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For the acceleration of very high intensity protons in the 3 GeV rapid cycling synchrotron (RCS) of the
Japan Proton Accelerator Research Complex (J-PARC), the beam loading compensation in the rf
accelerating cavities is implemented. The magnetic-alloy (MA) loaded cavities, which have a wide-
band frequency response, are employed in the J-PARC RCS. The wake voltage in the wide-band MA
cavity consists of not only a component of the fundamental accelerating rf, but also the higher harmonics.
We developed a multiharmonic feedforward compensation system, which handles the most important
three harmonics (h = 2, 4, 6). The function of the multiharmonic feedforward is described. Adjustments
of the amplitude and phase patterns for the cancellation of the wake voltage during the acceleration period
are not trivial. We developed the commissioning methodology of the feedforward. We describe the
methodology in the cases without and with driving the accelerating rf. The commissioning of the systems
for 11 cavities in the RCS was successful. We describe the commissioning results and the beneficial
effects of the feedforward compensation in the beam operation.
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L. INTRODUCTION

In the 3 GeV rapid cycling synchrotron (RCS) of the
Japan Proton Accelerator Research Complex (J-PARC)
[1-3]. the magnetic-alloy (MA) loaded cavities are em-
ployed to generate the high accelerating voltage, which is
necessary to accelerate high intensity proton beams. The
MA-loaded cavity can achieve a high accelerating field
gradient in the order of 20 kV/m, which is 2 times higher
than the field achieved by ferrite-loaded cavities
(10 kV/m). The parameters of the J-PARC RCS and its
rf system are listed in Table I. In the RCS, the maximum
accelerating voltage is 400 kV with 11 cavities.

The Q value of the MA cavity is set to 2. This wide
frequency response covers the frequency sweep to follow
the velocity change during acceleration without the tuning
bias loop which is necessary in case of ferrite cavities. The
low-level rf (LLRF) control system for the MA cavities is
more simple than that for ferrite cavities.

Furthermore, the wide-band frequency response of the
MA cavity (Q = 2) covers the frequency range of the
second harmonic (2 = 4). In the dual-harmonic operation,
each cavity is driven by the superposition of the funda-
mental accelerating harmonic (7 = 2) and the second har-
monic (h = 4) for bunch shaping. By the dual-harmonic
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operation, a large amplitude second harmonic rf can be
generated without extra second harmonic cavities. Because
of the limited circumference of the RCS, the dual-
harmonic operation is essential to generate the large am-
plitude second harmonic rf. Applying the large amplitude
second harmonic rf during the injection period, the bunch-
ing factor, which is defined by the ratio of average and peak
current, is improved [4] and the beam losses due to the
space-charge effects are reduced well, from 7% to less than
1% for 300 kW equivalent beam [2.5 X 10'® protons per
pulse (ppp)] [5].

The beam loading [6] is a key issue of high intensity
proton rings. The relative loading factor Y,

Y=1,/1 o (D
TABLE I. Parameters of the J-PARC RCS and its rf system.
Circumference 348333 m
Energy (design) 0.400-3 GeV

(present) 0.181-3 GeV
(design) 8.3 X 10" ppp
(achieved) 3.3 X 10" ppp

Accelerating frequency 0.938-1.671 MHz

Harmonic number 2
Maximum rf voltage (design) 450 kV
(achieved) 400 kV
25 Hz
(design) 12
(installed) 11

Beam intensity

Repetition
Number of cavities
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where I, is the beam current and /, is the generator current,
is a convenient parameter to consider how severe the
beam loading effects are to the rf feedback system. It is
recommended that ¥ should be less than 1. MA cavities
have relatively low shunt resistances compared to ferrite
cavities and the generator currents are comparatively large,
which is a benefit to handle the beam loading. In the RCS
design, the relative loading factor Y is almost always kept
less than 1 at the design beam power, 1 MW, except near
the extraction, where the rf voltage is small to match the rf
bucket of the RCS with that of the main ring and there Y is
fairly higher than 1. Thus, the beam loading compensation
is necessary to accelerate the beams at the full intensity.

Furthermore, due to the wide-band frequency response,
the wake voltages consist not only of the fundamental
accelerating harmonic but also the higher harmonic com-
ponents. The rf bucket distortion is an issue for high power
beam acceleration. A longitudinal particle tracking simu-
lation [7] has shown that at least the fundamental and
second harmonic components must be compensated to
accelerate the full-intensity beams.

We employ the rf feedforward (FF) method to compen-
sate the multiharmonic beam loading. The beam loading
compensation by the feedforward method was utilized in
various proton rings, for example, KEK-PS [8,9],
CERN-PS [10,11], and ISIS [12]. In all of them, ferrite
cavities are used in single harmonic operation.

The multiharmonic beam loading compensation in a
wide-band MA cavity by the feedforward method was
tested by using electron beams [13]. Also in the barrier
cavity in the Brookhaven AGS, which has a very low Q
value about 0.6, a multiharmonic FF system was used
[14]. It is reported in the references above that the multi-
harmonic beam loading compensation by the rf feedfor-
ward method works; however, the compensation was
performed without driving rf voltages and frequency
sweeps, which is necessary for the application to the
J-PARC RCS.

