current is shown
in Fig. 2. The MA cavity is modeled as a parallel LCR
circuit with a single accelerating gap, while the real cavity
has three accelerating gaps [29], ignoring the inductance of
the bus bars between three gaps. A parallel inductor [30]
and a tuning capacitor are connected to the accelerating
gap for adjusting the resonant frequency andQ value of the
cavity. The circuit constants are set so that the cavity
resonance is reproduced. Contrary to the ferrite cavity with
a tuning bias loop to follow the change of the rf frequency,
the MA cavity is regarded as a broadband passive load.
The circuit constants are fixed for different rf frequencies.
The amplifier has two tetrode vacuum tubes, Thales

TH558K, which are connected at the upstream and down-
stream of the accelerating gap via dc blocking capacitors.
This is a class AB push-pull amplifier, where the two
tubes supply current to the cavity alternately. The tetrode
model of TH558K is provided by CERN. The tetrodes are
modeled using behavioral model current generators. The
response is derived mathematically, fitting the constant
current curves from the data sheet at a fixed screen grid
voltage [31]. The control grid of the tube is driven by a
single harmonic rf voltage source in the simulation, while
it is driven by a solid-state amplifier and a splitter in the real
system. The screen grid voltage is set to 1.75 kV, and the
idling current of the each tube is adjusted to 5 A by setting
the dc voltage of the control grid.
A single harmonic rf current source is connected to the

accelerating gap to simulate the beam current, while the
real beam contains higher harmonics. A factor of 3 is
applied, since the three gaps are simulated by using a single
gap. The current supplied by the current source is

Vgap

beam current source

voltage source

FIG. 2. Circuit model including the cavity, amplifier, and beam.
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ðsupplied currentÞ ¼ 3 × Ib sinð2πfrftþ ϕbÞ; ð1Þ

where Ib and ϕb are the amplitude and phase, respectively,
of the beam current, frf is the rf frequency, and t is the time.
frf ¼ 1.2 MHz, which is close to the injection frequency, is
chosen for the simulation.
The impedance seen by the beam consists of not only the

cavity but also the amplifier including the tubes. The
impedance of the tube varies with its operating condition.
The wake voltage at the accelerating gap is simulated by

switching off the voltage source, where the tubes are idling.
The normalized gap voltages Vgap=Ib with various beam
currents, where Vgap is defined as the differential voltage
between the upstream and downstream of the accelerating
gap, are plotted in the top of Fig. 3. The normalized gap
voltages with the beam current from 1 to 20 A are almost
identical. The wake voltage linearly increases with the
beam current in this condition.
By adjusting the amplitude and phase of the rf voltage

source, these wake voltages are canceled by the tube
output currents as shown in the middle of Fig. 3. The
suppressions of the driving harmonics are better than
30 dB for all cases. The remaining voltages seem to have
the third harmonic component. The maximum normalized
amplitude of 0.02 kV=A is observed with Ib ¼ 20 A. The
waveforms of the rf voltage source normalized by Ib are
plotted in the bottom of Fig. 3. The normalized voltage

decreases with the beam current; i.e., it shows nonlinear
behavior. The nonlinearity comes mainly from the ampli-
tude dependence of the tube gain. Also, the impedance of
the tube seen by the beam varies when the tube generates
the compensation current. Thus, beam loading compen-
sation has a nonlinearity if the cavity is driven by vacuum
tubes in a more nonlinear operation area.
Beam loading compensation with a driving rf voltage is

also simulated. The amplitude and phase of the voltage
source are adjusted so that the fundamental accelerating
harmonic component of the gap voltage is 2 kV, for beam
currents from 0 (no beam) to 20 A. The beam phase that
corresponds to the synchronous phase is set to 0 degrees.
The simulated gap voltage waveforms and the frequency
spectrum are plotted in Fig. 4. In the case without a beam,
the voltage waveform has a slight distortion due to the third
harmonic, which has the relative amplitude of a few percent
to the fundamental accelerating harmonic, as shown in
the bottom plot in the figure. When increasing the beam
current, the amplitude of the third harmonic increases,
while the fundamental accelerating harmonic is kept to
2 kV. With a beam current of 20 A, the amplitude of the
third harmonic reaches 0.32 kV, 16% of the fundamental
accelerating harmonic. The distortion of the gap voltage
waveform becomes significant.
The required amplitude of the compensation signal is

large in the case of high beam currents. Although the
control grid is driven by the single harmonic rf signals, the
high tube output current contains the higher harmonics,
which cause the voltage waveform distortion in the wide-
band MA cavity.
The solid-state amplifier that is not included in the

simulation is also a major source of nonlinearities. The
dependency of the control grid voltage, which is driven
by the solid-state amplifier, on the input of the driver

FIG. 3. (Top) Gap voltage waveforms normalized by the
beam current without compensation, (middle) gap voltage
waveforms normalized by the beam current with compensation
by adjusting the amplitude and phase of the rf voltage source,
and (bottom) normalized output waveform of the voltage source
for compensation.

FIG. 4. (Top) Gap voltage waveforms with the compensation
signal of the fundamental accelerating harmonic and (bottom) the
frequency spectrum of the gap voltage.
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amplifier when accelerating the 1 MW equivalent beam is
plotted in Fig. 5. The signals contain several harmonics
for multiharmonic beam loading compensation; therefore,
the amplitudes of the fundamental accelerating harmonic
(h ¼ 2) are plotted. The input and control grid voltages
vary during the accelerating period, where the cavity gap
voltage varies according the voltage program and the
condition of the beam loading also varies. For an input
voltage of less than 0.25 V, the control grid voltage, i.e.,
the output of the solid-state amplifier, increases linearly.
One can clearly see a nonlinearity and saturation above the
input voltage of 0.3 V. This indicates that the existing
solid-state amplifier is operated close to its limit when
accelerating 1 MW beams.
With these simulation and measurement results, the

issues of the rf feedforward method are addressed.
Nonlinearity of beam loading compensation implies that
the optimum parameter of the feedforward is different
for the various beam intensities and also the conditions
of longitudinal painting, which changes the ratios of the
harmonic components of the beam current.
The generation of the compensation signal causes the

voltage waveform distortion in the wideband cavity due to
the higher harmonic components of the tube output current.
The compensation of the distortion is essentially difficult
for the rf feedforward, which uses the beam signal to
generate the compensation signals.

