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Abstract

We conducted a high-power test of a prototype cavity of a
324-MHz inter-digital H-mode drift tube linac (IH-DTL) for
the muon g-2/EDM experiment at J-PARC. This prototype
cavity (short-IH) was developed to verify the fabrication
methodology for the full-length IH cavity with a monolithic
DT structure. After 40 h of conditioning, the short-IH has
been stably operated with an RF power of 88 kW, which
corresponds to 10% higher accelerating field than the design
field (Ep) of 3.0MV/m. In addition, the thermal charac-
teristics and frequency response were measured, verifying
that the experimental data was consistent with the three-
dimensional model. In this paper, the high-power tests of
this IH-DTL for muon acceleration are described.

INTRODUCTION

At the Japan Proton Accelerator Research Complex (J-
PARC), an experiment is planned to measure the anoma-
lous magnetic moments of muons [1] and search for electric
dipole moments using accelerated muons by a muon linear
accelerator (linac) [2]. The muon linac consists of a radio-
frequency quadrupole linac (RFQ), an inter-digital H-mode
drift-tube linac (IH-DTL), disk and washer coupled cavity
linacs (DAW-CCL), and disk-loaded accelerating structures
(DLS) [3,4]. Muons are accelerated from an energy of
25meV to 212MeV (B = 0.95), avoiding significant emit-
tance growth to satisfy the experimental requirement of a
transverse divergence angle of less than 107>,

The muons bunched and accelerated by the RFQ are accel-
erated from 0.34 MeV to 4.3 MeV (8 = 0.08 — 0.28). The
Alvarez DTL is widely used for this 8 region. However, re-
ducing construction costs is critical for the realization of our
experiment. Therefore, we employed the alternating phase
focusing (APF) [5] method. The APF method utilizes the
transverse focusing force derived from the RF electric field
by appropriately selecting each gap’s positive and negative
synchronization phases. With this scheme, the structure
can be drastically simplified by omitting the complicated
focusing-element-containing drift tubes (DT). The APF is
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usually used for heavy ion linacs having relatively low beam
currents [6—8]. For our muon linac, the beam current is very
low, so we considered it applicable. However, more careful
treatment of the RF transverse force was necessary in the
beam dynamics design [9] because of the much lighter mass
of the muon.

Moreover, for the APF IH-DTL cavity, a three-piece struc-
ture [10], which is also effective for cost reduction, can
be applied. A center plate and two semi-cylindrical side
shells made of oxygen-free copper (OFC) are bolted together
to form the cavity structure. On the center plate, all DTs
are monolithically machined. With this method, the time-
consuming DT alignment procedure is not required.

However, because this is the first case that the monolithic
DT structure is being applied to a 324 MHz IH-DTL cavity
for muon acceleration, we developed a short-length IH-DTL
(henceforth called “short-IH”) as a prototype. We already
confirmed that the field accuracy of less than +2 %, which
is required by the beam dynamics design [11], was achieved
only by machining [12]. In this paper, the results of the high
power test of short-IH are described.

SHORT-IH

Figure 1 shows the short-IH structure, which corresponds
to the upstream one-third of the full-length IH-DTL (full-IH).
The short-IH has the same synchronous phase as the first
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Figure 1: Mechanical structure of the short-IH. (A) Center
plate. (B) Cross-sectional view.
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Table 1: Comparison of the full-IH and short-IH

Parameters Full-IH  Short-IH
Beam pulse width (ns) 10
Repetition rate (Hz) 25
RF pulse width (us) 40
Resonant frequecy (MHz) 324
Number of the cells 16 6
Extraction energy (MeV) 4.26 1.30
Cavity length (m) 1.45 0.45
Averaged accelerating field (MV/m) 3.6 3.0
Maximum surface field (MV/m) 35.4 34.7
[E : Kilpatrick limit [13]] 20E 1.9E
Unloaded Q factor Qp 10910 8600
Nominal peak power (kW) [100% Qp] 310 65

six cells of the full-IH, which has 16 cells, and it can accel-
erate muons from 0.34 MeV to 1.30 MeV (8 = 0.08 — 0.15).
Table 1 summarizes the design of the full-IH and short-IH.

The three-piece structure was adopted. Two side shells
and a center plate are bolted together, and on the center
plate, DTs are monolithically machined, as shown in Fig. 1.
Each of them is made of OFC class 1. A coil spring RF
contactor made of beryllium copper was installed in the
grooves on both sides of the center plate, and the vacuum
was sealed with viton O-rings. After the machining, no
surface treatments, such as baking, acid rinsing, chemical
polishing, or chromate treatment, were applied to reduce the
fabrication cost.

The short-IH cavity has three tuner ports, three RF pickup
ports, one RF coupler port, and a pumping port with slits [12].
To simplify the tuner structure, no RF contactors were used
even under high-power operation. A loop-type RF coupler
was used to supply the RF power [14]. The size and default
angle of the loop antenna were determined using a low-power
coupler [12]. The coupling coefficient of the coupler was set
to the critical coupling under high-power operation because
the muon beam current is so small that the beam loading is
assumed to be negligible.

After the fabrication of the short-IH, low-power tun-
ing were conducted. the frequency was fine-tuned to be
324.00 MHz with the three tuners. The measured unloaded
Q factor (Qp) after the tuning was 7100, which corresponds
to 86% of the simulated Qg. Considering the measured Qg ,
the RF power required for the nominal voltage is 75 kW.