All of the rf feedforward systems described above are
implemented by analog circuits. It is not easy to adjust the
feedforward parameters during a full acceleration period,
in which the parameters such as frequencies and relative
loading factors Y vary, by analog circuits.

We developed a multiharmonic rf feedforward system as
a part of the LLRF control system for the J-PARC RCS.
The LLRF control system including the feedforward is
fully implemented by digital circuits to realize the stable
and reproducible control. In Sec. II we describe the over-
view of the multiharmonic rf feedforward system.

The feedforward method requires delicate adjustment of
the parameters, while the hardware implementation itself is
simple [15]. We established the commissioning methodol-
ogy of the multiharmonic feedforward. We describe the
details of the methodology and present the commissioning
results.

II. MULTIHARMONIC FEEDFORWARD SYSTEM

A. Overview of LLRF control system

A simplified block diagram of the LLRF control system
of the J-PARC RCS is shown in Fig. 1 [16]. All LLRF
modules are implemented by digital circuits, which are
working with a system clock at the frequency of 36 MHz
generated by locking to the 12 MHz master clock of the
J-PARC timing system [17], to synchronize to the other
accelerator devices in the J-PARC complex.

The multiharmonic phase reference signals are gener-
ated in the ‘“standard-phase generator (SPG)” and the
“beam-current analysis (BCA)” modules by the direct
digital synthesis (DDS) technology [16]. In the SPG and
BCA modules, the phase reference signals of the harmon-
ics (h = 2,4) and (h = 2, 4, 6) are generated, respectively.
The SPG and BCA modules contain phase accumulators,
which accumulate phase increments corresponding to the
revolution frequency at each system clock, so that sawtooth
phase reference signals are generated. The phase reference
signals of the higher harmonics of the revolution are gen-
erated by multiplying the revolution phase signal by the
harmonic number /. Since the multiharmonic phase refer-
ence signals are generated without phase locked loop, the
synchronization between the harmonics is guaranteed. The
multiharmonic phase reference signals are used for gen-
eration of the driving rf signal (A = 2, 4) and for detection
of the rf voltage and the beam signal by using in-phase/
quadrature-phase (I/Q) demodulation.

By using the DDS, the frequency is highly accurate. The
accuracy is in the order of 1077, while that of analog
voltage controlled oscillators is about 1074,

As described in the Introduction, the MA cavity is driven
by the superposition of the fundamental and the second
harmonic rf signals. To control the amplitude of both
harmonics, the dual-harmonic auto voltage control (AVC)
is implemented [18]. By the strong control of the dual-
harmonic AVC, the amplitudes of the harmonics are main-
tained as programmed under the high power beam load at
the beam power of 300 kW. The dual-harmonic AVC is
implemented in the “RFG (1f generator)” module.

The common beam feedbacks, the phase and radial
feedbacks, are implemented in the LLRF control system
of the RCS. However, the radial feedback is not used in the
beam operation, because the rf frequency of the DDS and
the bending magnet fields are very stable and reproducible.
When required, for example, at startup time after a shut-
down period, we take an orbit signal of a full accelerating
cycle and correct the frequency pattern [19]. Thus, the
rf and beam revolution frequencies are highly reproduc-
ible. The phase feedback of the fundamental harmonic
damps longitudinal dipole oscillations, and that of the
second harmonic locks its phase to the phase of the fun-
damental harmonic so that the desired voltage waveform is
obtained [20].
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The rf feedforward system uses the wall current monitor
(WCM) signal to generate the feedforward compensation
signal. The feedforward signal is generated for each of the
cavities and summed up to the driving rf (RFG output)
signal by the summation amplifier. The function of the rf
feedforward system is described in the following
subsection.

B. Function of the feedforward system

The operational principle of the rf feedforward method
is shown in Fig. 2. Assuming that the beam current is iy,
if the feedforward system generates — iy, in the cavity by
using the WCM beam signal in addition to the driving rf

Beam Pick Up

(WCM) Cavity

Feedforward
Module

FIG. 2. A conceptual diagram of the rf feedforward method.
The feedforward module generates —iy.,, so that the wake
voltages are canceled.

Simplified block diagram of the RCS LLRF control system.

current for the rf voltage generation, the wake voltage is
canceled. As described in the previous section, the wake
voltage consists not only of the fundamental accelerating
harmonic but also the higher harmonics. We developed the
multiharmonic feedforward system, which can compensate
the beam loading of the most important three harmonics
(h=2,4,6).

The block diagram of the feedforward system is shown
in Fig. 3. The beam signal from the WCM is digitized by an
analog-to-digital converter. The digitized beam signal is
led into the I/Q detection blocks for the harmonics
(h = 2,4, 6). Sine and cosine signals with unity amplitude
of the selected harmonic are generated by using the phase
reference signal of the harmonic, and the beam signal is
multiplied by the sine and cosine signals. Applying the
low-pass filter, the I/Q vectors of the selected harmonic,
(I, Qout) are obtained as

Iout = A(h’r t) Sin[¢(h’ t)]: (2)

Qout = A(h) t) COS[¢(h’ t)]! (3)
where h is the harmonics selected, A(h, 1) and ¢(h, 1) are
the amplitude and the phase of the selected harmonics,
respectively. This function is implemented in the BCA
(beam-current analysis) module in Fig. 1. The I/Q vectors
of the harmonics are distributed to the feedforward control
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FIG. 3. Block diagram of the multiharmonic rf feedforward
system.