III. MULTIHARMONIC VECTOR rf
VOLTAGE CONTROL

A. System configuration

The next-generation LLRF control system for the RCS
based on MTCA.4 (micro telecom computing architecture
[32]) is under development. The system overview is given

in our previous article [33]. The capability of the MTCA.4
backplane for high-speed serial communication enables
sophisticated signal transfer between the modules. Since
available logic cells of the modern field programmable
gate arrays (FPGAs) on the new modules are much more
than that of old FPGAs in the existing LLRF control
system, the number of modules needed to control 12
cavities is less than in the existing system. We classify
the LLRF functions into two categories: the common
function and the cavity driving function. The multihar-
monic vector rf voltage control is implemented in the
cavity driver module.
The multiharmonic vector rf voltage control is designed

so that it can control complex amplitudes of eight harmonics
(h ¼ 1…8), while the existing system regulates scalar
amplitudes of two harmonics (h ¼ 2, 4) [34]. The functional
block diagram is shown in Fig. 6. The system clock
frequency is 144 MHz.
The revolution frequency (h ¼ 1) signal from the pattern

memory in the common function module is serialized and
distributed to the cavity driver modules via the backplane.
The revolution frequency signal from the backplane is led
to a phase accumulator. The phase accumulator generates
the phase signal like a sawtooth wave varying from −π to π
at the revolution frequency. By multiplying the selected
harmonic number, higher harmonic phase signals can be
generated, which are perfectly synchronized to the phase
signal of the revolution harmonics.
Since the frequency is low compared to the system clock

frequency, the cavity gap voltage signal is converted
directly to digital signal by an analog-to-digital converter
(ADC). The digitized signal is fed to the eight feedback
blocks. The separating treatment of the several harmonics
are commonly used for various purposes [35]. The feed-
back block has a classical I=Q (in-phase–quadrature-phase)
feedback structure. In the feedback blocks, the phase signal
of (h ¼ 1) is multiplied by the selected harmonic number
(hn ¼ 1…8). Cosine and sine signals of unity amplitudes
for the I=Q demodulation are generated by the coordinate
rotation digital computer (CORDIC) block using the phase
single of the selected harmonic. The I=Q waveforms are
recorded in a memory on the FPGA and used for com-
missioning and monitoring of the system.
The frequency response of the low-pass filter (LPF)

determines the overall performance of the feedback loop.
The configuration of the filter is described in following
subsection.
A switch to open and close the feedback is implemented.

Open loop measurements are important for commissioning.
The I and Q signals are compared with the set points

from the I=Q voltage pattern memory. The set points
are updated every 1 μs. Through the proportional and
integral (PI) controller, an rf signal is generated by the
I=Q modulation as

FIG. 5. Measured dependency of the control grid voltage on
the input of the solid-state amplifier when accelerating the 1 MW
equivalent beam.
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ðrf signalÞ ¼ IPI cosð2πhnfrevtþ ϕoffsetÞ
þQPI sinð2πhnfrevtþ ϕoffsetÞ; ð2Þ

where IPI and QPI are the output I=Q signals of the PI
controllers and frev is the revolution frequency. The phase
offset look-up table (LUT) gives the phase offset ϕoffset
between the I=Q demodulator and modulator to adjust
the phase of the transfer function of the system. For
addressing of the LUT, the digital frequency signal of the
selected harmonic, hn × frev, is used. The bit width of the
frequency signal is 32 bit and 14 bit of it is picked up for
addressing. The gain LUT is implemented to compensate
the amplitude response of the cavity and the amplifier
chain, which consists of the solid-state amplifier as a
driver and the final stage vacuum tube amplifier. These
LUTs are necessary to cover the wide frequency sweeps
of the harmonics from the revolution harmonics (h ¼ 1) to
the higher harmonics (h ¼ 8) during acceleration.
By applying the gain pattern for changing the system

gain along the time during the cycle, the output of the
feedback block is generated.
Finally, the multiharmonic rf signal is obtained by

summing up the signals from the eight feedback blocks.
The signal is converted to an analog rf signal by a digital-to-
analog converter (DAC), and it is sent to the amplifier chain
to drive the cavity.

B. Configuration of the low-pass filer

The role of the LPF in the I=Q demodulator is to remove
the spectrum of the other harmonics than the selected
harmonics, as well as to reject the noise outside the
bandwidth. In the case of the J-PARC RCS, the frequency
distance of the harmonics varies as the revolution frequency
changes from 614 to 835 kHz. For amplitude control with
less than 1% accuracy, the LPF should reject the other
harmonics better than 60 dB. The bandwidth of the LPF
should be a few hundred kilohertz, which is very narrow
compared to the system clock frequency of 144 MHz.
The amplitude and phase responses of the LPF affect the

performance of the feedback loop, such as the feedback
gain, the bandwidth, and the stability. One should carefully
consider the configuration of the LPF.
In the existing LLRF control system, the 63-tap finite

impulse response (FIR) filter is employed as the LPF [34] to
achieve narrow band filtering. We avoid employing the FIR
filter, which requires many multipliers in its configuration,
for implementation of the multiharmonic vector voltage
control for eight harmonics. Although modern FPGAs offer
a lot of logic cells, the number of multipliers is still limited.
We explore economic solutions in terms of FPGA logic for
the LPF configuration.
The cascaded integrator-comb (CIC) filter [36] is widely

used in signal processing as a low-pass filter. It is economi-
cally implemented without multipliers. Although it has a
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feedback path in the integrator part, the response is identical
to a moving average FIR filter, and the phase response is
linear.
To treat the digital filters, the z transform is used. The

transfer function of a CIC filter HCIC on the z plane is
expressed as

HCICðzÞ ¼
�
1 − z−RM

1 − z−1

�
N

; ð3Þ

where R is the decimation factor between the integrator
running at the full system clock frequency fclk and the
comb running at the lower frequency at fclk=R, M the
number of delay taps in the comb, and N the number of
stages.
To realize narrow band filtering, the CIC filter withR ¼ 2,

M ¼ 256, and N ¼ 5 is implemented for our prototype of
the multiharmonic vector rf voltage control [37]. The
amplitude and phase responses of the five-stage CIC are
plotted in Fig. 7. As shown in the figure, the rejection for
the frequency range of the neighbor harmonics, from 600 to
850 kHz, is sufficient better than 80 dB. On the other hand,
the phase rotation in the passband is large due to cascading
five stages, which implies that with the five-stage CIC filter
the proportional gain in the PI controller is limited for
stability of the feedback.
The novel tracking CIC filter proposed by Molendijk [38]

is a CIC filter with notches which follow the change of the
revolution frequency, where the system clock is fixed. The
filter structure was developed for application in the CERN
PS booster.
The simplified block diagram of the tracking CIC filter

is illustrated in Fig. 8. The revolution frequency is
multiplied by 32, and the phase accumulator generates
the phase signal of (h ¼ 32). The clock enable (CE) pulse
is generated by using the zero crossing of the phase signal.

