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Abstract
The J-PARC RCS has successfully accelerated 1 MW

proton beam, matching the designed beam power. Therefore,

we have considered acceleration beyond the designed beam

power, with the next target being 1.2 MW.

An issue for 1.2 MW beam acceleration is the rf system.

The present anode power supply is limited by its output

current, and the vacuum tube amplifier suffers from an un-

balance of the anode voltage swing, arising from the combi-

nation of multi-harmonic rf driving and push-pull operation.

We have investigated the mitigation of the maximum an-

ode currents and unbalanced tubes by choosing appropriate

circuit parameters of the rf cavity with tube amplifier. We

describe the analysis results of the vacuum tube operation

for 1.2 MW beam acceleration in the RCS.

INTRODUCTION
The Japan Proton Accelerator Research Complex (J-

PARC) Rapid Cycling Synchrotron (RCS) has successfully

accelerated a 1 MW equivalent beam without significant

beam loss [1]. The RCS provides the proton beam to the

Material and Life science Facility (MLF) and the Main Ring

(MR). At present, a beam power of 500 kWhas been achieved

for the MLF user operation and it should be increased up to

1 MW.

It is important to note that a part of the beam from the

RCS is also delivered to the MR, which must be accounted

for when considering the power for the MLF. A plan to

reduce the repetition period of the MR is underway and it

is finally down to 1.16 s [2], whereas it is 2.48 s at present.

The RCS has to accelerate at least a 1.16 MW equivalent

beam to ensure that an average beam power of 1MW reaches

the MLF; thus, we set a target beam power of the RCS at

1.2 MW.

The beam commissioning and the particle tracking sim-

ulation suggest that the present RCS lattice can accelerate

beyond 1MWbeamwith an acceptable level of beam loss [3].

However, the output current of the anode power supply on

the rf system has almost reached the limit for the 1 MW

beam. Figure 1 shows the measured output current of the

anode power supply depending on the beam power.

The output current depends on the resonant frequency

of the rf cavity, and the red circles indicate the data from

the present cavity with a resonant frequency of 1.7 MHz.

The output current can be reduced by shifting to a higher

∗ masanobu.yamamoto@j-parc.jp

resonant frequency. The blue squares indicate the case at

2.1 MHz, which suggests that the anode power supply can

provide enough current even for a 1.2 MW beam.
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Figure 1: Measurement results for the output current of the

anode power supply depending on the beam power. The

red circles and blue squares indicate the cavity resonant

frequencies of 1.7 MHz and 2.1 MHz, respectively.

However, a vacuum tube operation analysis [4] suggested

that the tubes suffer from a severe unbalance of the anode

voltage swing caused by the multi-harmonic rf driving under

the push-pull operation of the vacuum tube amplifier [5]. The

large anode voltage swing induces a screen grid overcurrent

at the Tetrode tubes; therefore, such a tube operation should

be forbidden. This means that the vacuum tubes can not

drive the cavity even though the anode power supply provides

enough current to the tubes.

Although an intrinsic solution to avoid the unbalance is

to replace the present push-pull cavity with a single-ended

one [5], this takes a long time. Hence, we investigated how

to relieve the unbalance by choosing appropriate circuit pa-

rameters for the present cavity with tube amplifier.

ANALYSIS RESULTS
Figure 2 shows a schematic view of the rf cavity with tube

amplifier. There are three acceleration gaps and three mag-

netic alloy cores that are loaded upstream and downstream

of each gap. To adjust the resonant frequency and Q-value,

a parallel inductor [6] and a gap capacitor are installed. The

inductor has a value of 21.5 μH. When a 200 pF capacitor
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is attached to the acceleration gap, the resonant frequency is

1.7 MHz and the Q-value is 1.7. On the other hand, the res-

onant frequency is 2.1 MHz and the Q-value is 1.5 without

the capacitor.
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Figure 2: Schematic view of the rf cavity with tube amplifier.

Figure 3 shows the calculated results for the vacuum tubes

at a resonant frequency of 2.1 MHz for 1.2 MW beam accel-

eration. The acceleration period of the RCS is 20 ms, and

Fig. 3 shows an example at the middle of the acceleration.