(FFC) modules to generate the compensation signals for 12
cavities.

To generate the compensation signal, the I/Q modulation
technique is employed. Like the I/Q detection, the sine and
cosine signals are generated by using the phase reference
signal of the selected harmonic, and the I/Q vector and the
sine and cosine signals are multiplied so that the I/Q
modulation output is obtained as

(I/Q modulation output)
= G[Iout cos(wht + lﬂ) + Qout Sin(wht + lﬂ)]
= GA(h, t) sinfw,t + ¢ (h, 1) + ], 4)

where G and ¢ are the gain and phase patterns and w, is
the angular frequency of the selected harmonic, namely,
o, = h X w,, (revolution frequency).

Finally, the I/Q modulation outputs are summed up and
the feedforward signal is converted by the digital-to-analog
converter. The feedforward signal is sent to the summation
amplifier.

Essentially, the feedforward system works as a bandpass
filter, which has the passbands at the harmonics of
(h =2,4,6) with programmed gain and phase patterns.
The passbands follow the frequency sweep during the
acceleration by referring to the phase reference signals
generated by the DDS.

In the feedforward system of the RCS, the pattern sam-
pling frequency is 1 MHz [21].

III. COMMISSIONING OF THE
FEEDFORWARD SYSTEM

As described in the previous section, the amplitude and
phase patterns must be adjusted so that the wake voltages
of the harmonics are canceled. We describe the commis-
sioning methodology for two cases, without the driving rf
and with the driving accelerating rf.

RCS RF control room ch1: LLRF .
(ground floor) driving rf oscilloscope | cpa: peam current
> Lecroy -
WP950
LLRF

RFG #n ch3: cavity & A ch4: FF. output

ot voltage
rf outpu i

P monitor LLRF

feedforward
system

WCM in &

#n FF out

Summation
amplifier

Driver amplifier

RCS tunnel

Final stage
amplifier

rf cavity
proton beam #n

wem\_J

FIG. 4. Beam test setup. The commissioning of the feedfor-
ward system is performed for each of the cavities. In the figure,
#n is the cavity number. The signals are well matched.

The commissioning of the feedforward system was per-
formed with a 300 kW equivalent beam (2.5 X 103 ppp).
The longitudinal painting [4] with the second harmonic rf
was fully applied.

The beam test setup is illustrated in Fig. 4. In the figure,
#n is the cavity number (1-11). The commissioning of the
feedforward system is performed for each cavity. The
following signals are recorded by the oscilloscope
(Lecroy WP950): (i) LLRF driving rf (channel 1); (ii)
WCM signal (channel 2); (iii) cavity gap voltage monitor
(channel 3); (iv) feedforward output (channel 4).

The signals are recorded at the sampling rate of
200 Ms/s from the injection to the extraction. The record
length is 4.15 M points for each channel.

The harmonic analysis for each channel is performed on
the PC and the complex amplitudes of the harmonics
(h = 2,4,6) are obtained. The complex amplitudes are
used for the calculation of the transfer functions and the
impedances.

A. Cancellation of the wake voltage without rf drive

We describe the commissioning methodology to cancel
the wake voltages in a cavity without driving rf voltage.
The test was performed to demonstrate the performance of
the rf feedforward system, while the situation that one of
the cavities is not driven is not a standard operation.

To keep the total accelerating rf voltage, the other cav-
ities were driven by a voltage pattern scaled by a factor 1.1
of the normal voltage pattern. The total idling current of
the tube amplifier of the target system was 10 A.

The test was performed for all of the 11 cavities. Here
we describe the commissioning method with showing the
results of cavity #10, as follows.

First, the test beam was accelerated without feedforward
compensation signal, and the full waveforms of the WCM
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FIG. 5. The WCM signal (channel 2). The envelope of full
waveform from the injection to the extraction (upper) and a
magnified view near the extraction (lower).

signal (channel 2) and gap voltage monitor of the target
cavity (channel 3) from the injection to the extraction are
recorded. Since the cavity was not driven, the gap voltage
consists of only the wake voltage. In Figs. 5 and 6, the
recorded signals of the WCM and the gap voltage monitor
of cavity #10 are shown. The harmonic analysis is per-
formed on these signals to extract the (h = 2, 4, 6) complex
components.

The amplitudes of the harmonic components of the
WCM signal and cavity #10 gap monitor are shown in
Fig. 7. As the revolution frequency increases from the
injection to the extraction, the beam current increases.
The ratios of the harmonics of the WCM signal correspond
to the bunch shape. The second harmonic (A = 4) compo-
nent is very small during the injection period in which the
bunch is very flat thanks to the longitudinal painting by
using the second harmonic rf voltages [4]. After 2 ms the
second harmonic rf voltage is zero and the second har-
monic beam component increases. Since the conversion of
the WCM is that
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FIG. 6. The gap voltage monitor signal of cavity #10 (chan-
nel 3). The envelope of full waveform from the injection to the
extraction (upper) and a magnified view near the extraction
(lower). The gap voltage consists of only the wake voltage.