Therefore, the CE pulse at the frequency of (h ¼ 32) is
generated.
In the CIC filter, the integrator part runs at the system

clock frequency as the normal CIC filters. The delay in the
comb part is driven by the CE pulse, where the hold and
delay is implemented by D-flip-flops (DFFs). By setting
M ¼ 32, the notches at the harmonics of the revolution
harmonic are realized. The overall gain of the filter is
proportional to frev; therefore, the compensation gain Gcomp

is applied as
Gcomp ∝ frev; ð4Þ

so that the overall gain is constant.
The basic idea behind the tracking CIC filter and our

filter with smoothly varying coefficients [39] is essentially
similar in terms of changing the delay taps in the filter.
Since a much faster system clock is allowed in the modern
FPGA, the resolution of the delay is more precise now; the
implementation of the tracking CIC filter is much more
simple than our previous filter.
The amplitude and phase responses of the tracking

CIC filter for frev ¼ 600 and 850 kHz are plotted in Fig. 9.
The notches follow the change of frev. Here, one should
notice that the CE pulse period is quantized and fluctuates
within one system clock period. The frequency of the
notch therefore fluctuates, while the average in time is
close to frev. This may affect the rejection of the neighbor
harmonics. The effect is more important for higher frev,
i.e., for the smaller number of delay clocks in the comb
part. For the J-PARC RCS, the maximum frev is 850 kHz,
and the system clock frequency fclk is 144 MHz. The
delay in the comb part is obtained by using the ratio as

fclk
frev

¼ 169.41…; ð5Þ

thus, the delay in the comb part alternates between 169
and 170 clocks. The amplitude responses around the first
notches near frev with a delay of 169 and 170 clocks are
plotted in Fig. 10. For both delays of 169 and 170, the
attenuations at 850 kHz are on the order of 50 dB, worse

FIG. 7. Amplitude and phase responses of the five-stage CIC
filter where R ¼ 2, M ¼ 256, and N ¼ 5.

f(h=1)
phase

accumulator
pulse gen

at zero crossphase signal
(h=32)
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FIG. 8. Simplified block diagram of the tracking CIC filter.
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than our target value of 60 dB. Adding a LPF or simply
cascading the tracing CIC is required to achieve an
attenuation of better than 60 dB.
While the tracking CIC filter has a nice feature to follow

the change of the revolution frequency, the bandwidth is too
wide. The bandwidth is wider than the possible feedback
bandwidth limited by the long delay of the cable between
the LLRF control room to the tunnel on the order of 2 μs
round trip.
By these reasons above, the combination of the tracking

CIC filter and leaky integrator (LI), which is called a
“hybrid filter” in this article, is considered. The block
diagram of the leaky integrator is illustrated in Fig. 11. The
leaky integrator can be implemented economically with a
coefficient of 2k, where the multiplier can be replaced with
bit shift.
The transfer function of the leaky integrator HLI is

HLIðzÞ ¼
z−1

2k þ ð1 − 2kÞz−1 : ð6Þ

The amplitude and phase responses of the leaky integrator
are plotted in Fig. 12. With increasing k, the bandwidth
becomes narrower, and the attenuation also increases. It has
a nonlinear phase response. The phase quickly reaches 90°

and stays there for higher frequencies of more than
200 kHz. The leaky integrator alone does not meet our
requirements. With small k, the attenuation at the revolu-
tion harmonics is not sufficient. An attenuation of more
than 60 dB is possible with k ¼ 16; however, the band-
width is too narrow, and a very limited feedback bandwidth
is expected.
The amplitude and phase responses of the hybrid filter,

which is composed by cascading the tracking CIC filter
and the leaky integrator, are plotted in Fig. 13. A value of
k ¼ 10 in the leaky integrator is chosen. The attenuations
at the revolution frequencies are satisfactorily better than
60 dB. The bandwidth is moderate, and the phase shift in
the passband is not too much.
The hybrid filter, which satisfies our requirement and

still is realized economically in terms of FPGA logic, is
used for the beam tests.

IV. COMMISSIONING AND
CHARACTERIZATION OF THE

SYSTEM

A. Commissioning of the LUTs

Contrary to the rf feedforward, the commissioning of the
feedback does not require proton beams. The phase offset

FIG. 10. Amplitude response of the tracking CIC filter for
frev ¼ 850 kHz, with a delay of 169 and 170 clocks.

2-k

Z-1

-

FIG. 11. Simplified block diagram of the leaky integrator with a
coefficient of 2k.

FIG. 9. Amplitude and phase responses of the tracking CIC
filter for frev ¼ 600 and 850 kHz.

FIG. 12. Amplitude and phase responses of the leaky integrator
for k ¼ 10, 12, 14, 16.
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and gain LUTs must be set properly to cover the wide
frequency range.
Figure 14 shows the setup of the commissioning of the

feedback without beams. The output signal of the system is
sent to the device under test (DUT), which consists of the
amplifier chain and the cavity. The cavity gap monitor
signal is led to the input of the system. For commissioning
of the LUTs, the five-stage CIC filter is used.
The phase offset LUT is most important to close the

feedback loop. Since the DUT includes many components,
it is difficult to predict the frequency response of the DUT.
The LUT is adjusted based on the following procedure.
An open loop measurement is performed with the

condition that the I=Q set point is set as I ¼ 1000, Q ¼ 0
(digital values) and the phase LUT is set to zero for all
frequencies. The gain LUT is set to unity. The I=Q
amplitudes of the cavity voltage are measured at 200
points for the frequency range from 0.4 to 8.99 MHz.
The measured I and Q at the 200 points are plotted in

the top plot in Fig. 15. In the figure, the circles represent
the measured data, and the lines are the interpolated ones.

One can see that the I and Q oscillate; therefore, the phase
response of the DUT has to be taken into account. From
the interpolated data, the phase response plotted in the
bottom plot in Fig. 15 is calculated as

ðphaseÞ ¼ argðI þ iQÞ: ð7Þ
The almost linear phase response indicates that the main
source of the response is a delay, which consists of the
cable delay and the digital delay in the system. The phase
response is also due to the cavity resonator and the
electrical circuits of the amplifier chain, while the effects
are relatively small.
By using the measured phase response, the phase offset

LUT is set. The measured I,Q, and the phase response with
the LUT set are plotted in Fig. 16. Clearly, the phase
response of the DUT is compensated by the LUT, while
small errors are observed in the higher-frequency region
because of small amplitudes. In this condition, if the set
point to drive the system has the I amplitude only as
ðIset; 0Þ, the received signal from the gap monitor contains
the I amplitude only as ðIrecv; 0Þ, and vice versa. This is the
condition to close the feedback loop. The feedback loops
for I and Q are separated, and each loop can be handled as
a simple single-input–single-output (SISO) system.
The amplitude response of the I value shown in Fig. 16 is

mainly caused by the cavity response and the low-pass
characteristics of the input circuit of the vacuum tube. This
implies that the feedback gain is reduced especially for the
high-frequency region higher than (h ¼ 6). The amplitude
response of the DUT is compensated by the gain LUT.
From the interpolated I=Q data shown in Fig. 16, the

gain LUT is set so that the signal amplitude

ðamplitudeÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2 þQ2

p
ð8Þ

FIG. 13. Amplitude and phase responses of the hybrid filter for
frev ¼ 600 and 850 kHz. Avalue of k ¼ 10 is chosen in the leaky
integrator.

multiharmonic
vector rf
voltage
control

15dB
directional

coupler

DUT
(amplifier chain

+ cavity)

15dB
directional

coupler

cavity in

rf out

B

C

network
analyzer

AA'

cavity gap monitor
signal

FIG. 14. Commissioning setup.