The upper graph indicates the anode voltage and the lower

graph indicates the anode current. The rf cavity is driven by

two tubes in push-pull mode as shown in Fig. 2: the black

line indicates the left side of the tube “VT1”, and the red

line indicates the right side of the tube “VT2”.

The pink line indicates the screen grid voltage. When the

minimum value of the anode voltage is lower than the screen

grid voltage, the screen grid suffers from an overcurrent and

the tubes can not drive the cavity. The anode voltage on

VT2 is below the limit as shown in Fig.3, and this operation

should be avoided.

We performed a parameter search to achieve 1.2 MW

beam acceleration by changing the values of the parallel

inductor and vacuum capacitor. It was found that the un-

balance of the anode voltage swing tends to be reduced by

choosing a higher resonant frequency and a higher Q-value

than the present parameters.

Figure 4 shows the calculated results with a 12 μH in-

ductor and a 100 pF capacitor. In this case, the resonant

frequency is 2.3 MHz and the Q-value is 3. The unbalance

of the anode voltage swing is smaller than the case shown in

Fig. 3. However, the anode voltage swing is still large and

the minimum value of the anode voltage is almost the same

as the screen grid voltage. Although further reduction of the

anode voltage swing is necessary for stable tube operation,

it is difficult to find appropriate parameters other than those

presented above.

-30
-20
-10
0
10
20
30

-360 -270 -180 -90 0 90 180 270 360
Phase (degrees)

A
no

de
 v

ol
ta

ge
 (k

V
) VT1

VT2

Gap voltage

-500
-400
-300
-200
-100

0
100

-360 -270 -180 -90 0 90 180 270 360
Phase (degrees)

A
no

de
 c

ur
re

nt
 (A

)

Figure 3: Tube operation analysis of the anode voltage and

the anode current under the 1.2MW beam acceleration at the

resonant frequency of 2.1 MHz. The black line represents

VT1 and the red line represents VT2. The blue line indicates

the gap voltage.
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Figure 4: Tube operation analysis of the anode voltage and

the anode current under the 1.2 MW beam acceleration after

changing of value for the inductor and capacitor. The black

line represents VT1 and the red line represents VT2. The

blue line represents the gap voltage.

Another way to change the circuit configuration is by

splitting the parallel inductor into upstream and downstream

parts, wherein a chassis ground of the amplifier is connected

in between them, as shown in Fig. 5. This modification

makes the current going through the inductor different in

the upstream and downstream parts, whereas previously it

was the same in both parts. Consequently, the impedance

seen by the tubes is changed and it is expected that the anode

voltages on both tubes will also be changed.

Figure 6 shows the calculated results under 1.2 MW beam

acceleration with the split inductor of 12 μH and 100 pF
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Figure 5: Schematic view of the rf cavity with amplifier

using a split parallel inductor.

capacitor. The minimum value of the anode voltage on both

tubes is larger than the screen grid voltage. In this case, the

fundamental component of the anode voltage on VT2 can

especially be reduced by changing the impedance seen by the

tubes. The vacuum tube operation analysis was performed

over the whole acceleration period, and we confirmed that

the minimum value of the anode voltage always exceeds the

screen grid voltage.
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Figure 6: Tube operation analysis of the anode voltage and

the anode current under the 1.2 MW beam acceleration with

the split inductor. The black line represents VT1 and the red

line represents VT2 The blue line represents the gap voltage.

Figure 7 shows the calculated output current of the anode

power supply during acceleration with several beam powers.

As can be seen, the maximum output current is below the

limit even in the case of 1.2 MW beam acceleration. This
means we can accelerate the 1.2 MW beam by choosing the

appropriate parameters using the split inductor.
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Figure 7: Calculation results for the output current of the

anode power supply during acceleration with several beam

powers.

SUMMARY
We investigated to achieve the 1.2 MW beam acceleration

in the J-PARC RCS. One of the issue is the rf system, and

the output current of the anode power supply almost reached

its limit under the 1 MW beam acceleration. Although the

output current of the anode power supply can be reduced

by shifting the resonant frequency of the cavity higher, the

unbalance of the anode voltage swing on the vacuum tube

still remains due to multi-harmonic rf driving under push-

pull operation. We performed the vacuum tube operation

analysis to find the appropriate parameters for the cavity

with amplifier, and we found that the unbalance is relieved

using the split inductor.
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