(beam current [A]) = (WCM voltage [V])/0.05, (5)

one can see that the (2 = 2) component of the circulating
beam current reaches more than 5 A just before extraction
when the beam of 2.5 X 10'3 ppp is accelerated.

Assuming steady state, the wake voltage in frequency
domain is expressed as

Vcav(w) = anv(w) : Ibeam(w)) (6)

where w is the angular frequency, V,, (@) the gap voltage,
Z..ay(@) the cavity gap impedance, and Iy, (w) the beam
current. The resonant frequency of the cavity is about
1.7 MHz. The amplitude of fundamental (2 = 2) compo-
nent of the wake voltage increases from the injection to the
extraction, not only because the beam current increases,
but also because the (h = 2) frequency gets closer to the
resonant frequency. On the other hand, the second and
the third harmonic components (k2 = 4,6) veer away
from the resonant frequency. The increments of the ampli-
tudes of the higher harmonics are limited compared to the
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FIG. 7. The harmonic components of the WCM signal (top)
and cavity #10 gap monitor (bottom).

increase of the beam current. By using the conversion of
the gap voltage monitor as

(gap voltage [V]) = (monitor voltage [V]) X 3.35 X 10,
(7

the fundamental component of the wake voltage is more
than 4 kV per gap just before the extraction at this beam
intensity.

Since the frequency sweep is slow compared to the wide
frequency response of the MA cavity (Q = 2), a steady-
state equation is a good approximation to calculate the time
variation of the cavity gap impedance seen by the beam.
Equation (6) can be rewritten as

Vcav[wh(t)] = anv[wh(t)] . Ibeam[a)h(t)]r (8)

where w,(¢) is the angular frequency of the harmonic
(h=12,4,6) and ¢ is the time. The frequencies of the
harmonics are obtained as functions of time as pro-
grammed. To simplify the notation, we define
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FIG. 8. Translation to impedance. Z(w) = V(w)/I(w)—(top)
as function of time and (bottom) frequency domain.

Vcav[wh(t)] = Vcav(h’ [):
Ibeam[wh(t)] = Ibeam(h: 1), ©)
Zealwy ()] = Zyy (b, 1).

By using (9), (8) becomes

Vcav(h’ 1) = anv(h> HE Ibeam(h’ 1. (10)

By (10) and the complex harmonic components of the
beam current and the cavity gap voltage, the cavity imped-
ance is obtained for each harmonics as a function of time.
By using the frequency program, one can reconstruct the
impedance curve in the frequency domain. In Fig. 8, the
gap impedance seen by the beam is plotted. In the figure,
the upper plot shows the time variations and the lower
shows the reconstructed frequency response. In the lower
plot, the frequency response of the parallel circuit model
(R=1850Q, L =50 uH, C =175 pF) is also plotted.
The measured impedance and the circuit model show
good agreement. Because the higher harmonic components
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(h = 4, 6) of the beam current are small at the beginning of
the acceleration before 2 ms as shown in Fig. 7, the
impedance calculation shows larger errors due to the small
denominators.

The feedforward signal has a delay, due to the long cable
lengths from the WCM in the accelerator tunnel to the
feedforward system in the ground floor and from
the feedforward system to the cavity in the tunnel,
and the group delay of the feedforward system. To com-
pensate the delay, the initial phase pattern is advanced from
the starting phase as follows:

Af-T; X360 [deg], (11

where Af is the frequency difference of the selected har-
monics (h = 2, 4, 6) from that of the injection and 7 is the
total delay. In our system, the total delay is about 3.6 us.
A constant gain pattern was used as the initial gain pattern.

Here, the test beam was accelerated with the
feedforward compensation signal. With the feedforward
signal, the cavity voltage is a superposition of the wake
voltage and the feedforward signal. For the harmonics
(h = 2,4, 6), we can write

Vcav(h’ t) = Vcav, wake(h’ t) + Vcav, FF(h, t)
= anv(h’ t) ' Ibeam(h’ t) + ZFF(hr t) ' Ibeam(h: t)’
(12)

where Vi, wake (A, 1) and Vi, rr(h, 1) are the voltage com-
ponents of the wake and the feedforward signal, respec-
tively. Since Z.,,(h, ) is already known by the previous
measurement, Zgg(h, 1), which is the transfer function from
the beam current to the feedforward gap voltage, is ob-
tained by using the measured voltage and beam current,
Vcav(h, t) and Ibeam(h’ t)-
The impedance seen by the beam is now

anv(h: t) + ZFF(hr t)- (13)

Assuming the linear response of the feedforward voltage,
the gain and phase patterns are modified so that

ZFF(h’ t) = _anv(hr t)' (14)

By the modified pattern, the test beam is again accelerated.
Several iterations are necessary to realize the minimum
impedance seen by the beam.