FIG. 15. (Top) The measured I and Q at the 200 points and the
interpolated ones and (bottom) the phase response calculated
from the interpolated I andQ, when the phase offset LUT is set to
zero for all frequencies.
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is constant. The amplitude at the cavity resonance fre-
quency (1.7 MHz) is chosen as the target amplitude. We
limit the maximum gain to a factor of 10 to avoid the output
saturation of the system.
Because of the nonlinearity of the system due to the

vacuum tube, we need iterations of the LUT setting. The
measured amplitude responses with the constant gain
LUT, the first and second gain LUT setting, are compared
in Fig. 17. With the first LUT setting (gain LUT set 1),
overcompensation is observed. By iteration (gain LUT
set 2), an almost flat amplitude response is obtained up to
5.5 MHz. Above the frequency, the maximum gain of 10 is
applied; therefore, the compensation is not sufficient and
decay is observed. With the gain LUT set, the feedback
gain for the harmonics up to (h ¼ 6) is expected to be flat.
The gain is reduced for (h ¼ 7, 8); however, still 10 times

higher gain is achieved than in the case of the gain LUT
constant.
The flat gain response is obtained at a moderate

amplitude of the driving signal. Since the tube gain may
vary with a higher amplitude of the driving signal when
accelerating high-intensity beams as shown in Sec. II, the
PI gain setting should be conservative to keep the stability
margin of the feedback.
A multiharmonic open loop measurement is performed to

see the effect of the gain LUT set. For the measurement, the
five-stage CIC filter is used, and the revolution frequency
(h ¼ 1) is set to 0.85 MHz. The I=Q set point is (0,0), and
the feedback switch is closed. The feedback blocks for all
eight harmonics are enabled. The connection between A and
A0 in Fig. 14 is opened so that the transfer function S21 from
A to A0 is measured by a network analyzer.
The measured magnitudes of S21 in the cases of the gain

LUT constant and gain LUT set are compared in Fig. 18.
The bandwidth of the five-stage CIC filter is narrow
enough, and the passband of each harmonic is clearly
separated from the others. The gains of the higher
harmonics (h ¼ 6, 7, 8) are smaller than −20 dB com-
pared to the fundamental accelerating harmonic (h ¼ 2),
which is near the resonance. With the gain LUT set, the
gains of that harmonic are increased. The gains are fairly
aligned for harmonics up to (h ¼ 6), while harmonics
(h ¼ 7, 8) have lower but improved gains.
Thus, the methodology to adjust the phase offset and gain

LUTs for covering the wide frequency range is established.

B. Characterization of the feedback

By setting up the phase offset LUT, the condition to close
the feedback is satisfied. The transfer function S21 from point
B to C is measured as the closed loop gain of the feedback

FIG. 17. Comparison of the amplitude responses with the
constant gain LUT, the first and second gain LUT setting.

FIG. 16. (Top) The measured I and Q at the 200 points and the
interpolated ones and (bottom) the phase response calculated
from the interpolated I and Q, when the phase offset LUT is set
by using measured I and Q.

FIG. 18. Magnitudes of multiharmonic open loop transfer
functions in the cases of the gain LUT const and set. The
five-stage CIC filter is used in the feedback blocks for the
measurement.
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loop, where the I=Q set point is (0,0) and the feedback
switch is closed. Here, the rf signal from the network
analyzer is regarded as the disturbance into the feedback.
The normalized closed loop transfer functions measured

by the network analyzer with various proportional and
integral gain settings around the fundamental accelerating
harmonic (h ¼ 2), where the revolution frequency (h ¼ 1)
is set to 0.85 MHz, in the cases of the five-stage CIC filter
and the combination of the tracking CIC and LI, are plotted
in Fig. 19. P and I are the 8-bit digital values of the
proportional and integral gains, respectively. The transfer
functionHPIðzÞ of the PI controller in the feedback block is
expressed as

HPIðzÞ ¼ KP þ KI
1

1 − z−1
; ð9Þ

where KP and KI are the proportional and integral gains,
respectively. In the feedback block, the relations between
the digital value and the actual value are KP ¼ P=8 and
KI ¼ I=36864, respectively.
In both cases with the five-stage CIC filter and the hybrid

filter, the phase shifts in the passband due to the system
delay and filter configuration limit the proportional gain.
Typically, we can put 2 and 6 as P for the five-stage CIC
and hybrid filter, respectively. The effects of the small
proportional gains on the closed loop gain are insufficient.
However, by applying the integral gain, the closed loop
gain, i.e., the reduction of the cavity impedance, is better
than 40 dB in both cases. In general, a higher gain is
possible and a wider bandwidth is achieved with the hybrid
filter than the five-stage CIC filter, which has more phase
shift in the passband. With P ¼ 2 and I ¼ 15 for the five-
stage CIC filter, a comparable bandwidth can be achieved,
while unwanted enhancement of the disturbance of more
than 6 dB is observed at 1.675 and 1.725MHz, which is not

preferred. The measurements show the advantage of the
hybrid filter over the five-stage CIC filter.
For the beam operation, relatively conservative gains,

P ¼ 3 and I ¼ 15, are used to keep stability margins for
gain variation of the tube amplifier. The loop gain with
the PI gains is still 7.7 dB at 4 kHz away from the center
frequency, where 4 kHz is the maximum synchrotron
frequency of the RCS during the acceleration cycle.
The baseband simulation [40] is useful to characterize the

feedback. The feedback model in the baseband is shown in
Fig. 20. As described in the previous section, the feedback is
treated as a SISO system, and the DUT can be regarded
as a gain with the proper setting of the phase offset LUT.
The free parameters in the system are the delay and the
DUT gain GDUT. The number of delay clocks kdelay is the
integer part of Tdelay

Tclk
, where Tdelay is the total delay and Tclk is

the clock period. The transfer function of the delay Hdelay is

HdelayðzÞ ¼ z−kdelay : ð10Þ
The open loop transfer function is

Hfilter ·HPI ·Hdelay ·GDUT; ð11Þ
where Hfilter is the transfer function of the selected filter
configuration. The closed loop gain is calculated by using
the open loop transfer function.
The delay and gain are determined by using the open loop

measurement from A to A0 in Fig. 14 with the PI gains of
KP ¼ 1 and KI ¼ 0. The top of Fig. 21 shows the
comparison of the measured and the simulated open loop
transfer functions where Tdelay ¼ 3.1 μs and GDUT ¼ 1.1.
In the plots, the horizontal axis is the frequency difference
from the center frequency of the selected harmonic. The
delay of 3.1 μs consists of the inevitable cable delay of 2 μs
and the digital circuit delay of 1.1 μs. A major part of the
digital circuit delay, about 700 ns, is due to the serial
connection between the ADC and FPGA. As a compromise,
we will leave it as is at this moment. The simulation agrees
well with the measurement in the low-frequency region
below 0.4 MHz, but deviations for the magnitude and phase
are seen above 0.4 MHz. This is because the simulation does
not take the response of the cavity resonator into account.
Since we are interested in the very-low-frequency region
below 0.1 MHz for the narrow band feedback, the deviations
are not problematic.
Using the parameters Tdelay and GDUT, the open and

closed loop transfer functions are calculated with P ¼ 3
and I ¼ 15 (digital values) as plotted in the middle of
Fig. 21. Also, the closed loop gain is compared to the
measurement. Note that the open loop gain with the integral

