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324-MHz interdigital H-mode drift tube linac for muon acceleration
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We have constructed a 324-MHz interdigital H-mode drift tube linear accelerator (IH-DTL) with an
alternating phase focusing method. This IH-DTL will be part of a muon linear accelerator (linac) being
developed at the Japan Proton Accelerator Research Complex for a precise measurement of the muon
anomalous magnetic moment and a search for the muon electric dipole moment. The IH-DTL is 1.45 m
long and accelerates muons from f = v/c = 0.08 to 0.28. Low-power tuning was performed using six
slug tuners, which reduced the peak-to-peak on-axis field error to 1.4%. Following 94 h of high-power
conditioning, the IH-DTL demonstrated stable operation at the nominal peak power of 390 kW and a duty
factor of 0.1%, corresponding to the designed accelerating field (E,) of 3.6 MV /m. This paper presents
the construction, low-power rf tuning, and high-power performance of the 324-MHz IH-DTL.
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L. INTRODUCTION

The muon anomalous magnetic moment (g —2) is a
sensitive probe for possible physics beyond the Standard
Model (SM). Recent experimental measurements with
sub-ppm precision [1] have attracted considerable atten-
tion because of a possible discrepancy between experiment
and the SM prediction [2]. At the same time, theoretical
studies of the muon g — 2 are actively progressing [3].
Although the comparison between experiment and theory
remains under discussion, further measurements based
on independent experimental principles and different sys-
tematic uncertainties are strongly motivated. A new muon
g — 2 experiment at the Japan Proton Accelerator Research
Complex (J-PARC), referred to as the E34 experiment [4],
is being planned. The E34 experiment employs a low-
emittance muon beam, which enables the use of a compact
storage magnet without electric-field focusing. This
approach provides such an independent measurement with
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systematic uncertainties different from those of previous
muon g — 2 experiments. The experiment aims at sub-ppm
precision in the muon g — 2 measurement and a sensitivity
on the order of 107! ¢ x cm in the search for the muon
electric dipole moment (EDM).

The E34 experiment requires low-emittance muon
beams accelerated to an energy of 212 MeV, correspond-
ing to a velocity (= v/c) of 0.95, for efficient injection
into the compact 3 T storage magnet. The required total
transverse emittance is approximately 1.5z mm mrad [5].
To fulfill these requirements, we use ultraslow muons with
an energy of 30 meV produced by the laser ionization of
thermal muonium in a vacuum [6-8]. Four types of radio-
frequency (rf) linear accelerators (linacs) accelerate the
ultraslow muons up to an energy of 212 MeV [4,5]. Rapid
acceleration using linacs is essential because muons have a
finite lifetime of 2.2 ps. Beyond the E34 experiment, low-
emittance muon beams produced by linacs are also an
essential technology for a transmission muon microscope
[9]. Initial studies of rf bunching and acceleration using a
radio-frequency quadrupole (RFQ) linac were carried out
in 2017-2019 with negative muonium ions [10,11]. More
recently, the first rf acceleration of positive muons was
successfully demonstrated using the RFQ linac [12].

In the low p region following RFQ, an rf cavity with a
high effective acceleration gradient is preferable to min-
imize muon decay losses. Several cavity options, including

Published by the American Physical Society
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TABLE I. Main parameters of the 324-MHz APF IH-DTL.
Parameters Values
Beam species ut
Beam intensity 1x10%/s
Beam pulse width 10 ns
Resonant frequency 324 MHz
Repetition rate 25 Hz
rf pulse width 40 ps
Duty factor 0.1%
Synchronous phase —44° to +48°

Number of cells 16

Total length 1.45 m
Injection energy 0.34 MeV
Extraction energy 4.26 MeV

the Alvarez DTL, CH-DTL, and IH-DTL, were compared
for this velocity range [13]. Based on this comparison, we
employed a 324-MHz interdigital H-mode drift tube linac
(IH-DTL) because of its cost-effective cavity structure.
The TH-DTL was designed to accelerate muons from
p=0.08 to 0.28 [14]. An alternating phase focusing
(APF) method [15] was adopted to reduce construction
costs. It is one of the transverse focusing methods, and an
rf transverse force is obtained by alternating positive and
negative synchronous phases. As a result, no focusing
elements need to be installed inside the cavity. The
alternating synchronous phases reduce acceleration effi-
ciency, but the H-mode structure, which allows high
effective shunt impedance, compensates for it. Although
the APF method is generally applicable only to low-
current beams [16-18], the muon beam intensity in the
muon linac is very low (~10°% u*/s), so the focusing
provided by the APF method is sufficient.