The waveform of the gap voltage monitor signal is
shown in Fig. 9. Comparing to Fig. 6, one can see that
the wake voltage is canceled by the feedforward signal.
The harmonic components of the gap voltage monitor are
shown in Fig. 10. For all three harmonics (h = 2, 4, 6), the
residual voltage is very small compared to the lower plot in
Fig. 7.

Finally, the impedance seen by the beam is plotted in
Fig. 11. In the figure, the cavity impedances without the
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FIG. 9. The gap voltage monitor signal of cavity #10
(channel 3) with feedforward on. The envelope of full waveform
from the injection to the extraction (upper) and a magnified view
near the extraction (lower). The wake voltage is canceled and
only a noise signal is remaining.
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FIG. 10. The harmonic components of the gap monitor signal
with feedforward.
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and with FF. A reduction of 1/10 in a full accelerating period is
achieved for the fundamental accelerating harmonic (h = 2).

feedforward (Z.,,) and the feedforward transfer functions
(Zgr) are also plotted. Because the pattern is modified so
that (14) is satisfied, one can clearly see that the amplitudes
of the impedances of the cavity and the feedforward be-
come very close. Thus, the impedance seen by the beam is
significantly reduced with the feedforward. For the funda-
mental (h = 2), a reduction in the order of 1/10 from the
injection to the extraction is achieved. Except near
the injection great reduction is achieved also for the other
harmonics (h = 4, 6).

B. Beam loading compensation
with accelerating rf drive

We describe the commissioning methodology of the
feedforward in a cavity driven by the accelerating rf
voltages.

The gain and phase patterns which are optimum for the
case without the driving rf cannot be optimum in the case
with the driving rf too, due to the following reasons. First,
the impedances seen by the beam are different between
without and with the driving rf, because the tube currents
and the parallel resistances of the tubes are different, while
the cavity shunt resistance itself is independent of the
driving rf. Second, the high power amplifier shows ampli-
tude dependencies. For example, the rf splitter using small
ferrite cores in the grid circuit shows a phase shift, which
depends on the driving rf amplitude.

The cavity gap voltage is the superposition of the driving
rf, the wake voltage, and the feedforward voltage. For the
commissioning of the feedforward system, one must sepa-
rate these components.

We developed the commissioning methodology as de-
scribed in the following steps.
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FIG. 12. Step 1 example (cavity #1). The harmonic compo-
nents of (top) the LLRF driving rf and (bottom) the cavity
voltage are plotted.

1. Step 1

First, we obtain the transfer function from the driving rf
to the cavity voltage.

The full waveforms of the LLRF driving rf signal and
the cavity voltage monitor during the accelerating period
without accelerating the beam are recorded. The harmonic
analysis for the harmonics (h = 2, 4, 6) is performed on the
recorded waveforms. The typical harmonic components of
the LLRF driving rf and the cavity voltage monitor are
plotted in Fig. 12.

One can notice that the third harmonic (2 = 6) compo-
nent appears in the cavity voltage monitor from 0 to 15 ms
while in the LLRF driving rf only the fundamental (7 = 2)
and the second harmonic (7 = 4) components exist. This is
because of the current waveform distortion by the high
power tube amplifier driven by the fundamental harmonic
rf. In case of high-Q cavities, the third harmonic compo-
nent is outside of the cavity resonance; however, the volt-
age of the third harmonic distortion is not negligible in our
low-Q (Q = 2) cavity.
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Because of the third harmonic component by the dis-
tortion, the separation of the wake and the driving rf is
difficult. In this commissioning the feedforward pattern of
the third harmonic (h = 6) is not modified by using the
measurement Instead a constant gain pattern and the phase
pattern obtained by the commissioning without the driving
rf is used for (h = 6).

By using the complex voltages of the harmonics
(h = 2, 4) of the driving rf [V4,(h, )] and the cavity voltage
[Veay(h, 1)1, the transfer function from the driving rf to the
cavity voltage (HS§(h, 1)) is obtained as

Vcav(h: t)

HE (1) = 5200

(15)

In the case of the second harmonic (h = 4), the voltage
program becomes zero during acceleration period, for
example, 2 ms after injection. When the voltage pattern
is zero, (15) gives large errors because Vgy.(h, t) is very
small and contains only noise. To avoid this issue, if
Vy:(h, t) is smaller than a certain small threshold, we set
H(h, 1) = 0.

2. Step 2

As described above, the impedance seen by the beam
depends on the tube currents. In this step, we obtain the
impedance of the target cavity under the condition of the
tube currents with the standard accelerating voltage
patterns.

To avoid the variation of the condition, this measure-
ment is performed without the AVC loop. We set a special
pattern, which generates similar voltages without AVC to
the voltages with AVC.

A test beam is accelerated with the AVC off. The LLRF
driving rf voltage (channel 1), the WCM (channel 2), and
the cavity gap voltage monitor (channel 3) are recorded for
the full accelerating period. The harmonic analysis is
performed with the recorded signals.

In Fig. 13, the harmonic components of the WCM beam
current and the cavity voltage monitor are plotted. One can
notice that the cavity voltage is modified by the wake
voltages, especially the fundamental accelerating har-
monic (h = 2) without AVC.

