Preface

Research Center for ELectron PHoton Science (ELPH), former Laboratory for Nuclear Science
(LNS) was established in 1966 attached to Faculty of Science, Tohoku University. In 1967, a large-
scale 300MeV electron linac was completed, and the 300MeV linac commenced to provide the beams to
not only nuclear physics but many scientific fields. In addition to the higher beam energy, the 300MeV
linac had been operated at a tremendous repetition rate such as 300pps, which is still marvelous for
the current linac technology trend. The 300MeV linac played an important role in a new era of nuclear
physics driven by high-energy electron beam electron beam, and left a number of significant results such
as a study of giant resonance in deformed nuclei via electron inelastic scattering. Furthermore a pulsed-
neutron from a dense target irradiated by the high-power electron beam was developed for solid-state
physics and other related science, which was conducted by the first director of the Laboratory, Dr. Moto-
haru Kimura. This historical 300MeV linac is no longer here (the actual maximum energy was ~220MeV
due to deterioration of accelerating structure shunt impedance in its closing years). Major components of
the 300MeV suffered serious damages due to the Great East Japan Earthquake on March 11, 2011. Since
there was no technical support for the 44-year-old linac, recovering whole function was impossible any
longer. Nowadays superconducting technology has been developed for high average power electron beam,
so that the high-repetition normal conducting linac seems to be left behind. This means it may take a
huge budget to re-construct a 300Hz - 300MeV linac. It was very difficult task to recover the functions
of 300MeV linac. Consequently we have decided to separate major functions of the linac, i.e. produc-
tion of radioisotopes and beam injection into a 1.2GeV booster synchrotron. Among five 25MW-klystron
modulators, two adequate modulators were recovered as main power sources for a 300Hz - 60MeV linac.
Other usable components and devices in the old linac have been stocked for possible malfunctions in the
near future. A beam transport line into the 1st experimental room where there is a target station for
the radioisotope production was also improved by introducing a new dispersive section and a dispersion-
free beam line. The memorial linac was revived as an extremely high beam power linac dedicated to
the radioisotope production. Accordingly handling of the high-power beam has been greatly improved,
so that the stable beam can be provided to users in a short tuning time. Meanwhile, a 1.2GeV booster
synchrotron, the so-called STB-ring, was also recovered and reincarnated as a 1.3GeV booster-storage
ring (BST-ring) by introducing high-performance synchrotron tracking power supplies. Furthermore the
BST ring is now able to store the high beam current more than 100mA theoretically because of replacing
quadrupole magnets with sextupole-quadrupole combined magnets to cure the head-tail instability. A
90MeV injector linac was newly constructed in which an originally developed thermionic RF gun was
introduced for reducing the linac cost. The role of old 300MeV linac is then distributed to the high-power
linac and the injector linac so that parallel operation of two linacs is indeed possible. Detail of recovering
from the disaster was reported in an issue “ELPH annual report 2011-2013”.

In 2014, reform of the research building was completed. This might be very much surprising for
ones who know it used to be. The building looks fine and equips a new conference hall whose seating

capacity is more than 100 people. In addition, utilities in the facility, such as electricity receiving and



transforming station, monitoring system for radiation safety, reservoir pool for polluted water and etc.,
were fixed and mostly improved. In addition to these facts, the alteration of the 300MeV linac, a symbol
in the long history of ELPH and LNS, implies an opening of new era of the Laboratory.

Four years have already passed since the big earthquake and tsunami attacked. The scars left
by the tsunami were still visible in every quarter. We should not forget contribution for the local area
alongside of recovering our research activity. In 2014, we have embarrassed particularly by the steep rise
of electricity price. However we are going to reverse the situation and let us be substantial parts of the
next generation of the Laboratory. We sincerely ask facility users and related scientific field communities

for strong supports and cooperation.

