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Abstract

An inter-digital H-mode (IH) drift-tube linac (DTL) is
£ developed for a low velocity part in a muon linac at the
J-PARC E34 experiment. It will accelerate muons from
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g B = 0.08 to 0.28 at an operational frequency of 324 MHz.

Z In order to achieve higher acceleration efficiency and make
cost lower, an alternative phase focusing (APF) scheme is
§ adopted. A prototype with 6 cells of 0.45m length was
2 manufactured. The prototype accelerates muons from S =
g
;é 0.08 to 0.15 stage. We conducted frequency measurement
g and bead-pull measurement as a low-power measurement,
 in order to evaluate the prototype product. In this paper, the
’g results of the low-power measurement for prototype cavity

;& will be presented.

k m

INTRODUCTION

The muon anomalous magnetic moment (g-2) is the one
© of the promising signals of beyond the Standard Model. The
§ E821 experiment at Brookhaven National Laboratory found
& the 3.7 discrepancy between the SM theoretical calculation
5 and the measurement of the muon g-2 [1,2]. The muon
; beam in the E821 experiment was produced by in-flight
8 pion decay with large emittance, which requires electric
% quadrupoles to keep the muon beam inside of the beam pipe.
< In order to avoid muon precession in the electric field, the
E muon beam should be well adjusted to the fixed value (magic
£ momentum).

In the case of J-PARC experiment (J-PARC E34), we plan
= to measure muon g-2 and EDM (Electric Dipole Moment)
¢ with new technique [3]. We will provide a low emittance
5 muon beam for high precision measurement from the stop-
2 ping pion decay and their reacceleration steps [4]. In this
2 method, electric field is not needed in storage ring, and the
& systematic error is reduced.

Figure 1 shows the schematic image of muon linac. u*
s with a kinetic energy of 30meV called ultra slow muon
£ (USM) is accelerated by muon linac. The muon linac is
E composed of a radio frequency quadrupole (RFQ) linac,
£ the TH-DTL, a disc and washer coupled cavity linac (DAW-
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CCL), and a disc loaded structure (DLS). The USM is ac-
celerated to 212 MeV. The IH-DTL is employed during the
particle velocity S = 0.08 to 0.28 stage with an operational
frequency of 324 MHz.

In this paper, we describe the result of the low-power
measurement of the prototype cavity. The paper is structured
as follows. First the prototype design is described. Next,
the results and discussion of frequency measurement and
bead-pull measurement is presented. Finally, the summary
is presented.

Electrostatistic IH-DTL DLS
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Figure 1: Schematic image of muon linac.

APF IH-DTL

H-mode DTL is installed hollow conducting drift tube
along the beam axis. The drift tube is supported by stems
attached to the outer wall. In time variation, the magnetic
fields at the surface of the stems induce current. The struc-
ture of IH-DTL prototype is shown in Fig. 2. The IH cavity
consists of two ridges arranged on both the top and bottom
sides of the cavity. Five drift tubes are arranged alternately
on the top and bottom via stems on the ridges, in order to
excite TE;-mode. The beams are accelerated by the longi-
tudinal electric field with the gap.

The focusing section is necessary for linac to suppress the
beam dispersion. The usual focusing method is provided by
a quadrupole magnet and a permanent magnet. However,
our IH-DTL employs the alternating phase focusing (APF)
method [5, 6]. In APF method, the focusing or divergence
of beam is controlled with the RF field only by optimiz-
ing synchronous phase of gap. Thus, the IH structure is
simplification and is able to be fabricated at lower cost.

The motion equation of the longitudinal and transverse
focusing in RF field are expressed as

meEoT sin ¢
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Figure 2: Sectional view of IH-DTL prototype in 3D model.
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where Ej is the unperturbed electric field, 7 Transit time
factor, y Lorentz factor, A RF wave length, and ¢ is the
synchronous phase [7,8]. Equations (1) and (2) show that
negative synchronous phase provides longitudinal focusing
and transverse defocusing, and positive synchronous phase
provides longitudinal defocusing and transverse focusing.
Hence, we are able to control the longitudinal and transverse
focusing by optimizing the gap-to-gap synchronous phases.

For APF method, an acceleration and the focusing are
achieved with the RF field only. In order to optimize the cav-
ity structure, synchronous phase array optimization, cavity
optimization, and particle tracking are required. The proto-
type design is determined by the actual cavity optimization.
The actual cavity is calculated [9] and has 16 cells and the
cavity length is approximately 1.3 m to correspond to ap-
proximately 4 MeV. The 1-6 cells of the actual cavity are
in the prototype cavity [10]. We calculated the electromag-
netic field in the prototype cavity by using the CST Micro
Wave (MW) Studio [11]. Table 1 shows the cell parameters
of the prototype cavity optimization. The prototype cavity
is employed during the particle velocity 8 = 0.08 to 0.28
stage.

Moreover, the beam particle trajectory was calculated by
using general particle tracer (GPT) [12]. The most precise
evaluation of the output beam can be obtained using realistic
input beam distributions. The input beam was used muon
beam that the normalized root mean square (rms) emittances
of the input beam were evaluated as £,=0.29771 mm mrad
in the x-direction, £,=0.1687 mmmrad in the y-direction.
This beam was simulated from the surface muon beam
line, the USM system, and the RFQ acceleration [13]. The
output beam of the normalized emittance (and emittance
growth) was calculated to be £,=0.3127r mm mrad (+5.1%)
and £,=0.1827 mm mrad (+8.2%) in the x-direction and y-
directions, respectively.