In this step, the cavity voltage is the superposition of the
driving rf component [V, 4:(h, )] and the wake voltage
[Veay,wake (1, 1)]. For the complex components for the har-
monics (h = 2, 4), the superposition is similar to (12) as

Vcav(hr t) = Hﬁ?V(h, t) ' Vdr(h’ t) + Z(/:av(h’ t) ' Ibeam(h’ t))
(16)

where Z.,.(h, 1) is the cavity gap impedance under the
condition of the tube currents with the driving rf voltage
and e, (h, 1) is the complex component of the beam
current. By using the harmonic components [V, (4, ),
Vg (h, 1), and I.,, (A, 1)] and the transfer function obtained
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FIG. 13. Step 2 example (cavity #1). The harmonic compo-
nents of (top) the WCM and (bottom) the cavity voltage.

in step 1 [H$(h, 1)], the cavity gap impedance Z(,,(h, t) is
obtained.

3. Step 3

In this step, the feedforward compensation signal is
applied to the target cavity.

The cavity voltage is the superposition of the driving rf
component, the wake voltage, and the feedforward compo-
nent [V, pr(h, 1)], as follows:

Vcav(h’ Z) = Hﬁ?v(h, t) : Vdr(h: t) + Zéav(hy t) : Ibeam(h’ [)
+ ZFF(h, t) ' Ibearn(h’ t), (17)

where Zgg(h, 1) is the transfer function from the beam
current to the feedforward voltage component.

By using the measured values [V, (h, 1), V4 (h, 1), and
Lieam(h, 1)] and the impedance and transfer functions
[HS(h, 1) and Z{,,(h, 1)], the transfer function Zgg(h, 1)
is obtained.

Similar to the case without driving rf voltage, the
amplitude and phase patterns are modified so that the
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impedance seen by the beam, Z., (A, 1) + Zgg(h, 1), is mini-

mized. For a given beam condition, only a few iterations of
step 3 result in an impedance reduction in the order of 1/10.
For fine-tuning aiming to keep the impedance seen by the
beam less than 25 () during the full accelerating period, one
or two additional iterations are necessary.

4. Commissioning results

The harmonic components of cavity #1 gap monitor,
without the feedforward and with the feedforward after
the iterations of step 3, are shown in Fig. 14. The funda-
mental (h = 2) components are similar in both cases be-
cause the amplitude of the fundamental rf is strongly
controlled by the AVC. The reduction of the second har-
monic (h = 4) components is very clear after the program
voltage becomes zero (2 ms). Since the pattern modifica-
tion is not applied for the third harmonic (2 = 6), the
reduction of the (A = 6) wake voltage is limited.

The comparisons of the impedances and the feedforward
transfer function of cavity #1 are shown in Fig. 15, both as
function of time and in frequency domain.
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FIG. 14. The harmonic components of cavity #l gap
monitor—(top) without the feedforward, (bottom) with the feed-
forward after the iterations of the step 3.

In the figure, “wake” indicates the impedance seen by
the beam without feedforward, ““FF component” indicates
the transfer function from the beam current to the feedfor-
ward component of the cavity voltage, and ““imp. seen by
the beam” is the impedance seen by the beam with the
feedforward signal after the iterations of step 3.

For the fundamental harmonic (h = 2) the amplitude of
the feedforward component is very close to the impedance
seen by the beam without feedforward from the beginning
of the acceleration to the extraction. Thus, the impedance
seen by the beam with feedforward is less than 25 () while
the shunt resistance of the accelerating gap is 800 ) dur-
ing a full accelerating period.

In case of the second harmonic (2 = 4), the impedance
reduction is limited until 2.5 ms due to the error of the
feedforward transfer function. However, after 2.5 ms the
reduction of the impedance seen by the beam is fine, it is
less than 25 ().
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FIG. 15. The comparison of the impedances and the feedfor-

ward transfer function of cavity#1—(top) as function of time,
(bottom) translation to frequency domain. In the frequency
domain, the impedance of a parallel LCR circuit is also plotted.
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A comparison of the cavity voltage waveform with no
beam, with the 300 kW equivalent beam without feedfor-
ward, and with feedforward, is shown in Fig. 16. In the
figure the waveforms at the middle of the acceleration
(10 ms) and just before extraction (20 ms) are plotted.
The waveforms are sinusoidal without the beam because
the second harmonic program voltage is zero at the middle
and end of the acceleration. Without feedforward, the
voltage distortion is observed due to the higher harmonic
wake voltages. Also, one can notice the delay of the
waveform compared to the case of no beam, which is
corresponding to the loading angle. With feedforward,
the distortion is fairly reduced and the phase shift of the
waveform is much smaller.

A phasor diagram of the voltage and currents with the
feedforward compensation is shown in Fig. 17. In the
figure, I;, is the beam current, I,,(total) is the total generator
current that consists of the driving rf component /,(drive)
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fith FF e
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!, /0]
|_=I (drive)

FIG. 17. Phasor diagram with the feedforward compensation.

and the feedforward component /,(FF), and /7 is the total
current fed into the cavity. The phases ¢, ¢, and ¢, are
the beam phase, the detuning angle of the cavity, and the
loading angle, respectively. If the feedforward compen-
sates the beam loading perfectly, I,(drive) is same as the
generator current without the beam, which generates the
voltage V9.