The 324-MHz APF IH-DTL employs a three-piece
configuration comprising a center plate and two semi-
cylindrical side shells constructed from oxygen-free cop-
per [19]. All drift tubes are monolithically machined on
the center plate; no surface treatment is required. The
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feasibility of this cost-effective fabrication method and
stable high-power operation were previously demonstrated
using a short-length prototype cavity [20]. Based on the
dynamics design in Ref. [14] and the experience with the
prototype development described above, the first full-size
324-MHz APF IH-DTL for the E34 experiment was
developed. Nevertheless, the first full-size cavity requires
careful field tuning because of the relatively small muon
mass. In particular, the peak-to-peak on-axis field error for
each cell must be reduced to less than 4%, as required by the
beam dynamics design [14]. At the same time, it is critical to
tune the resonant frequency to 324.00 4+ 0.01 MHz, since
small frequency deviations can be compensated by cooling-
water temperature control [21].

This paper describes the development and performance
evaluation of the first full-size 324-MHz APF IH-DTL
dedicated to muon acceleration. Section II presents the
detailed structure of the IH-DTL based on the dynamics
design in Ref. [14]. Section III describes the results of the
low-power measurements and rf tuning using slug tuners.
The high-power test of the IH-DTL with a water-cooling
system is described in Sec. IV. The paper concludes with a
summary of the findings in Sec. V.

II. DESIGN OF THE IH-DTL

The beam-dynamics design of the APF IH-DTL was
based on Ref. [14]. The IH-DTL has 16 cells, and the
synchronous phases for each cell range from —44° to +48°.
The cells with a negative synchronous phase focus the
beam longitudinally, while those with a positive synchro-
nous phase focus the beam transversely. The IH-DTL has a
total length of 1.45 m and no internal focusing elements.
This IH-DTL accelerates muons from an energy of 0.34 to
4.26 MeV. The main parameters are presented in Table I.

The rf design of the IH-DTL was performed using CST
MICROWAVE STUDIO (MWS) [22]. Figure 1 shows the
side view of the cavity. The cavity has a cylindrical
structure that can be easily fabricated in a three-piece
design [19]. The cavity length (L), drift tube length (Lpr),
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FIG. 1.

Side view of the center plate.
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TABLE II. Dimensions of the cavity structure in the IH-
DTL [21].

Parameters Values (mm)
L. Cavity length 1320.0
Reup Upstream cavity radius 102.6
R. down Downstream cavity radius 118.2
L, Ridge length 1253.2
Ler.up End ridge length 31.8
Ler gown End ridge length 35.0
Lt cut End ridge cut length 94.9

and gap length (Lg,,) were determined by taking into
account dynamics calculations [14]. The upstream and
downstream cavity radii (R p, R¢gown)s the ridge length
(L,), the upstream and downstream end-ridge lengths
(Lerups Lerdown)> and the end-ridge cut length (Lepcy)
were modified from Ref. [14]. These modifications were
made to achieve a flat electric field distribution and tune
the frequency. Table II shows the dimensions of the cavity
structure.

Figure 2 shows an enlarged view of the drift tube and
stem of the IH-DTL. The inner radius of the drift tube
(Rpr,in) Was determined from the transverse beam size
obtained based on the numerical calculations [14]. Note
that Rpr;, and the inner edge radius of the drift tube
(Fedgejn) must be uniform for all drift tubes due to
machining constraints. Fine-tuning of the field strength
at each gap was conducted by adjusting the radius of the
stem (Ryep,) and the outer radius of the drift tube (Rpr oy)-
The outer edge radius of the drift tube (reggeou) Was
determined to reduce the surface rf field. The dimensions
of the drift tube were also modified from Ref. [14] for the
above reasons. The dimensions of the drift tubes for each
cell are summarized in Table III.