Director

Hiroyuki Hama
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Current status of meson photoproduction experiments with
FOREST

T. Ishikawa!, Q. He!, Y. Honda!, M. Miyabe!, N. Muramatsu®, H. Shimizu!,
Y. Tsuchikawa!, and H. Yamazaki!’

1Research Center for Electron Photon Science (ELPH), Tohoku University, Sendai 982-0826,
Japan

Meson photoproduction experiments with an electro-magnetic calorimeter FOREST were carried
out from May 2008 to May 2010. The main purpose of the FOREST experiments was to investigate a
nucleon resonance N*(1670), which is a candidate of anti-decuplet pentaquark baryons, via the yn —
nn reaction. Ten series of long term FOREST experiments were made before the 2011 Earthquake, and
measured the differential and total cross sections for the vp — np, vd — npn, and other reactions.

The photoproduction data were acquired with two STB circulating currents of 1200 and 920 MeV.
The numbers of events collected were 2.13 G, 2.26 G, and 0.24 G events for hydrogen, deuterium, and
empty targets in the high energy mode, and those were 211 M, 200 M, and 24 M events in the low energy
one. In this report, the statuses of the analysis on the performance of FOREST from the fiscal year 2014

are presented.

§1. Introduction

Quark nuclear physics is a research field where we study the strong interacting matter to under-
stand its properties and interactions coming from underlying fundamental theory Quantum Chromody-
namics (QCD). It is a challenge to give an answer to the internal structure of the nucleon and its excited
states in terms of effective degrees of freedom. Baryon resonance spectroscopy is an important testing
ground for non-perturbative QCD calculations in the low energy scale. Meson photoproduction is uti-
lized for baryon spectroscopy complementary to 7N elastic scattering. The vp — 7w™n and vp — #«'p
reactions are intensively investigated at the first stage. Other meson photoproduction processes have
been investigated in the second stage:

1. multi-meson photoproduction selecting highly excited baryons, and
2. meson photoproduction on the neutron.
A narrow resonance observed in 1 photoproduction on the neutron is of great interest.

It was observed at Laboratory of Nuclear Science (the former name of ELPH) [6], GRAAL [7], and
CB-ELSA [8]. The resonance would be attributed to a member of anti-decuplet pentaquark baryons
with hidden strangeness since no signature corresponding to this bump has been observed so far in the
proton channel. Fig. 1 shows the baryon octet and anti-decuplet penta-quark baryons. Although the

N? member can be photoproduced from the neutron, photoproduction of the N,/ member having a U-



spin of 3/2 is forbidden because the U-spin of the proton is 1/2 and that of the photon is 0. The baryon
resonances including this bump has been studied with an electro-magnetic (EM) calorimeter FOREST

at ELPH, Tohoku University by using various photoproduction reactions.
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Fig.1. Octet baryons and anti-decuplet penta-quark baryons. The N member can be photopro-
duced from the neutron, but photoproduction of the N5+ member is forbidden due to the
U-spin conservation.

§2. Electromagnetic calorimeter FOREST

Meson photoproduction experiments with an electromagnetic calorimeter complex FOREST were
carried out from May 2008 to May 2010 at ELPH, Tohoku University. Bremsstrahlung photons were
used as a beam, being generated with a carbon fiber inserting into circulating 1200 or 920 MeV electrons
in the STretcher booster (STB) ring. Each photon was tagged by detecting the corresponding post-
bremsstrahlung electron inside a bending magnet of the ring. The details of the photon tagging counter
STB-Tagger II are described elsewhere [9]. The energies of the tagged photon beam ranged from 740 to
1150 MeV for circulating 1200 MeV electrons, and from 580 to 880 MeV for 920 MeV ones.

O 5 44 or n — v~ were detected with FOREST. The details of the design of

Two ~ rays from =
FOREST are described elsewhere [10] and the status report of FOREST achieved in 2006—2013 can be
found in Ref. [11-17]. Fig. 2 shows the schematic view of FOREST.

FOREST consists of different three EM calorimeters: the forward one ‘SCISSORS III, the central
one ‘LEPS Backward Gamma detector,” and the backward one ‘Rafflesia II.” SCISSORS III is comprised
of 192 pure CsI crystals, LEPS Backward Gamma detector is made up of 252 lead scintillating fiber
modules, and Rafflesia II is composed of 62 lead glass Cerenkov counters. The energy resolution of
each calorimeter is 3%, 7%, and 5% for 1 GeV photons, which was measured at the positron beamline
for testing detectors at ELPH [18-22]. Plastic scintillator (PS) hodoscopes are placed in front of each
calorimeter. The forward hodoscopes called ‘SPIDER’ consist of left and right-handed spiral-shaped PS’s,

and can determine the incident position of the detected particle. The central and backward hodoscopes

called ‘IVY ’ and ‘LOTUS’ consist of 18 and 12 PS’s, respectively.