The amplitudes of the LLRF driving 1f in the cases of no
beam, with beam and no feedforward, and with beam and
feedforward, are plotted in Fig. 18. Without the feedfor-
ward, the voltage control loop increases the driving rf
amplitude to keep the voltage to against the beam loading.
On the other hand, the driving rf amplitude with the
feedforward is very close to the case of no beam. This
indicates that the beam loading compensation is working
properly and the condition I = I,(drive) is satisfied.

‘ ‘ ‘ ‘ ‘ All measurements above confirm that the beam loading
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time [us] torily. The commissioning of the feedforward for 11
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FIG. 16. Comparisons of cavity #1 voltage monitor waveforms 0'0_5 6 ' g 16 123 - 26 25

in the cases of no beam, without feedforward, with feedforward.
The beam intensity is 300 kW equivalent—(top) middle
of acceleration period and (bottom) just before extraction.
The distortion of the voltage waveform is reduced with
feedforward.

time from Bmin [ms]

FIG. 18. A comparison of the driving rf voltage of no beam,
without and with the feedforward. The cases of no beam and
with feedforward are very close.
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cavities has beam performed and the feedforward is used in
routine operations of the RCS.

IV. IMPROVEMENTS OF THE
BEAM QUALITY WITH THE
FEEDFORWARD

The distortion of the cavity voltage waveform by the
higher harmonic components of the wake voltage results in
a synchronous phase (¢,) deviation, because the energy
gain per turn at the synchronous phase must be the same in
both cases of undistorted and distorted waveforms. In
Fig. 19 the comparison of ¢, in an accelerating period of
the 300 kW equivalent beams without and with the feed-
forward is shown. In case of the feedforward, the synchro-
nous phases with various beam power are also plotted. One
can see that the synchronous phase is smaller with the
feedforward because the voltage distortion is fairly re-
duced, as shown in Fig. 16. The maximum ¢; is reduced
from 55 degrees to 49 degrees with the feedforward. The
dependency of the synchronous phase on the beam inten-
sity is quite small with the feedforward.

The rf buckets shrink with higher ¢, which may cause
beam losses at the high dispersion points in the arc section.
A comparison of beam loss monitor signals at the disper-
sion peak in the arc is shown in Fig. 20. Although the
intensity loss is not observed by the DC current trans-
former, there is a small amount of losses at the dispersion
peak in the middle of the acceleration and the losses are
possibly a cause of the radioactivation in the arc sections.
On the other hand, the losses disappear with the feedfor-
ward, which reduces voltage distortion and keeps the mar-
gin of the rf bucket.

Beams with larger longitudinal emittance can be accel-
erated by the wider rf bucket with the feedforward, and we
have more choices of the longitudinal painting parameters,
for example, the momentum offset and the duration of the
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FIG. 19. ¢, comparison with and without the feedforward.
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FIG. 20. Beam loss monitor signals at the arc section with the
accelerating 300 kW equivalent beams. The beam loss is reduced
by the feedforward.
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second harmonic voltages, which may result in larger
longitudinal emittance.

The rf voltage pattern of the RCS is programmed so that
the momentum filling factor is kept until the middle of the
acceleration to avoid unwanted emittance blowups.
However, the rf buckets are not as programmed if the
voltage waveforms are distorted. In Fig. 21 the harmonic
components (k2 = 2,4, 6) of the WCM beam signal of the
300 kW equivalent beam with and without feedforward are
plotted. Without the feedforward, the harmonic compo-
nents start oscillations from 3 ms, which is corresponding
to the quadrupole oscillation of the beam due to the mis-
match by the voltage waveform distortions. With the feed-
forward, the oscillations of the harmonics are very small.
This means that the feedforward compensation greatly
reduces the voltage waveform distortion and the beam feels
the accelerating voltage as programmed.

The bunch oscillation causes the unwanted longitudinal
emittance blowup. In Fig. 22, the bunch shapes just before
the extraction without and with the feedforward are shown.
Without the feedforward compensation, the bunch is wider

1.2 T T T T T T

1.0 .

0.8 |- 5

WCM signal [V]

_0.2 1 1 ] 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

time [us]
1.2 T T T T T T

1.0} .

0.8 |- .

0.6 |- E

04} :

WCM signal [V]

0.2} :

0.0

-0.2 Il 1 Il 1 ! !
0.0 0.2 0.4 0.6 0.8 1.0 1.2
time [us]

FIG. 22. Bunch shapes of just before extraction (top) without
and (bottom) with the feedforward.

because of the unwanted emittance blowup. With the feed-
forward compensation, the longitudinal beam emittance is
as programmed and the bunch is narrower. Therefore, the
control of the extracted bunch shape is possible with the
feedforward compensation.