FIG. 19. Normalized closed loop gains with various PI gain
settings at 1.7 MHz, in the cases of (top) the five-stage CIC filter
and (bottom) the hybrid filter.

filter delay, z-kdelay DUT
gain=GDUT

PI controllerin out

-

FIG. 20. The feedback model in the baseband.
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gain is difficult to measure, since the integrator may
overflow if the loop is open. From the simulated open
loop gain, the gain and phase margins are estimated as
17.1 dB and 85° at the phase and gain crossover frequencies
of 66.1 kHz and 10.1 kHz, respectively. One can see that
the closed loop simulation reproduces the measurement
very well in terms of both the magnitude and phase.
The step response is also predicted by the simulation

setup as plotted in the bottom of Fig. 21. The response with
the PI gains reasonably settles down to zero within 50 μs.
Similar simulation results in the case of the five-stage

CIC filter are reported in our previous article (Figs. 6 and 7
in Ref. [40]). The feedback bandwidth P ¼ 2 and I ¼ 5

(digital values), where the five-stage CIC filter and the PI
gains are used in the beam tests with our prototype module
[37], is narrower. The simulated step response is slow, and
it takes more than 150 μs to reach zero.
These simulation results also show the advantage of the

hybrid filter over the five-stage CIC filter.
The normalized closed loop transfer functions measured

by the network analyzer with various proportional and
integral gain settings around the third (h ¼ 6, 5.1 MHz)
and fourth (h ¼ 8, 6.8 MHz) harmonics of the accelerating
harmonic (h ¼ 2) with the gain LUT constant and set are
plotted in Figs. 22 and 23, respectively. With the gain LUT
constant, the feedback bandwidths are much narrower than
the fundamental accelerating harmonic (h ¼ 2) near the
cavity resonance frequency shown in the bottom of Fig. 19,
while feedback gains better than 30 dB at the center
frequencies are achieved thanks to the integral gains. For
the third harmonic (h ¼ 6), the response is fairly close to that
of the accelerating harmonic (h ¼ 2) with the gain LUT set.
In the case of the fourth harmonic (h ¼ 8), the bandwidth is
still narrower than (h ¼ 2), since the limited gain of 10 is

(a)

(b)

(c)

FIG. 21. (Top) Comparison of the measured and simulated open
loop transfer functions where Tdelay ¼ 3.1 μs and GDUT ¼ 1.1.
(Middle) Simulated open and closed loop transfer functionwith the
PI gains and the measured closed loop transfer function. (Bottom)
Simulated step response with the PI gains, P ¼ 3 and I ¼ 15.

FIG. 22. Normalized closed loop gains with various PI gain
settings at 5.1 MHz, in the cases of (top) the constant gain LUT
and (bottom) the gain LUT set.
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applied at that frequency. These results are consistent with
the open loop measurement shown in Fig. 18.
Thus, setting up the gain LUT is important for multi-

harmonic beam loading compensation.

V. MULTIHARMONIC rf VOLTAGE
REGULATION

A. Reduction of voltage waveform distortion

Voltage waveform distortion is an issue with the combi-
nation of the vacuum tube amplifier and the wideband MA
cavity. The output current of the vacuum tube contains not
only the driven harmonic but also higher harmonics, which
generate the higher harmonic voltages. Since we employ a
push-pull configuration for the final stage amplifier, the
second harmonic voltage is fairly suppressed. However,
the third harmonic voltage becomes non-negligible espe-
cially when the output current is high, i.e., the beam loading
is heavy.
The distortion can be suppressed by the multiharmonic

vector rf voltage control, while it essentially cannot be
compensated by the rf feedforward using the beam current
signals.
The performance of the control for reduction of the

distortion is examined. In the top plot in Fig. 24, a distorted
waveform is shown. The driven harmonic is chosen (h ¼ 1)
at 600 kHz for the test to enhance the distortion to be
compensated, while the (h ¼ 2) is the driven harmonic for
the normal operation. The feedback for the driven harmonic
(h ¼ 1) is closed, and the other harmonics (h ¼ 2…8) are
open. The harmonic components of the distorted waveform
are plotted in the top plot in Fig. 25. The programed voltage
pattern has a trapezoidal shape, which has a rise and fall
time of 0.1 ms and a flattop of 2 ms. The driven harmonics
is well regulated at the amplitude of 2 kV. The third

harmonic (h ¼ 3) of the driven harmonic has a large
amplitude of 0.8 kV, and the second harmonic (h ¼ 2)
has an amplitude of a few percent of the driven harmonic.
The amplitudes of the other harmonics are negligibly small.
One can see that the distortion shown in the top plot in
Fig. 24 is mainly due to the third harmonic.
By closing the feedback loops for the higher harmonics

with the set point of ðI; QÞ ¼ ð0 kV; 0 kVÞ, the higher
harmonics are suppressed as plotted in the bottom plot in
Fig. 25. The maximum amplitude of the second harmonic
(h ¼ 2) is 0.1 kV, and the other harmonics are suppressed
below 0.05 kV. The voltage waveform is very close to the
pure sinusoidal as shown in the bottom plot in Fig. 24.

FIG. 24. (Top) Distorted gap voltage waveform when only
the feedback for (h ¼ 1) is closed and the other harmonics
(h ¼ 2…8) are open. (Bottom) Gap voltage waveform with the
feedback loops closed for all harmonics.

FIG. 23. Normalized closed loop gains with various PI gain
settings at 6.8 MHz, in the cases of (top) the constant gain LUT
and (bottom) the gain LUT set.

FIG. 25. Harmonic components of the gap voltage (top) when
only the feedback for (h ¼ 1) is closed and the other harmonics
(h ¼ 2…8) are open. (Bottom) With the feedback loops closed
for all harmonics.
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By this test, the performance of the voltage control for
reduction of distortion is confirmed.

B. Multiharmonic rf voltage generation

To demonstrate the performance of the multiharmonic
vector rf voltage control, sawtooth and square waves are
generated. In the demonstration, the frequency is set to
1 MHz. The I=Q amplitudes of (h ¼ 1) are set to (0 kV,
3 kV) and (0 kV, 1 kV) for the sawtooth and square waves,
respectively. The amplitudes of the higher harmonics are
set according to the Fourier coefficients. The generated
waveforms are compared with the calculated waveforms
using the Fourier coefficients in Fig. 26. The maximum
deviation of the harmonic amplitudes is on the order of
0.02 kV. The waveforms agree very well for both the
sawtooth and square waves.
The performance of the multiharmonic voltage gener-

ation is promising. The longitudinal painting [41] during
the injection period is currently performed by using two
harmonics (h ¼ 2, 4). We consider that the higher har-
monics (h ¼ 6, 8) may be used in addition for improvement
of the longitudinal painting.