The resonant frequency of the bare cavity was set to
322.38 MHz, marginally below the operating frequency to
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FIG. 2.
plate.

Enlarged view of the drift tube and stem on the center

TABLE III. Dimensions of the IH-DTL cells [21].

Cell Rslem RDTA,in RDT,out redge,in redge.out
no. (mm) (mm) (mm) (mm) (mm)
0 11.4 17.20 1.0 2.2
1 5.00 114 17.30 1.0 2.7
2 5.00 11.4 17.20 1.0 2.9
3 5.00 114 15.30 1.0 2.8
4 5.00 11.4 15.40 1.0 2.8
5 6.00 11.4 17.60 1.0 3.8
6 5.00 114 17.80 1.0 4.0
7 5.00 11.4 17.80 1.0 4.0
8 6.00 114 18.00 1.0 4.0
9 7.00 114 18.10 1.0 4.6
10 7.00 11.4 18.05 1.0 5.2
11 7.00 114 19.00 1.0 5.7
12 7.00 114 19.60 1.0 5.8
13 6.75 11.4 20.50 1.0 6.0
14 8.50 114 21.50 1.0 7.0
15 9.00 11.4 21.00 1.0 7.6
16 11.4 21.00 1.0 7.7

allow for tuning. The unloaded quality factor (Q,) was
simulated to be 10910. The nominal peak power calculated
from the simulated Q, was 310 kW, and the effective
shunt impedance was 65 MQ/m. The maximum surface
field was 35.4 MV/m, corresponding to 2.0 times the
Kilpatrick limit [23]. This value was obtained at the
surface of the 13th drift tube. The mesh convergence
was confirmed by varying the tetrahedral mesh fineness
and checking the stability of the resonant frequency and
Qo- The eigenmode calculation in CST MWS used approx-
imately 3 x 10° tetrahedral mesh cells.

Figure 3 shows the simulated on-axis electromagnetic
field distribution of the IH-DTL using CST MWS. Here, the
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FIG. 3. Simulated on-axis electromagnetic field distribution of
the TH-DTL. The accelerating field is 3.6 MV/m on average.
This figure is reproduced from Ref. [21].
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x direction is horizontal, and the y direction is vertical with
respect to the cavity orientation shown in Fig. 1. The
nominal accelerating field gradient (E) is 3.6 MV /m on
average. The IH-DTL has not only an accelerating field
(E.) but also nonzero transverse field components (H, and
E,) due to the characteristics of the H-mode cavity. The
ratio of the magnitude of E, to E, for each gap is in the
range of 2% to 28%. Several solutions were considered to
reduce this E, including the use of drift tube bulges [14].
However, this method reduces the transverse field by only
a few percent. Because the additional device would induce
extra power loss, we decided to mount no additional
structure in this design.

After designing the rf structure, the electromagnetic
field simulated by cST MWwSs was implemented in
General Particle Tracer (ecpr) [24] to calculate
the beam dynamics numerically. Figure 4 shows the phase-
space distribution at the IH-DTL exit. The input particle
distribution for this simulation was obtained from the
simulated distribution at the medium-energy beam trans-
port line (MEBT) exit downstream of the RFQ [25].
The normalized root mean square (rms) emittance at the
IH-DTL exit was calculated to be 0.26x and
0.25 zmmmrad in the x and y directions, respectively.
The emittance growths in the x and y direction from the
MEBT exit were 8.4% and 5.9%, respectively. The total
beam transmission rate, including the muon decay loss,
was 98.9%. These results satisfy the beam-dynamics
requirements for the IH-DTL in the muon linac. The
calculated rf characteristics and the beam parameters at the
IH-DTL exit are summarized in Table IV.
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FIG. 4. Simulated phase-space distributions at the IH-DTL
exit. (a) Divergence angle x’ vs position x, (b) y' vs y, (c) Energy
spread AW (= W —4.26 MeV) vs phase spread Ag, (d) y vs x.