HIGH-POWER TEST

Experimental apparatus The high-power test was con-
ducted at the J-PARC linac building. The RF power from a
324-MHz klystron (Canon E3740A [15]) was applied to the
cavity using waveguides (WR2300), coaxial lines (WX203D-
77D), and the RF coupler. The cavity was evacuated with
a 240-L/s turbo-molecular pump. The vacuum pressure in
the cavity was measured using a Bayard-Alpert (BA) gauge,
and an interlock was applied to turn off the RF power when
the pressure exceeded 1.0 X 1073 Pa. Three thermocouples
were attached to the outer wall of the cavity to measure the
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Figure 2: Block diagram of the high-power test system.

cavity temperature, and one thermocouple was placed 2 m
away from the cavity to measure the ambient temperature.

Figure 2 shows a block diagram of the high-power test
system. A directional coupler was inserted to measure the RF
power forward to and reflected from the cavity using power
meters [16]. The cavity pickup signal was also measured
with the power meter. The data from the power meters were
directly recorded by an input/output controller (IOC) of an
experimental physics and industrial control system (EPICS).
In addition, the RF powers were monitored using the voltage
standing wave ratio (VSWR) meters to turn off the RF power
in case of excessive reflections.

Conditioning Figure 3 shows the conditioning history.
The high-power test was operated only during the daytime,
and the horizontal axis of the plot shows the integrated RF-
on time. As described in the previous section, no surface
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Figure 3: Conditioning history of the cavity power and pres-
sure of the short-IH. Red arrows indicate the cavity trip
caused at the nominal duty factor.
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treatment process was applied, so a lot of gas emissions and
discharges occurred at the beginning of the conditioning.
Thus, the conditioning was started with a low duty factor
(repetition rate of 1 Hz and pulse width of 20 us), and the
power and duty factor were gradually ramped up. As condi-
tioning progressed, the outgases steadily decreased. It took
32 h from the start of the conditioning to achieve a nominal
duty factor of 0.1% (25Hz, 40 ps) and the required peak
power of 75 kW, considering the measured Q.

After reaching the optimum nominal power and duty fac-
tor, holding tests with nominal and increased accelerating
field were conducted. The cavity trip occurred only twice
during the 7-h holding test with nominal power. During the 7-
h operation with 88 kW, which corresponds to 10% increased
voltage, there was no trip. From these results, even though
no surface treatment was applied and RF contactor-less mov-
able tuners were used, it is confirmed that the short-IH can
be operated quite stably after following the appropriate con-
ditioning process.

Thermal characteristics The thermal characteristics
of the short-IH were measured and compared to the results
of a three-dimensional finite element method (FEM) anal-
ysis. The temperature distribution and deformation due to
the power dissipation were analyzed using CST MICROWAVE
STUDIO and MPHYSICS STUDIO [17]. To simplify the calcu-
lation, detailed structures of components such as slug tuners
and RF contactors are omitted in this analysis.

First, the transient temperature distribution in the cav-
ity was derived using the simulated power dissipation, as
shown in Fig. 4 (a). Here, the heat transfer coefficient at the
surface of the cavity outer wall is set to 8 W/m? - K assum-
ing natural convection to the atmosphere [18]. Then, using
the temperature distribution, the deformation and frequency
shift response were calculated.

Figure 4 (b) shows the measured and simulated transient
behavior of frequency shift (A f) from 324 MHz for an RF
power of 88 kW. The horizontal axis represents the time
after RF power is turned on. The measured and simulated
data were fitted with Af o (et L ). The measured fre-
quency were consistent with the simulation results within
several tens of kHz. Moreover, the two measured time con-
stants were also consistent with the simulation results. Fig-
ure 4 (c) represents the temperature drift of the cavity. The
temperatures of the three thermocouples attached to the outer
wall of the cavity were averaged, and their differences from
the ambient temperature were plotted. The measured tem-
perature of the outer cavity wall was in good agreement with
the simulation result. In the simulation, the temperatures
of the DTs increase with quicker time constants than the
temperature of the outer wall during t = 0 ~ 0.3 h because
the heat capacities of the DTs are smaller than that of the
cavity wall. This result indicates that the two time constant
are derived from the DT’s local deformation and the entire
cavity’s thermal expansion, respectively. These results prove
the validity of the simulations of the IH-DTL.
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Figure 4: (a) Simulated temperature distribution with the
RF power of 88kW. (b) Frequency shift as functions of
time after the RF power of 88 kW was turned on. Solid lines
show the fitting results. (c) Temperature drift as functions
of time. The data indicates the difference between ambient
and cavity surface temperatures. The dotted lines show the
simulated temperatures of the first and third DTs and outer
wall.

SUMMARY

A high-power test of an APF IH-DTL (short-IH) for the
muon linac was successfully conducted. After 40 h of con-
ditioning, the peak power reached 88 kW, corresponding to
a 10% higher accelerating field than the design field. We
demonstrated that even though no surface treatment was
applied, the short-IH could be operated very stably. More-
over, the transient behavior of temperatures and frequency
were measured and compared with the 3D FEM model. The
measured frequency shift was consistent with simulations to
within several percent. This study proves that the design and
fabrication methodology established by the short-IH can be
applied to the full-IH required for the realization of the new
muon g-2/EDM experiment.
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