LEPS Backward Gamma

SCISSORS 111 SPIDER

Fig.2. Schematic view of FOREST. It consists of three EM calorimeters: the forward one with
192 pure Csl crystals ‘SCISSORS III, the central one with 252 lead scintillating fiber
modules ‘LEPS Backward Gamma detector, and the backward one with 62 lead glass
Cerenkov counters ‘Rafflesia II. The energy resolution of each calorimeter is 3%, 7%,
and 5% for 1 GeV photons. Plastic scintillator hodoscopes are placed in front of these
calorimeters: SPIDER, IVY, and LOTUS. The photon beam comes from the right side.

Ten series of long term FOREST experiments were made before the 2011 Earthquake, and we call
the periods 2008A-2008C, 2009A—2009E, 2010A, and 2010B. The developed FOREST cryogenic target
system [23] enables us to change targets within 6 hours. The high speed data acquisition system (DAQ)
FOREST-DAQ dedicated to the FOREST experiments [24] was used. The DAQ efficiency was 76% at the
trigger rate of 2 kHz. The details of the FOREST experiments are described elsewhere [15]. The collected
data in the FOREST experiments are summarized in Table 1 in Ref. [16]. Construction of Rafflesia II
finished after the 2008A term ended, and the readout of signals from all the counters in Rafflesia II was
ready from the 2008C. LOTUS was constructed just before the 2009D started. The data taking with the
deuterium target started in the 2008C, and the data for both the hydrogen and deuterium targets were
acquired in a term except for a short term 2009C. The circulating electron energy of the STB ring was

920 MeV for the 2009E and 2010A periods, and 1200 MeV for the other ones.



§3. Progress of the analysis in FY2014

The progress of the analysis in FY2014 is described in this section. The momentum, polar, and
azimuthal angle reconstruction for the proton were updated for SPIDER and SCISSORS III [25-27]. The
trigger formation probability especially for SCISSORS III was checked [28, 29]. The energy response to
the proton and photon were investigated in detail [31-33]. The momentum, polar, and azimuthal angle
reconstruction for the photon was also updated for Backward Gamma [30]. The geometry of the Rafflesia
II in the simulation was updated [34, 35]. The knotting process (clustering of the responding plastic
scintillators) was modified [36—38]. The geometries of SCISSORS III and SPIDER including the frame
of SCISSORS III were also updated [39-43]. The energy response of SCISSORS III was modified [44],

and the target center was also adjusted [45].

3.1 Update of the response of Lead/SciFi modules to the photon
The average number of responding Lead/SciFi modules as a function of photon energy is different
between the experimental and simulation data when a photon injects onto Backward Gamma. The lat-
eral broadening of the EM shower in Lead/SciFi was adjusted in the simulation so that the average
number of responding Lead/SciFi modules in the experimental data were reproduced by the simulation.
Figure 3 shows the photon energy distribution generating one and two blocks together with the probabil-
ity of generating two blocks as a function of photon energy in response to a photon after the simulation

code has been modified.
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Fig.3. Photon energy distribution generating one (left) and two (right) blocks, and the proba-
bility of generating two blocks as a function of photon energy in response to a photon
after the simulation code has been modified. These are estimated by using the vp — np
events. The blue and red histograms show those for the experimental and simulation
results, respectively. The upper and lower panels show the FOREST2009D and 2010B
results.



3.2 Check of the trigger formation probability
The trigger logic for the data acquisition system could change more or less the acceptance for the
specified reaction events. Therefore, the trigger formation probability was checked in the various points
of view: effective threshold of the calorimeter modules and SCISSORS II blocks, and the responding
probability of the blocks. It has been discussed in §3.1 as for the responding probability of the Backward

Gamma blocks.