TABLE IV. Calculated parameters of the IH-DTL.

Parameters Values
Unloaded quality factor (Q) 10910
Resonant frequency (bare cavity) 322.38 MHz
Accelerating field on average 3.6 MV/m
Maximum surface field 354 MV/m
(2.0 E;Y
Nominal peak power 310 kW"
Shunt impedance 65 MQ/m
Extraction energy 4.26 MeV
Horizontal emittance growth 8.4%
Vertical emittance growth 5.9%
Transmission rate 100%
Transient time 25 ns
Decay loss 1.1%
Total transmission rate 98.9%

*Kilpatrick limit.
Calculated from a simulated Q.

Figure 5 shows the cross-sectional front view of the
mechanical structure of the IH-DTL. The cavity consists of
three pieces. Each piece is made of oxygen-free copper in
class 1. Two side shells and a center plate with a 90 mm
width were bolted together. Drift tubes were machined
monolithically on the center plate. A beryllium-copper coil
spring was used for rf contact, and a Viton O-ring was used
to seal the vacuum. Two water-cooling channels with a
diameter of ¢»10 mm were integrated into each of the three
cavity pieces, resulting in six straight channels from the
upstream to the downstream end of the cavity. The designed
peak power dissipation of the IH-DTL is 310 kW, while the
duty factor is as low as 0.1%. Therefore, direct cooling of
the drift tubes and stems was not adopted; instead, these
channels provide indirect cooling of the monolithic drift
tubes through the center plate.

The top view of the mechanical structure is shown in
Fig. 6. The side shells have six slug tuner ports, one rf
coupler port, three pickup ports, and two vacuum pumping
ports with a slit. The diameter of the tuner is ¢58 mm.
The tuner stroke length is 50 mm with a positioning
accuracy of 0.01 mm. The tuner insertion length is defined
from the outer surface of the side shell; therefore, L, = 0
corresponds to the position before insertion into the tuner
port. Because the inner surface of the side shell is inclined,
the insertion length corresponding to the flush position
varies among the tuner locations and is approximately
L, =30 mm. The number of tuner ports was set to six
because of size limitations on tuners and other devices.
The tuner ports were positioned to divide the 16-cell
structure approximately evenly, enabling field tuning over
all cells. A loop-type rf coupler developed for the proto-
type was used [26]. The slit shape of the pumping ports
was designed to suppress leakage rf fields.
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FIG. 5. Cross-sectional front view of the IH-DTL.

Figure 7 is a photograph of the machined center plate of
the IH-DTL. Following the machining process, the dimen-
sions of the cavity were assessed using a coordinate
measuring machine. The differences between the mea-
sured and designed values for all drift tube lengths (Lpr)
were less than 60 pm. The gap lengths (L,,,) between the
drift tubes were machined within the tolerance of 100 pm.
The assembly of the cavity was completed by stacking and
bolting the plate and side shells. This assembly procedure
prevented misalignment of the drift tube array. No surface
treatment was performed for cost reduction, as in the
IH-DTL prototype [20].

upstream

Tuner no. 2

/— drift tube

_ A

/ stem

\— water ch. water ch. —/

beam port

FIG. 7. Fabricated center plate of the IH-DTL.

III. LOW-POWER RF TUNING

First, low-power rf measurements of the resonant
frequency and Q, were performed for the bare cavity
without tuners and the rf coupler. An rf pickup loop
antenna made of copper wire was mounted inside the
cavity, and the rf response was measured using a vector
network analyzer while the cavity was evacuated. Table V
summarizes the measured and simulated resonant frequen-
cies and Q, values for the operating mode. The measured
QO corresponded to 92.4% of the simulated value.

Following the initial low-power rf measurements, the
six tuners and the rf coupler were mounted on the IH-DTL.
Before adjusting the tuner insertion lengths, the initial
electromagnetic field distribution was measured in air
using the bead-pull method [27], with all tuner insertion
lengths set to L;;_¢ = 0 mm. An aluminum spherical bead

downstream

Tuner no. 6

Tuner no. 4

A Slit port
I - Water

Water channel
channel exit
entrance

L,=0
| - — f£ & Slit port J
| Outer surface [mm] P rf coupler

Tuner no. 1

Tuner no. 3

FIG. 6. Top view of the IH-DTL. Under the initial conditions, all tuner insertion lengths were L;_s = 0 mm, where L, = 0 is defined

at the outer surface of the side shell.
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TABLE V. Resonant frequency and Q, of the bare cavity
without tuners and coupler [21].