FREQUENCY MEASUREMENT

Prior to bead-pull measurement, we estimated the reso-
nant frequency and an unloaded Q (Qy) in prototype cavity
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Table 1: Cell Parameters for Optimized Phase Array

Cell W [MeV] B ¢ [degree]

1 0.34 0.08 -35.9

2 0.43 0.09 -14.9

3 0.57 0.10 12.9

4 0.74 0.12 32.9

5 0.92 0.13 15.4

6 1.14 0.15 -13.8
exit 1.3

by measuring the scattering parameters. First, the cavity fre-
quency and coupling constant S were measured in reflection
(S11 and Sp;). This was done with a vector network analyzer
(VNA) coupled to two RF pick-up loops as cavity probes.
Next, the resonant frequency and a loaded Q (Qy.) were mea-
sured in transmission measurement (S,;). Then, the Q¢ was
calculated by the measured 8 and the Qj . Table 2 shows a
comparison of the designed value with the measured value
by VNA.

Table 2: Frequency Measurement

Simulation Measurement

Resonant frequency [MHz]  321.53 321.21
Qr. (loaded Q) - 6125.8
Bi - 0.075
B - 0.1814
Qo (unloaded Q) 8700 7695.2

BEAD-PULL MEASUREMENT

Slater Perturbation Theorem

According to the slater perturbation theorem for electro-
magnetic field in cavity, the resonant frequency is shifted,
when a small volume like a bead is removed from the cavity
volume [14]. The shift of the resonant frequency depends
on the relative strengths of the electric field and the mag-
netic field. For a spherical perfectly conducting bead of
radius r, the shift given as a function of the unperturbed
field amplitudes E( and Hy, by

Ip=f

fo

2
coE2 — HoH,
0 2

U

~
(O8]
~

where f), is the perturbed frequency, fj is the unperturbed
frequency U is the stored energy in cavity, & is the permit-
tivity of vacuum, and y is the permeability of vacuum [15].

Instead of measuring the shift of frequency, the shift of
the phase has been measured and then translated it into
frequency-shift by

Tp— N0 _ tan(Ag)
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% where A¢(= ¢, — ¢o) is the phase-shift derived from the
5 unperturbed phase and the perturbed phase.

Experimental Setup

Figure 3 shows the experimental setup for bead-pull mea-
urement. In the experiments, we used the aluminum bead
ith a 1.5 mm radius assumed the spherical perfectly con-
ucting bead. The bead is attached to a non-conducting wire
fishing line) that is driven through the IH cavity.

The stepping motor was controlled by stored program
controller and was used to move the bead and the wire on
the beam axis. In this time, the position of bead is in beam
axis with an uncertainty of 2 mm.
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Figure 3: Experimental setup for bead measurement.

Result & Discussion

The phase of S»; at the unperturbed frequency was mea-
sured by the VNA. Figure 4(a) shows the plot of phase in
cavity versus bead position, when the bead traveled between

incident port and outgoing port as measurement 1 and mea-

= surement 2, respectively. The measurement 1 was consistent
i with the measurement 2 with an uncertainty of 1%. The
E baseline of unperturbed phase is 113 degrees. The six phase-
8 shifts derived from the perturbation was measured in IH
2 cavity.
Figure 4(b) shows the dependence of frequency-shift con-
€ verted by using the measured phase shift and Eq. (4) on the
2 bead position with overwriting of the electromagnetic field
2 (right side of Eq. (3)), E field (the first term on the right side
g of Eq. (3)), and H field (the first second on the right side of
S Eq. (3)) by CST.

For IH cavity, there is the magnetic field on the beam
axis. In order to confirm whether to be excited the designed
accelerating electric field, it is necessary to consider the
electromagnetic field in bead-pull measurement. As a re-
g sult of Fig. 4(b), the measured value is consistent with the
« simulated value of the field with an uncertainty of 3%.

The cause of the uncertainty is systematic error by mis-
matching beam axis of bead. We estimated the variation of
electric field distribution by CST, when the bead deviated
from beam axis in the transverse directions. The variation of
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Figure 4: (a) Phase shift (A¢) measurement 1 (or 2) as a
function z-axis, when bead is moved from incident (out-
going) port to outgoing (incident) port. (b) A comparison
between frequency shift by measurement and E and H field
(Solid line), E field and H field (dotted line) as a function z.

accelerating electric field is approximately 2—3% at the posi-
tion located in transverse direction of 3 mm from the beam
axis. The bead is located in beam axis with an uncertainty
of 2mm. Therefore, we verified that the electromagnetic
field of prototype cavity is consistent with the simulated
field within the systematic error.

SUMMARY

In this paper, the prototype cavity was evaluated for study-
ing the actual cavity of IH-DTL in J-PARC g-2/EDM ex-
periment. The resonant frequency and Qg in cavity were
estimated by measuring the scattering parameters. More-
over, the electric and magnetic field of prototype cavity was
measured by bead-pull measurement. As a result, we con-
firmed the electromagnetic field distribution of prototype
cavity is consistent with the simulated field by CST. The
prototype cavity was manufactured as intended.
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