3.3 Update of the Rafflesia II geometry
The preliminary results for the differential cross sections of the vp — 7°p reaction differ between
BB and BR, where BB stands for the events that both the two photons are detected with Backward
Gamma, and BR shows the events that they are detected with Backward Gamma and Rafflesia II. This
difference is thought to come from the discrepancy of the solid angles of Rafflesia II between the exper-
imental and simulation data. The global z shift of Rafflesia II was adjusted so that the ratio of BR and

BB events in the experimental data was reproduced by the simulation for the vp — 7°p reaction.

3.4 Update of the SPIDER geometry
A discrepancy between the experimental and simulation data exists in the placement of SPIDER
plastic scintillators. The measured polar angles were estimated for the experimental and simulation by
using the vp — np events. Figure 4 shows the centroid of the measured polar angle distribution for the
most outer overlaps between the first and the second (third) layer of the SPIDER plastic scintillators.
The measured polar angle in the simulation is always larger than that in the experimental data, and

the difference seems constant.
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Fig.4. Centroid of the measured polar angle distribution for the most outer overlaps between
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red histograms show those for the experimental and simulation results, respectively. The
vertical bar shows the width (o) of the measured polar angles.



After the modification of the placement of SPIDER plastic scintillators and the global shift of SCIS-
SORS III in z axis, the good agreement between the experimental and simulation data was obtained.
Figure 4 shows the centroid of the measured polar angle distribution for the most outer overlaps between
the first and the second (third) layer of the SPIDER plastic scintillators after the simulation code was

modified. The details of the analysis were described elsewhere [41].
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Fig.5. Centroid of the measured polar angle distribution for the most outer overlaps between the
first and the second (third) layer of the SPIDER plastic scintillators after the simulation
code was modified.

3.5 Update of the geometry of SCISSORS III and its frame

A discrepancy between the experimental and simulation data seemed to exist in the proton detec-
tion efficiency with SCISSORS III at large polar angles. At first the proton detection efficiency with
SCISSORS III was estimated by using the yp — np and vp — 7°p events that two photons are detected
with Backward Gamma and the proton is detected with SPIDER. The detection efficiency was estimated
the cluster existing ratio in the selected events. Figure 6 shows the proton detection efficiency as a
function of the momentum for each polar angle that is estimated by using the vp — 7np reaction, and
Figure 7 shows that estimated by using the vp — #%p reaction. In the vp — np reaction, A discrepancy
between the experimental and simulation data appears in the momentum range less than 800 MeV/c in
the polar angle larger than 20°. No discrepancy was observed in the vp — 7w%p reaction since no protons
with a momentum less than 800 MeV/c are detected with SPIDER.

The events are classified into four by using the azimuthal angle of the proton detection. The az-
imuthal angle regions are defined as 1, 2, 3, and 4 for [0, 15°), [15,45°), [45,75°), and [75,90°) in the
first quadrant, and the regions are defined in the other quadrant by assuming symmetry against the x
and y axes. Figure 8 shows the proton detection efficiency as a function of the kinetic energy for each
polar angle and each azimuthal angle that is estimated by using the vp — mp reaction. It seems that

low kinetic energy protons are likely to be blocked by some material.
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Proton detection efficiency as a function of the momentum for each polar angle before
changing the geometry of the SCISSORS III frame, which is estimated by using the vp —
np reaction. The blue and red histograms show those for the experimental and simulation
results, respectively. The polar angle is described in each panel. A discrepancy between
the experimental and simulation data appears in the polar angle larger than 20°.
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Fig.7. Proton detection efficiency as a function of the momentum for each polar angle before
changing the geometry of the SCISSORS III frame, which is estimated by using the
~p — 7°p reaction. The blue and red histograms show those for the experimental and
simulation results, respectively. The polar angle is described in each panel. A discrep-
ancy between the experimental and simulation data appears in the polar angle larger
than 20°.

The implementation of the SCISSORS III frame made of the iron in the simulation was not realistic
so far. This came from the unrealistic placement of the INS CsI crystals (most outer crystals in SCIS-
SORS III). Therefore, the placement of all the CsI crystals was adjusted by changing the coordinates a
little bit, and the geometry of the iron frame was changed to be realistic. Figure 9 shows the SCISSORS
III frame. No overlap between the iron frame and SCISSORS III crystals was found.