Parameters Measurement Simulation
Quality factor (Qg) 10080 10910
Resonant frequency (MHz) 322.36 322.38

with a radius of 1.5 mm attached to a thin nylon line was
pulled along the beam axis using a stepping motor, and the
phase and frequency shifts were measured. Based on the
results of the initial bead-pull measurement, the tuner
insertion lengths were optimized using a truncated singular
value decomposition (TSVD)-based tuning procedure
developed with reference to Ref. [28]. The resonant
frequency and on-axis field distribution were simultane-
ously adjusted using this procedure. Details of this
procedure are also described in the Appendix.

After low-power tuning, the resonant frequency was
measured to be 323.89 MHz at a cavity temperature of
27°C in humid air. This corresponds to the operating
frequency of 324.00 MHz under vacuum conditions at the
same temperature. Figure 8 shows the measured and
simulated frequency shift on the beam axis after low-
power tuning. The frequency shift is proportional to
(e0E? — pgH?)/2, where & is the permittivity of vacuum,
E is the magnitude of the electric field, u, is the
permeability of vacuum, and H is the magnitude of the
magnetic field. Figure 9 shows the relative field error
obtained from the difference between the square roots of
the measured and simulated frequency shifts. The hori-
zontal error bars represent the gap regions, and the relative
field error indicates the average value within those regions.
The vertical error bars come from random measurement
errors. The error bars for the first and last cells are larger
because they have lower field strength than the others. The
peak-to-peak field error was less than 1.4%. This value is

x10° ‘ —
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g 0 L ¢ 3 Q 1 .
N L 3 ' i
€ I { i
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FIG. 8. Measured and simulated frequency shifts obtained by

the bead-pull method after low-power tuning.
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FIG.9. On-axis field error in the gap regions obtained from the
difference between the measured and simulated field distribu-
tions.

within the measurement uncertainty associated with the
alignment accuracy of the nylon line.

After the bead-pull measurement under atmospheric
conditions, the cavity was evacuated, which shifted the
resonant frequency close to the operating frequency. A
small manual adjustment using tuners no. 3, 4, and 5 was
then applied to fine-tune the resonant frequency to
324.00 MHz. The additional insertion lengths of these
tuners were only +0.3 mm, so their effect on the on-axis
field distribution was negligibly small. The measured Q,
after the tuning was 8800, corresponding to 83% of the
simulated Q. The reduction in Q, caused by the insertion
of tuners without rf contactors was sufficiently small for
operation. The coupling coefficient of the rf coupler during
high-power operation was set t0 feyupier = 0.85. Critical
coupling is preferable because beam loading is negligible
for the accelerated muon beam. The rf coupler had
originally been constructed for the prototype cavity [20];
for this coupler, the coupling could be adjusted by rotating
the rigid loop, whereas the insertion depth was fixed. This
setting was the maximum obtainable without modifying
the coupler structure; consequently, the cavity was oper-
ated undercoupled. The existing coupler was used without
modification because the available klystron power was
sufficient for the high-power test. Based on the measured
Q, and coupling coefficient, a peak power of 390 kW is
required to achieve the nominal voltage. Table VI sum-
marizes the results of the low-power tuning.

IV. HIGH-POWER TEST

Figure 10 shows the experimental setup of the high-
power test. The IH-DTL was installed in the Linac
building at J-PARC. The high-power test system consists
of the IH-DTL cavity, a 324-MHz klystron (Canon
E3740A [29]), waveguides (WR2300), a circulator,
coaxial lines (WX203D, WX152D, and WX77D), a direc-
tional coupler, the rf coupler, a low-level rf control
system, and a water-cooling system. Two slit ports were
prepared for cavity evacuation, but in this experiment,
only the middle port, located opposite tuner no. 4, was
attached to a 240 L/s turbomolecular pump (TMP).