VI. BEAM TEST RESULTS

A. Cancellation of the wake voltages without driving rf

The test for cancellation of the wake voltage without
driving rf was conducted to demonstrate the performance of
the multiharmonic vector rf voltage control for suppression
of the wave voltages, although the situation that one of the
cavities is turned off is not a normal operating condition.
The setup of the beam test is illustrated in Fig. 27. Cavity

5 is used for the beam test. The driving signal and the
feedforward compensation signal from the existing LLRF

control system are disconnected for the tests. Thus, the gap
voltage of cavity 5 is composed by the wake voltage
induced by the beam and the compensation signal gen-
erated by the voltage control. The output signal of the
module, the beam signal from the wall current monitor,
and the cavity gap voltage monitor signal are recorded by
an oscilloscope from injection to extraction. All the other
cavities are connected to the existing LLRF control system
as the normal operation. The I=Q amplitudes for eight
harmonics of the cavity gap voltages and the beam signal
are recorded by the internal I=Q monitor in the system.
In this situation, the beam intensity is limited by the

reduced total accelerating voltage and the rf bucket distortion
due to the wake voltage in cavity 5. The maximum beam
intensities without significant intensity loss are 4.2 × 1013

and 2.1 × 1013 ppp for the cases of the acceleration of two
bunches and a single bunch, respectively. The harmonic
components of the beam in these cases are plotted in Fig. 28.
The beam is injected at −250 μs before the bottom of

the sinusoidal magnetic ramping, which is called Bmin, for
500 μs. In the case of the acceleration of two bunches,
the beam contains only even harmonics (h ¼ 2, 4, 6, 8).
All eight harmonics are seen in the case of the single-bunch
acceleration.
The harmonic components of the cavity gap voltage

from injection to extraction without and with feedback are
plotted in Fig. 29. The voltage waveforms just before
extraction, 19.9 ms, are plotted in Fig. 30.
Significant harmonic amplitudes of the wake voltage are

observed without feedback. The fundamental accelerating
harmonic (h ¼ 2) and the second harmonic (h ¼ 4) of the
wake voltage reach almost 7 and 2 kV just before the
extraction, respectively. Because of the cavity frequency
response, the higher harmonics (h ¼ 6, 8) are relatively
small, 0.7 and 0.2 kV, respectively.

FIG. 26. Comparison of the calculated and measured gap
voltage waveforms of (top) a sawtooth wave and (bottom) a
square wave.

cavity
in

Cavity gap
voltage monitor

Cavity #5

Beam
signal rf out

Multiharmonic
vector rf

voltage control ch.1

wall current monitor

Beam

Multiharmonic
vector rf

voltage control ch.2
(used as I/Q monitor)

Oscilloscope

FIG. 27. Beam test setup.
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The gap voltage waveform is the superposition of the
harmonics. As shown in Fig. 30, the wake voltage has a
distorted waveform, which contains several harmonics. The
voltage swing has a large amplitude from −10 to 8 kV.
By closing the feedback with the set point of ðI; QÞ ¼

ð0 kV; 0 kVÞ for all eight harmonics, the harmonics
components of the gap voltage are suppressed to less
than 0.15 kV throughout the accelerating period as shown
in the middle and bottom plots in Fig. 29. A voltage jump

at 20 ms due to the delay of the feedback loop is observed.
The beam is extracted by the kicker magnet in one turn,
and the amplitude of the wake voltage suddenly changes to
zero. Because of the delay of the feedback loop, the output
amplitude of the voltage control decays as the step response
of the loop. It takes several tens of microseconds to reach
down to zero kV. The countermeasure for this unwanted
voltage jump is discussed in the following subsection
(Sec. VI C). The amplitude of voltage waveform just before
extraction is less than 0.3 kV, as shown in Fig. 30.

FIG. 28. Harmonic components of the beam current in the cases
of (top) acceleration of two bunches at 4.2 × 1013 ppp and
(bottom) acceleration of a single bunch at 2.1 × 1013 ppp.

FIG. 29. Harmonic components of the gap voltage during
acceleration of two bunches (top) without feedback and (middle)
with feedback and (bottom) a vertically magnified view of the
middle plot.

FIG. 30. Comparison of the gap voltage waveforms in the case
of acceleration of two bunches without and with feedback just
before extraction at 19.9 ms.

FIG. 31. Harmonic components of the gap voltage during
acceleration of a single bunch (top) without feedback and
(middle) with feedback and (bottom) a vertically magnified view
of the middle plot.
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In the case of the single-bunch acceleration, the wake
voltage contains the odd harmonics (h ¼ 1, 3, 5, 7) as well
as the even harmonics, as shown in the top plot in Fig. 31.
The amplitudes of (h ¼ 1, 3) are relatively high among the
odd harmonics. The amplitudes of the significant harmonics

(h ¼ 1, 2, 3) are 3.3, 2, and 1.8 kV, respectively. Since it
consists of more harmonics than the case of the acceleration
of two bunches, the voltage waveform as plotted in Fig. 32
is more distorted than the case of the acceleration of two
bunches. The amplitude of the voltage waveform exceeds
6 kV. Because of the components of odd harmonics, the
repetition period of the voltage waveform is the beam
revolution period.
With feedback, the wake voltage is nicely canceled. All

of the harmonics except (h ¼ 1) of the gap voltage are less
than 0.15 kV as shown in the middle and bottom plots in
Fig. 31. The amplitude of (h ¼ 1) reaches 0.2 kV around
19 ms, while it is less than 0.1 kV other than that. The
voltage waveform just before extraction in Fig. 32 is quiet
with a remaining amplitude of less than 0.3 kV, as well as in
the case of two bunches plotted in Fig. 30.
Thus, a significant reduction of the wake voltages was

demonstrated for both cases of the acceleration of the single
bunch and two bunches, where the operating conditions of
the vacuum tube are expected to be different.

B. Beam loading compensation with driving rf voltages

Beam loading compensation with driving accelerating rf
voltage was tested as a realistic situation. In this case, the
beam is accelerated by the voltages of the cavities con-
trolled by the existing LLRF control system and cavity 5

FIG. 32. Comparison of the gap voltage waveforms in the case
of acceleration of a single bunch without and with feedback just
before extraction at 19.9 ms.

FIG. 33. Amplitudes of the harmonic components with an
acceleration of a 1 MW equivalent beam from injection to
extraction in the cases where (top) the feedback for the funda-
mental acceleration harmonic (h ¼ 2) is closed and the output of
the others is turned off and (middle) the feedbacks for all
harmonics are closed and (bottom) a vertically magnified view
of the middle plot.