The proton detection efficiency for the simulation data was re-estimated by using the modified code
with a new geometries. Figure 10 shows the proton detection efficiency as a function of the momentum
for each polar angle and each azimuthal angle after changing the geometry of the SCISSORS III frame
that is estimated by using the vp — np reaction. The discrepancy between the experimental and simu-
lation data disappears. The z coordinate of SCISSORS III was also adjusted again so that the position
of the proton determined by SCISSORS III and that determined by the overlap of SPIDER scintillators
agreed. The details of the analysis were described elsewhere [26, 27].

3.6 Modification of the knotting process
We call a cluster of the responding plastic scintillators in hodoscopes as a knot The knotting process
is modified to incorporate the following together with bug fixes:
1. a charged particle penetrate both the IVY plastic scintillator and CsI crystal,
2. a charged particle penetrate both the IVY and SPIDER plastic scintillators, and
3. a charged particle only penetrate a plastic scintillator in SPIDER (the largest polar angle).

The details of the consideration were found elsewhere [36—38].
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Fig.9. SCISSORS III frame. No overlap between the iron frame and SCISSORS III crystals is
found.

3.7 Update of the determination of the proton kinematic variables
The determination of the proton kinematic variables (momentum, polar, and azimuthal angles)
was updated for SPIDER and SCISSORS III [25-27]. The difference of the parameters between the

experimental and simulation data became smaller.

3.8 Update of the energy response of CsI crystals to the proton

The measured energy distribution for each proton kinetic energy is different between the exper-
imental and simulation data, which causes a wrong estimation of the proton detection efficiency in
the experimental data. Therefore, the light output determination from the energy deposit was modi-
fied so that the measured energy distribution in the simulation reproduced that for the experimental
data. Figure 11 shows the measured energy distribution for each 20 MeV kinetic energy bin in response
to the proton after the simulation code has been modified. The measured energy distributions in the
experimental data are well reproduced by the simulation The details of the consideration were found
elsewhere [44].

§4. Summary

Ten series of meson photoproduction experiments with FOREST was carried out in 2008—-2010. The
main purpose of the FOREST experiments is to study a nucleon resonance N*(1670), which is a candi-
date of antidecuplet pentaquark baryons via 1 photoproduction on the neutron. The energy and timing
calibrations of all the detectors have been finished. The software alignment of SPIDER, SCISSORS III,
and Rafflesia II has been adjusted again. The estimation of the nucleon detection efficiency has been

completed. The precise determination of the time of flight for the nucleon has also been updated. Now,
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11

Proton detection efficiency as a function of the momentum for each polar angle and
each azimuthal angle after changing the geometry of the SCISSORS III frame, which is
estimated by using the vp — np reaction. The blue and red histograms show those for
the experimental and simulation results, respectively. The polar angle is described in
each panel. The discrepancy between the experimental and simulation data disappears.
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we are working on the slight difference between the experimental and simulation data to finalize the
FOREST data.
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The photoproduction reaction vn — K°A has been studied with a 4 7 electromagnetic calorimeter
complex FOREST at Research Center for Electron Photon Science (ELPH), Sendai, Japan. The K°

0 — ~~~~ with incident photon

signals were clearly observed via its neutral decay mode: K% — '
energy ranging from the reaction threshold to 1.15 GeV. We report the current status for the vd — K°Ap

photoproduction.