093201-6
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TABLE VI. Tuner insertion lengths after low-power tuning,
referenced to the outer surface of the side shell, together with the
results of low-power measurements in vacuum.

Tuner no. Tuner insertion length
1 37.68 mm

2 37.57 mm

3 34.34 mm

4 39.32 mm

5 35.79 mm

6 39.96 mm
Parameters Values
Measured resonant frequency 324.00 MHz
Measured Q, 8800
Simulated Q, 10600
ﬂcoupler 0.85
Required rf power 390 kW

The pressure in the cavity was constantly monitored with a
Bayard-Alpert (BA) gauge attached to the port located
opposite tuner no. 5.

Figure 11 shows the block diagram of the rf and cooling
system for the high-power test. The rf power and VSWR of
the input and reflected waves were measured using a
power meter (SPANAWAVE 8542 C [30]) and a VSWR
(voltage standing wave ratio) meter [31]. The cavity
standing wave was monitored via the pickup loop antenna.
The primary cooling water was cooled and maintained to
27 £ 0.1°C by a dc inverter chiller (ORION RKE5500B-
V-SP [32]). The cooling water was divided into six
branches and supplied to the six cooling channels in the
cavity. The flow rates at all channel exits were measured
using float-type flow meters, and the flow rates for each
channel were adjusted to 4.4 L/ min /ch. The flow rate for
each channel was determined from a heat-transfer calcu-
lation using the Dittus-Boelter equation [33], assuming a

=

NN water |
\ N channel (g

=\
=

FIG. 10. Photograph of the experimental setup of the high-
power test.

EPICS I0C
324-MHz
Klystron
l [ l circulator
chiller : : power meter || VSWR meter
P
i i directional
i I coupler
: i i
flow ® B
meter | | _ g%
pis i 2 E
- g ! g : ) rf window
‘%n lé’ ‘é P, | pickup antenna (rf coupler)
§ 1] T .
) LI TFEREE) o
N e e e e e -
FIG. 11. Block diagram of the rf and cooling system for high-

power operation. The interlock is triggered by the rf power and
VSWR of the input and reflected waves, vacuum pressure, and
cavity temperature.

1°C temperature rise of the cooling water through the
cavity during operation. During high-power operation, the
cavity temperature was monitored by the three thermo-
couples mounted on the outer wall of the cavity. These data
were recorded by an experimental physics and industrial
control system input/output controller (EPICS I0C) via a
programmable logic controller (PLC).

An interlock system automatically turns off the rf power
when the input or reflected rf power, VSWR, vacuum
pressure, or cavity temperature exceeds preset limits. The
limit of the reflected rf power (P,) was set to 70 kW to
reduce the risk of damage to the rf coupler window due to
discharge. Furthermore, a quick recovery system [34] was
used to automatically restore rf operation after trips during
high-power conditioning. This system restored rf operation
within 1 s after a trip.

Figure 12 shows the conditioning histories of the cavity
power (P,), the pressure in the cavity, and the temperature
of the outer wall of the cavity. The high-power test was
performed intermittently during daytime operation, and
the horizontal axis represents the accumulated rf-on time.
The conditioning proceeded first at half the required duty
factor of 0.05% with a pulse width of 20 ps and a
repetition rate of 25 Hz. After reaching the nominal power
of 390 kW, the operation was switched to the required
duty of 0.1% with a pulse width of 40 ps and a repetition
rate of 25 Hz. After 18 h of conditioning, the nominal
power was reached at the nominal duty factor. The
frequency of rf trips gradually decreased as conditioning
proceeded at the nominal power. The water-cooling system
kept the temperature of the cavity stable within
27.0 + 0.5°C. No additional frequency tuning was required
during operation, indicating that the cooling system
operated effectively within the acceptable range of cavity
power dissipation.
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FIG. 12. Conditioning history of the cavity power (top), pressure (middle), and temperature (bottom) of the IH-DTL. This graph
shows the data points per second. The temperature data represent the average of three thermocouples mounted at different locations on
the outer wall of the cavity. No significant temperature difference was observed among the measurement locations.