FIG. 34. Comparison of the amplitudes and phases of the driven
harmonics (h ¼ 2, 4) to the programs without and with a beam.
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with the new system. The I=Q voltage patterns for the
driving rf (h ¼ 2, 4) are set by using the measured phases of
the voltage controlled by the existing system, so that the
total accelerating voltage is similar to the acceleration with
the existing system.
High-intensity beams of up to 8.3 × 1013 ppp, which is

the design intensity and corresponds to a beam power of
1 MW at a repetition rate of 25 Hz, are used for the test.
The harmonic components of the gap voltage from

injection to extraction for the acceleration of a 1 MW
equivalent beam are plotted in Fig. 33. The top plot shows
the harmonic components in the case that the feedback
for the fundamental acceleration harmonic (h ¼ 2) is
closed and the others are open. The second harmonic
(h ¼ 4) voltage is not driven. Because the beam contains
only even harmonics when two bunches are accelerated,
the even harmonics are observed in the gap voltage.
The fundamental accelerating harmonic (h ¼ 2) is regu-
lated according to the voltage program. The amplitudes of
(h ¼ 4, 6) are significant, 4.6 and 1.7 kV maximum,
respectively. These harmonic components (h ¼ 4, 6)
mainly consist of the wake voltage but also contain the
distortion of the vacuum tube output current when the
compensation signal of the fundamental harmonic (h ¼ 2)

has a large amplitude. The (h ¼ 8) component is observed,
but the amplitude is very small.
The harmonic components of the gap voltage when the

feedbacks for all harmonics are closed are plotted in the
middle in Fig. 33. The vertically magnified view is shown
in the bottom plot. The amplitude of the fundamental
accelerating harmonic (h ¼ 2) is the same as in the top
plot. In contrast to the top plot, here the second harmonic
(h ¼ 4) has a voltage program from the beginning to 5 ms.
After 5 ms, the voltage program is zero and the amplitude
of the (h ¼ 4) harmonic is suppressed to less than 0.2 kV.
The other harmonics that are not used for acceleration and
have voltage programs of zero are well kept less than
0.3 kV throughout the acceleration.
Thus, the suppression of the wake voltage for the

harmonics that are not used for acceleration was con-
firmed as well as in the case that the cavity is not driven
described in the previous subsection. One should note that
the output currents of the vacuum tube are very different
between these situations and the tube gains are expected
to be different. The feedback works nicely for both cases.
The amplitudes and phases of the driven harmonics

(h ¼ 2, 4) without and with a beam are compared to the
programs in Fig. 34. The amplitudes of the fundamental

(a) (b)

(c) (d)

(e) (f)

FIG. 35. Comparison of the gap voltage waveforms without and with a beam during acceleration.
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accelerating harmonic (h ¼ 2) without and with a beam
are very close to the program. A maximum deviation of
0.1 kV, which corresponds to 0.8% of the program voltage,
is observed near the voltage peak around 7 ms with beam.
The unwanted voltage jump just after the extraction is also
seen. The phase of (h ¼ 2) is well regulated within less
than 1° from the program without and with a beam. The
amplitudes of the second harmonic (h ¼ 4) without and
with a beam are also very close to the program. It follows
the voltage program nicely within 0.03 kVuntil 5 ms and is
kept less than 0.2 kVafter 5 ms. The deviations of the phase
of (h ¼ 4) without and with a beam from the program are
less than 1° until 5 ms. After 5 ms, the comparison does not
make sense, because the programed amplitude is zero.
Thus, the voltages of the driving harmonics are generated
as programed under the heavy beam loading of the 1 MW
equivalent beam.
The voltage waveforms without and with a beam are

compared at several points during the acceleration. The
corresponding plots are generated every 4 ms and are shown
in Fig. 35. In all plots, the waveforms without and with a
beam nicely agree. The second harmonic (h ¼ 4) has a
nonzero voltage program until 5 ms for the longitudinal
painting, and the waveforms in the first two plots (a) and
(b) contain the second harmonic voltages. After 5 ms, the
expected waveform is sinusoidal. No waveform delays due
to the beam loading are observed. The bunch width becomes
narrower with acceleration from about 450 to 150 ns, and the
peak current becomes higher. Higher-frequency components
are observed in the voltage waveform after 12 ms.
The measurements described here prove that the heavy

beam loading of a 1 MW equivalent beam in the cavity
including the higher harmonics is almost perfectly com-
pensated by the multiharmonic vector rf voltage control.
The large amplitude compensation signal is supposed to
generate the gap voltage distortion, and this is also
compensated by the voltage control.
The beam intensity for the single-bunch acceleration is

limited to 3.1 × 1013 ppp, which is 24=32 of the full
intensity, due to the output saturation of the voltage control.
When accelerating the very-high-intensity beams with
multiharmonic beam loading compensation, the output
of the solid-state amplifier is close to the maximum rating.
As shown in Fig. 5, the solid-state amplifier has a non-
linearity and saturation behavior near the maximum rating.
We suspect that the solid-state amplifier introduces addi-
tional distortion near the maximum rating, and its com-
pensation requires more amplitude of the voltage control
output. This requires more output of the solid-state ampli-
fier; therefore, more distortion to be compensated occurs
at the accelerating gap. Finally, the output of the voltage
control saturates. The consolidation of the amplifier chain,
especially the solid-state amplifier, is demanded to alleviate
the unwanted output saturation. We are considering and
investigating a possible consolidation.

Below the intensity limit, the beam loading of the single-
bunch beam is nicely compensated as well as the case of the
acceleration of two bunches. The top plot in Fig. 36 shows
the amplitudes of the harmonic components with accel-
eration of a single bunch at 3.1 × 1013 ppp. The driving
harmonics (h ¼ 2, 4) are generated as programed, and the
other harmonics are suppressed below 0.1 kV. The wave-
forms without and with a beam are compared at 0, 10, and
19.9 ms in the figure. They almost completely agree.