§1. Introduction

Baryon resonances have been experimentally studied by means of meson production reactions to
understand low-energy scale quantum-chromo dynamics. Photoproduction is one of the useful tools
to reveal the properties of excited baryons. Indeed, they have been intensively investigated via =, 7,
and multi-w photoproduction reactions. The K photoproduction reactions, which particularly include
charged particles such as K™, also have been well-studied nowadays. However, on the other hand,
neutral kaon and neutral hyperon photoprodution reactions have not been studied enough, so that ex-
perimental studies are required to confirm some theoretical works. Moreover, K°A photoproduction
may have the sensitivity to the prominent peak structure observed in the yn — nn cross section. It is
notable that all of the features on the peak reported by LNS [1], ELPH [2], GRAAL [3], CB-ELSA [4],
and MAINZ [5, 6] were consistent with each other. Those results show (1) the center value of the peak
is at W ~ 1670 MeV, (2) the width of the peak is about 20 MeV, and (3) the peak was observed only
in the nn cross section while no such structure was observed in vp — mp reaction cross section. Be-
cause of its narrow width, it is questionable that the structure is made by a nucleon resonance. Indeed,
many theoretical interpretations have been advocated. For example, there are possibilities of an exotic
baryon [7], intrinsically narrow states [8], a K'Y threshold effect [9], and an interference effect of known
resonances [10]. The variety of the scenarios indicates more constraints are needed to understand the
structure. The K°A system has an isospin 1/2 and includes hidden strangeness which is same as the nn
system. Hence, confirmation of the prominent structure via the yn — K°A reaction is meaningful to

reveal its mysterious nature.
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$2. Experiment

The K°A photoproduced events were detected with an electromagnetic calorimeter complex FOR-
EST [11]. The incident photon energy E. ranges from the KA reaction threshold to 1.15 GeV [12].
FOREST consists of three parts of a calorimeter-hodoscope pair. Forward one consists of 192 pure Csl
crystals and 72 plastic scintillators (PSs), central one consists of 252 Lead/Scintillating fiber modules
and 18 PSs, and backward one consists of 62 Lead glass and 12 PSs. In total, FOREST covers over the
entire steering angle range seen from the liquid deuterium target [13]. The energy resolutions of the

calorimeters are 3% [141, 7% [15], 5% [16] for 1 GeV positrons [17].

§3. Current status of analysis
The yn — K°A events were identified by detecting four ~s, proton p and 7~ generated from below

decay chains

K% - 7% - yy~~ and (1)

A —pm. (2)

We analyzed the data taken with the liquid deuterium target ignoring the nucleon Fermi motion in
this work. The proton inside a deuteron was assumed as a spectator during the K°A photoproduction
reactions.

Four ~s were identified as neutral clusters that were required to be coincident with each other
within [—2,2) ns. Charge of the incident particle was An event timing criterion of the FOREST ¢y was
then given as an average timing of those. Event timing window was also set to [-5, +15) ns from tp.
Two charged particles generated by the A decay (Eq. (2)) are searched by means of the timing difference
between its timing and ¢r. No other neutral particles were required in this analysis. Thus, events
which involved fifth neutral cluster or third charged cluster in the event timing window were rejected
from the event selection. Figure 1 shows the timing difference distributions between the remaining
particle and event timing criterion t. Additional particles (e.g. v, n, 7w+, p) are well observed in the
timing difference distribution. In this energy region, E, < 1.15 GeV, the proton has lower velocity than
that of the charged pion when it flies to forward angle because of the yn — K°A kinematics. Hence,
on the charged particle case, if both of those were detected by the forward calorimeter, later one was
regarded as proton and faster one was regarded as w—. Figure 2 shows the energy correlation between
E: measured energy by the forward calorimeter and AE: measured energy by the forward hodoscope for
each particle regarded as the proton and = —. It shows that the charged particles were well separated.
Also the reaction kinematics confines the proton emission angle in the laboratory frame up to 30° which
is just a boundary between the forward and central calorimeter. Thus, charged particles detected with
the central or backward calorimeter was regarded as charged pions.

Measured energy, polar angle , and azimuthal angle of the four vs were kinematically fitted [18] to
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Fig.2. Energy correlation between Es,: measured energy by the forward hodoscope versus Es.:
measured energy by the forward calorimeter of the charged particles regarded as proton
(left) and charged pion (right).

satisfy below three constraints

M2(71772) = mioa 3)
M?(v3,71) = mZ,, and 4)
Mg{(717727 Y35 Y4y E‘y) = m?\ (5)

where M (~;,~;) is the invariant mass of v; and v;, Mx is missing mass as a function of the measured
values of ; and incident photon energy E.,. Momentum of the K was then reconstructed by summation
of its grandchild ~s.