After 82 h of conditioning, high-power operation beyond
the nominal power was performed to verify stable oper-
ation with an additional power margin. The cavity power
reached 470 kW, corresponding to an accelerating field of
4.0 MV/m. This value exceeds the design accelerating
field of 3.6 MV/m by 10%.

Following a conditioning period of 94 h, a nominal
power-holding test was conducted. During a 7-h operation,
rf trips occurred 9 times. Thanks to the quick recovery
system, the total downtime fraction during this period
was 0.04%. These results demonstrate that the 324-MHz
IH-DTL achieved stable operation after an appropriate
conditioning process.

V. CONCLUSION

The first full-size 324-MHz APF IH-DTL dedicated to
muons was successfully constructed and tested. The IH-
DTL adopted a cost-effective three-piece cylindrical cavity
structure with monolithic drift tubes. After TSVD-based
optimization of the six slug tuner insertion lengths, the
peak-to-peak on-axis field error was reduced to less than
1.4% while maintaining the operating frequency. High-
power operation demonstrated stable cavity performance
at the nominal power of 390 kW without surface treat-
ment. The cavity also achieved a peak power correspond-
ing to an accelerating field of 4.0 MV/m, which is 10%
higher than the design value of 3.6 MV /m. In addition, the
water-cooling system maintained stable cavity operation

without additional frequency tuning during high-power
operation. These results demonstrate that the TH-DTL
satisfies the rf performance requirements for the precise
muon g — 2 measurement and EDM search at J-PARC.
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APPENDIX: LOW-POWER TUNING METHOD
AND PROCEDURE

1. Tuning algorithm

The on-axis electric-field distribution was tuned
using higher-order mode mixing [27] induced by local
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resonant-frequency perturbations. Typically, slug tuners
are used to introduce such perturbations [35]. The response
function of a slug tuner to the electric-field distribution
is usually calculated using analytical methods such as
equivalent circuit models [36]. However, the asymmetric
structure of the IH-DTL makes it difficult to derive the
response function using an equivalent circuit model.
Another approach is to measure the response of each tuner
experimentally, but this is time-consuming. Therefore, for
practical tuning, we used response functions obtained from
three-dimensional FEM calculations.

The field variation in each cell depends mainly on
mixing with the higher-order TE;;, mode, which is closest
to the operating TE;;; mode. The tuner position deter-
mines the field variation in each cell because the mode
mixing depends on the position and strength of the local
frequency perturbation. Figure 13 shows the calculated on-
axis field variations from the reference electric-field
distribution in each cell gap when the jth tuner
(j=1,...,6) is inserted from L; =0 to 40 mm. When
there are multiple perturbation points, the field variations
have a linear field tilt [27]. Therefore, assuming that the
tuners are inserted sequentially, the response function of
the jth tuner was obtained with tuners no. 1 to j — 1 fixed
at an insertion length of 40 mm. This reference insertion
length was chosen because tuner insertion lengths of
approximately 30—40 mm are required to tune the resonant
frequency to 324 MHz. The field variation in each cell was
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FIG. 13.

sufficiently linear with respect to the tuner insertion length.
The response matrix describing the effect of the tuner
insertion lengths on the electric-field distribution is given by

(AD

oE; - >
where E; is the on-axis electric field of the ith gap
(i=1,...,16). The matrix element OE,-/aLj represents
the response of the ith gap field to the insertion length of
the jth tuner, and the response matrix is denoted by M. The
tuner insertion lengths are formally obtained as
L=M"-AE, (A2)
where M is the generalized inverse of M. Because M is a
nonsquare matrix with dimensions 16 x 6, this tuning
problem is treated as an inverse problem.
To solve this inverse problem and obtain reasonable
tuner insertion lengths, the TSVD method [28,37] was
adopted. The response matrix is factorized as

M =UZVT, (A3)

T = diag(s;). (A4)

where U and V are orthogonal matrices, and X is a
diagonal matrix whose diagonal elements are the singular
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Simulated on-axis field variation from the reference electric-field distribution in each cell gap.
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values ¢; of the response matrix M. The TSVD general-
ized inverse is given by