C. Mitigation of the unwanted voltage jump
by applying the gain pattern

As described in the previous subsection, the gap voltage
jumps up just after the beam extraction. As shown in
Fig. 37, the gap voltage exceeds 17 kV when a 1 MW
equivalent beam is extracted. It is higher than the maximum
acceleration voltage of 12.2 kV. Even though the duration

FIG. 36. (Top) Amplitudes of the harmonic components with
acceleration of a single bunch at 3.1 × 1013 ppp from injection to
extraction and (second top to bottom) comparison of the gap
voltage waveforms without and with a beam at 0, 10, and 19.9 ms.
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of the high voltage is short, less than 5 μs, the voltage jump
may reduce the lifetime of the gap capacitors.
The voltage jump occurs because of the delay of the

feedback. The steady state phasor diagram [5] is illustrated in
Fig. 38(a). The total current IT into the cavity is the vector
sum of the generator current Ig and the beam current Ib,
which have the phase angles of ϕb and ϕL, respectively. ϕL
is the beam loading angle. I0 is the resistive current into the
cavity, where I0 ¼ IT cosϕz. The voltage is proportional to
IT and I0, where ϕz is the detuning angle of the cavity. Ig
is controlled by the feedback so that the gap voltage is as
programed. With high-intensity beams, namely, under heavy
beam loading with Y ¼ 6.9, jIgj is much larger than jIT j. We
put Ig ¼ Ig0 just before extraction.
When the beam is extracted by the kicker magnets in a

single turn, the beam current becomes suddenly zero. The
phasor diagram just after extraction is shown in Fig. 38(b).
The new total current into the cavity I0T consists of only
the generator current. Because of the system delay, the
new generator current is still kept as Ig0 before extraction.
Therefore, the new total current I0T ¼ Ig0, which has a
larger amplitude jI0T j > jIT j and a different phase angle, is
fed to the cavity. The new resistive current I00 ¼ I0T cosϕz is
also larger than I0. Since the RCS cavity has a very low Q
value of 2, the voltage reacts quickly within a few cycles.
That is the reason why the gap voltage jumps up just after
extraction.
While the delay of the feedback is inevitable, the voltage

jump can be mitigated by applying the gain pattern, which
is included in Fig. 6. Since the timing of the MLF beam
extraction is fixed [42], one can turn off the generator
current when the beam is extracted by turning off the rf
output by the gain pattern just before extraction of the
beam. The timing must be adjusted carefully. If the change
is too early, the suppression of the wake voltage becomes
worse before extraction, and the beam may be affected by

the wake voltage. If the change is late, the voltage jump
remains. The sampling frequency of the gain pattern is
1 MHz, which gives a timing resolution of 1 μs.
The timing is adjusted by looking at the voltage wave-

form. The optimum timing is from 19.995 ms from the
Bmin, which is 3.7 μs before extraction. The applied gain
pattern and resultant voltage waveform are plotted in
Fig. 37. The unwanted voltage jump is well mitigated.
This method cannot be applied for the MR beam

extraction, where the extraction timing varies within on
the order of 10 μs for selection of the MR bucket. We are
considering a countermeasure against the voltage jump for
the MR beam extraction.

VII. CONCLUSION

We developed a novel multiharmonic vector rf voltage
control for the wideband MA cavity driven by a vacuum
tube amplifier as a part of the next-generation LLRF control
system for the J-PARC RCS. It controls the complex
amplitudes of eight harmonics to cover the wide frequency
response of the cavity, where multiharmonic beam loading
must be compensated for high-intensity beam acceleration.
Originally, we employed the rf feedforward method for

beam loading compensation, and the multiharmonic feed-
forward works fairy well with high-intensity beams up to
the design beam power of 1 MW, while the degradation of
its compensation performance has been observed with
more than 600 kW equivalent beams. Circuit simulations
are performed to address the issues of the rf feedforward
method. The gain variation and output current distortion of
the vacuum tube introduce difficulties of the feedforward.
The multiharmonic vector rf voltage control is composed

by the I=Q feedback blocks with features for the frequency
sweeps during the proton beam acceleration. The phase
offset LUT compensates the phase shift due to the long
cable to keep the condition for closing the feedback, and the
gain LUT compensates the amplitude response of the cavity
so that similar feedback gains are obtained for all harmon-
ics. The commissioning methodology of the LUTs is
established.

(a) (b)

FIG. 38. (a) Steady state phasor diagram under beam loading
and (b) phasor diagram just after the beam extraction.

FIG. 37. Voltage waveforms near the extraction of a 1 MW
equivalent beam without and with the gain pattern. The applied
gain pattern is also plotted.
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The performance of the feedback strongly depends on
the configuration of the low-pass filter in the I=Q demodu-
lator. The hybrid filter, where the tracking CIC filter and
the leaky integrator are cascaded, is finally selected with a
detailed analysis. By both simulations and the measure-
ments, the advantage of the hybrid filter on the performance
concerning the feedback over the five-stage CIC filter is
confirmed.
Driving of the wideband cavity with the vacuum tube

amplifier causes voltage distortion, since the output current
of the tube contains higher harmonics. It becomes signifi-
cant when the output current of the tube is high, in other
words, under the heavy beam loading that requires large
amplitude compensation signals. The multiharmonic vector
rf voltage control suppresses the voltage distortion nicely.
Recently, the wideband MA cavities were used in the
CERN accelerator complex [22] and a similar I=Q feed-
back loop was employed, where they call it the cavity servo
loop [43]. The major difference between us and CERN is
that they employ the low-distortion solid-state amplifier
as the final stage amplifier. In our case, the vacuum tube
amplifier is necessary because of the very high required
voltage and power. The multiharmonic vector rf voltage
control works with the vacuum tube amplifier.
The successful demonstration of the multiharmonic rf

voltage generation gives us the opportunity to consider the
improvement of the longitudinal painting during the
injection period using more than two harmonics, which
is the situation at present.
Beam tests using very-high-intensity beams up to the

design intensity of 8.3 × 1013 ppp that corresponds to 1MW
at the repetition rate of 25 Hz were successfully carried
out. In the tests for cancellation of the wake voltages without
driving rf, the wake voltages of significant amplitudes
induced by the high-intensity beam are well suppressed
for both cases of the acceleration of two bunches and a single
bunch, where the operating conditions of the vacuum tube
are different. With driving rf voltages, the beam loading of
the 1 MW equivalent beam is compensated. The amplitude
and phase of the driving harmonics (h ¼ 2, 4) are controlled
as programed. The other harmonics due to the wake voltage
induced by the beam and also due to the distortion of tube
output current are significantly suppressed. We emphasize
that the clean rf voltage in the cavity as programed is very
helpful for transverse beam dynamics studies, since it is
difficult to include the beam loading effects or the voltage
distortion due to the tube in the transverse space charge
tracking simulation codes. The clean rf voltage is helpful to
compare the real beams with simulations.
We note here that the compensation of the odd harmonics

is important to accelerate two bunches at very high
intensity, because they may cause unwanted beam oscil-
lations in some conditions [12].
The intensity for the single-bunch acceleration is limited

to 3.1 × 1013 ppp because of the output saturation of the

voltage control. The consolidation of the amplifier chain is
demanded. As described in Sec. II, the solid-state amplifier
in the chain is a possible major source of the saturation.
A consolidation plan is under consideration.
The inevitable delay of the feedback causes the unwanted

voltage jump just after the extraction of high-intensity
beams. It is mitigated by applying a suitable gain pattern
in the feedback block.
The performance of the multiharmonic vector voltage

control is promising. It works well for various beam
conditions, where the operating conditions of the vacuum
tube are expected to be also various. The existing LLRF
control system for the RCS will be replaced with the next-
generation system during the summer maintenance period
in 2019. Having multiharmonic vector rf voltage control
for all 12 cavities, more stable acceleration of the high-
intensity beams is expected.
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