V. SCALABILITY AND STABILITY
OF THE FEEDFORWARD

Because of its open-loop setup, the performance of the
feedforward may degrade with drifts or changes of any
elements of the rf system. If all parts of the rf system
were linear, the performance of the feedforward would
be independent of the beam intensity. However, the tube
current, on which the tube gain depends, is a function of the
accelerating beam current. Therefore, we checked the de-
pendency of the feedforward performance on the beam
intensity.
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FIG. 23. Cavity #11 impedance seen by the 400 kW equivalent
beam with the feedforward parameters optimized by the 300 kW
equivalent beam—(top) frequency domain and (bottom) as a
function of time.
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We used cavity #11 in the test. The feedforward patterns
of the cavity are optimized by using the 300 kW equivalent
beam (2.5 X 10" ppp). We accelerated the test beams at
the intensity of 400 kW equivalent (3.3 X 10'3 ppp) and
measured the impedance seen by the beam by using steps
1-3 described in the previous section.

The measurement results are plotted in Fig. 23. Clearly
we notice that there are some errors of the feedforward
amplitude and the reduction of the impedance seen by the
beam is not perfect as in the 300 kW case. However,
the error is small and the reduction is better than 1/14,
the worst point is around 7 ms, where the impedance is
reduced from 700 to 50 Q. Therefore, it is confirmed that
the feedforward patterns optimized by the 300 kW equiva-
lent beam can be used for higher beam intensities, at least
30% more intensity, 400 kW. The performance degradation
by the intensity change seems small.
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FIG. 24. Cavity #2 impedance seen by the beam as function of
time—(top) just after the feedforward patterns are optimized in
June 2010 and (bottom) as of March 2011. The impedance seen
by the beam is still low. It was not necessary to optimize the
patterns again.

We also performed the pattern optimization of the #11
system by steps 1-3 with the 400 kW equivalent beam. The
impedance seen by the beam was successfully reduced.
Hence, we confirmed that the commissioning methodology
of the feedforward works with the higher beam power.

The feedforward patterns of all 11 cavities were com-
missioned in June 2010, and it was not necessary to
optimize again until the present time of writing this article,
March 2011, except for the cases where the cavity con-
figuration changed (the #1, #4, and #5 systems). A com-
parison of impedance seen by the beam of cavity #2
between just after optimization in June 2010 and as of
March 2010, is shown in Fig. 24. One can see that a
good impedance reduction is still achieved in the case of
March 2011. This is not only because of the stability of the
full-digital feedforward system, but also because the high
power rf system including the MA cavities is stable.

VI. SUMMARY AND DISCUSSIONS

We summarize the article as follows.

1. For the high intensity operation of the J-PARC RCS, a
multiharmonic beam loading compensation, which cancels
the wake voltages of not only the fundamental accelerating
rf but also the higher harmonics in the wide-band MA
cavities, is necessary.

2. The rf feedforward method is employed for the beam
loading compensation in the RCS.

3. A multiharmonic feedforward compensation system is
developed as a part of the full-digital LLRF control system.
The feedforward system can cancel the most important
three harmonics (h = 2,4, 6). The system works as a
bandpass filter with the passbands of the harmonics
(h = 2,4, 6), whose passband follows the accelerating fre-
quency sweep. The gain and phase patterns of the feedfor-
ward are programmed to cancel the wake voltages.

4. The commissioning methodologies of the feedfor-
ward, in both cases without and with the driving rf volt-
ages, are established. The commissioning has been
performed with the 300 kW equivalent beams and the
commissioning of the feedforward systems for all 11 cav-
ities of the RCS was successfully done.

5. The beam loss in the high dispersion area is reduced
by the feedforward. Also, the unwanted longitudinal emit-
tance blowup is reduced. The beam sees the accelerating
voltage as programmed.

6. The scalability and the stability of the beam loading
compensation by the feedforward has been confirmed.

In the commissioning of the feedforward, we assume
the reproducibility of the transfer functions and cavity
impedances. The reproducibility is assured by the follow-
ing items: The MA cavity without the tuning bias loop can
be a passive load. In the case of the ferrite cavities with the
tuning bias loop, the cavity impedance varies as the tuning
loop control makes errors. The timing system of the
J-PARC is not synchronized to the AC-line frequency.
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The J-PARC accelerators work by the master clock and the
master trigger, which is based on the high-quality synthe-
sizer. Since the accelerator cycle is fixed independently of
the AC-line frequency drifts and the DDS generates a very
precise frequency, the rf frequency pattern of the RCS can
be fixed without a radial loop. We emphasize that the
reproducibility of the J-PARC RCS finally resulted in a
good reduction of the impedance seen by the beam with the
multiharmonic feedforward compensation system.

We are considering to apply the feedforward compensa-
tion of the odd harmonics (2 =1, 3,5) to accelerate a
single bunch in the RCS. The periodic transient beam
loading by the single bunch acceleration is limiting the
bunch intensity. The maximum particles per bunch is less
than that of the two bunch operation. By compensating the
odd harmonics we should be able to accelerate a bunch
with protons, which is comparable to the two bunch op-
eration. The high intensity single bunch acceleration will
be beneficial for some of the neutron and muon experi-
ments. A preliminary beam test for the compensation of the
odd harmonics has been started.

To conclude the article, we emphasize that the perform-
ance of the multiharmonic feedforward is encouraging the
high power operation at the design intensity.
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