M* = VI+UTt, (A5)
= (<0,
= (=(-1))g (-1st<)), (A6
0 (otherwise),

where ¢ is a real-valued truncation parameter, referred to as
the truncated mode number. For t = N + a with integer N
and 0 < a < 1, the singular modes up to the Nth mode are
fully included, while only the (N + 1)th mode is included
with a fractional weight a. This method includes only the
low-order singular modes required to achieve the target
field accuracy, while allowing fine adjustment of the
correction strength through noninteger values of ¢.
Furthermore, the frequency response is also linear with
respect to the tuner insertion lengths. By constructing a
frequency-response matrix, frequency tuning can be per-
formed simultaneously with electric-field correction.

2. Tuning procedure

The low-power tuning procedure using the frequency
and electric-field response matrices obtained from FEM
calculations is described below.

First, the electromagnetic field distribution was mea-
sured using the bead-pull method with all tuner insertion
lengths set to L; =0 mm. In this measurement, the rf
coupler was connected to the IH-DTL, and the cavity was
filled with air. The measured resonant frequency was
322.22 MHz. Figure 14 shows the field error, defined as
the difference between the measured electric-field distri-
bution and the ideal distribution required for muon accel-
eration. The peak-to-peak field error was about 5.6%. This
field error includes fabrication errors and field distortion
caused by the additional volume at the tuner ports when the
tuners were not inserted to their corresponding flush
positions (L; ~30 mm), as shown in Fig. 6. Because

S S - .
/gz; %.O ;
5 C §§§ 7]
= [ - ]
[ [ —
@/ 0’ bé‘ @ h
g | ' ]
% 2f SN ¢ -
g 4 1
2 9 500 1000
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FIG. 14. The field error before low-power tuning. The six
tuners and rf coupler were mounted in the IH-DTL. The insertion
length of all tuners (L;;_¢) was O mm. The field error is shown
relative to the ideal field distribution for muon acceleration. In
this measurement, the resonant frequency was 322.22 MHz.

the field error due to fabrication errors was less than
1.5% in the bead-pull measurement of the bare cavity [38],
the dominant contribution to the field error in this
measurement was attributed to the latter effect. This
distribution was used as the initial field distribution for
the tuning algorithm.

The TSVD calculations were iterated using two param-
eters, the truncated mode number ¢ and the field-amplitude
scaling factor, to simultaneously correct the field error and
tune the resonant frequency. Figure 15 shows the iterative
tuning process, in which the tuner insertion lengths
calculated by TSVD were applied and the electric-field
distribution and resonant frequency were remeasured.
After the first tuning, the peak-to-peak field error was
reduced to 2.4%. The residuals between the measured and
target field distributions were then used as the input for the
next TSVD calculation. After the second tuning, the peak-
to-peak field error was reduced to 1.4%, as shown in Fig. 9.
The resonant frequency was 323.89 MHz.

T T T
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FIG. 15. Frequency and field tuning steps. Step O: the IH-DTL

was under atmospheric conditions with the tuners and rf coupler
mounted. All tuner insertion lengths were set to L;_¢ = 0 mm.
Step 1: the insertion lengths L,;_s were determined by the first
TSVD calculation under atmospheric conditions. Step 2: the
insertion lengths L,_¢ were determined by the second TSVD
calculation under atmospheric conditions. Step 3: after evac-
uation of the cavity, a small manual frequency adjustment was
performed under vacuum using tuners no. 3, 4, and 5.
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The cavity was then evacuated, which shifted the
resonant frequency close to the operating frequency of
324.00 MHz. A small manual adjustment was sub-
sequently applied using tuners no. 3, 4, and 5 to fine-tune
the frequency. The additional insertion lengths of these
tuners were only +0.3 mm. Although no additional bead-
pull measurements were performed after this final adjust-
ment, simulations showed that the effect on the electric-
field distribution was negligible because of the very small
tuner displacement. These results show that the TSVD-
based tuning procedure can correct the rf field distribution
and resonant frequency within only a few iterations.
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