Accidentally triggered events contaminate to the selected events. Such events were subtracted by

means of the sideband subtraction method by using timing difference between a photon tagging counter
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and that of FOREST tr. Figure 3 shows the timing difference between photon tagging counter: Tagger
and FOREST. Figure 4 shows the 4 v (i.e. 7%7° from here) invariant mass distribution obtained with
kinematic fitted momenta. A clear peak around the K° mass (497.614 MeV/c? [19]) is observed with
same width of the one expected from GEANT4 based Monte Carlo (MC) simulation. The K° yield was
estimated about 10k by fitting the distribution with linear combination of 4th polynomial and gaussian
functions.

The number of the K°A events were counted by subtracting a simulated background distribution
from the 7%7° invariant mass distribution. Detailed studies proceed to reveal the contaminated reac-
tions. This report shows the results on the assumption that the background distribution is originated

O7~p. The background distribution in the 7%7° invariant mass

by an non-resonant reaction yn — w7
distribution was fitted by a simulated background distribution. Figure 5 shows the invariant mass dis-
tributions for different E., of each 50 MeV. The background distributions were almost reproduced by the

simulated distributions for vyn — 7%7°

7~ p reaction.

The FOREST acceptance was examined by use of the MC simulation. Figure 6 shows the acceptance
as a function of the kaon emission angle in the vn center-of-mass (CM) frame cos G%M for different photon
beam energy E.. It shows that FOREST can detect overall emission angle of K°.

Figure 7 shows differential cross sections as a preliminary result. The cross sections show enhance-
ment as the kaon emission angle becomes backward in the higher E., region while they approach flatter
distributions at the lower energies. This result supports the experimental remark in the experimental

observation in the previous measurement of the yn — K°A reaction reported by K. Tsukada et al. [20].

This fact indicates that the u-channel exchange term may play an important role in this reaction.
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shows fitted background distribution made by MC simulation for the vyn — #%z%xp
reaction.
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Fig.6. FOREST acceptance for the K°A photoproduction reaction as a function of cos 8¢ for
different energy bins. A mean value of the incident photon energy is written in each
panel in MeV unit.
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Fig.7. Preliminary result of yn — K°A differential cross sections as a function of kaon emission
angle in the yn CM frame cos @M for different photon energy E.. A mean value of an
energy range of the photon beam is written in each panel in MeV unit. The y axis is
scaled to an arbitrary unit.

$4. Summary
Meson photoproduction experiments were carried out at ELPH to study baryon resonances. The
yn — K°A = 7%7%n~ — yyy~pm~ events were studied with an electromagnetic calorimeter FOREST.

About 10k K°A events were confirmed in the w%#°

invariant mass distribution. FOREST successfully
detects K at all of the emission angles in the yn CM frame. The vyn — K°A differential cross sections
showed backward enhancement in higher energy region. The preliminary results agree with the previous

experimental remark reported by K. Tsukada et al. [20].
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A method to measure the size of hadrons
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A novel method to measure the size of hadrons is discussed. A Measurement of Bose-Einstein
correlations (BEC) for identical mesons M makes it possible to extract the radius of hadron H decaying
into M X in the yIN — M H — M M X reaction. For example, the root mean square radius of A(1232)
can be obtained from an experiment measuring 7w%z% BEC by utilizing the A sequential decay process

AN — 7w'A — 7#07%X at the 7°A photoproduction threshold.

§1. Introduction

In the study of hadron structure the information on the size of hadrons is of crucial importance.
Hadron radii, however, are not well measured except for those of some stable hadrons such as the pro-
ton, the charge form factors of which have been measured precisely by means of electron-proton elastic
scattering to yield the mean square radius of the proton [1]. Spectroscopy of atomic hydrogen gives also
precise values of the proton radius [2]. As far as the measurement of the size of a particle is concerned,
usually the size means the extent of the charge distribution inside the particle. Accordingly electromag-
netic probes are employed as measuring tools. We are exploring another method to measure the size of
hadrons, utilizing Bose-Einstein correlation (BEC) effects of two identical bosons.

We succeeded in extracting w°7° BEC parameters from 27° photoproduction data obtained with
the FOREST electromagnetic calorimeter in a baryon resonance region around 1 GeV [3]. This is the
first observation of wr BEC effects in such a low energy region where only a few pions are generated,
unlike the case of BEC observations at high energies with large multiplicity. Here we have an idea to
measure the size of the A(1232) resonance by applying a 7°7° BEC analysis to 7°A photoproduction on

the nucleon.

§2. Bose-Einstein correlations of two identical bosons

In general, BEC effects may be expressed with two-particle correlation function Cgrc(p1,p2) as

Pgrc(p1,p2)
Py(p1,p2)
Here Perc(p1,p2) denotes the probability density of two identical bosons, subject to Bose-Einstein sym-

Cgec(p1,p2) = (1

metry, emitted from a source to space-time points y; and ys with momenta p; and ps, respectively. The

“Present address: Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621900,
Sichuan, P.R. China
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denominator Py(p1, p2) corresponds to that of two identical bosons in the absence of BEC. The probability

density Perc(p1,p2) is expressed as

Pgrc(p1,p2) = /d41‘1d47'2|¢2(p1aP2)|2P(T1)P(7“2) 2)
where 12(p1, p2) is a symmetrized two-particle plane wave function given by
Yo (p1,p2) = % {efim(yrn)efipz(wfrz) + e~ tP1(y1—72) o —ip2(y2—71) , (3)

and p(r) represents a normalized emitter source distribution. Here r;, 7o are the space-time points of

two-boson emitted places in the source. We obtaine
|92 (p1,p2)|* =1+ %e_iq(rl_m + %eiqm_mv (4)
with ¢ = p1 — p2 and
Pgrc(p1,p2) = /d4r1d4rz [1 + %e_iq(”_”) + %eiq(’“_”) p(r1)p(re)
=1+[f(a)* ()
using the Fourier transform f(q) of p(r),
fla) = [ dtre i p(r). ®)
If the two particles are detected independently,
Pa(p1,p2) = [ dirdiralso(pr,p)p(ra)p(ra)
_ %/d4?‘1d4'f‘2 [|e—im(yl—m)e—ipz(yz—rz)|2 + e Prwi=) g=iP2(a=0) 12| p(31) p(rp)
= /d4r1d4r2p(r1)p(r2)
=1, (7

which corresponds to the two-particle probability density without BEC. Therefore the two-particle cor-

relation function can be written by

Csrc(p1,p2) = 1+ |f(q). (8)

It should be noted here that the BEC does not mean the correlation caused by the direct interaction
between the bosons, but the correlation just due to the Bose-Einstein statistics.
If a Gaussian type distribution is employed, p(r) can be expressed with a function of the world

interval r2 from the origin of the source,

B 1 — (2 —t2)
0= o ("5 ) ©
with
r2 =t - . (10)

The Fourier transform of p(r;) is then written by

azqg a?q? >
9

flg) = /d4rle—iqr1p(r1) = —1exp < 5 g (11)
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by means of the Wick rotation in the complex ¢ plane (it = t') and that of p(re) likewise. Therefore we

have

/d41“1d4rze*"q(”*’“Z)p(n)p(rz) = f(@))? = exp (o} — 2F) = e ¥V, (12)
and

Cepc(q)=1+e >, (13)
where Q? = —q¢?. Experimentally we assume the two-particle correlation function can be expressed as

Cprc(q) =1+ e 9, (14)

since all the events do not come from the process under consideration. Here X is introduced to describe

chaoticity which measures the strength of the BEC effects.

§3. Application for A sequential decay processes
It is very much important to get Lorentz invariant BEC parameters in the measurement of the
A(1232) radius. The parameter « given in the previous section has something to do with a Lorentz
invariant world interval. The size of A(1232) can be measured with the 7°7°® BEC method applied to
7°A photoproduction events under the following two assumptions.
1. A sequential decay dominance
We assume A sequential decay dominance. As a matter of fact, our experimental data show that
the A sequential decay process is dominated in 27 photoproduction on the nucleon in the vicinity
of the A photoproduction threshold [3],
AN — R* — w°A(1232) — 7°7°N, (15)
where R* is an s-channel intermediate state decaying into w°A.
2. Space-time coordinates
The space-time coordinates are defined so that the center of the A is the origin of the coordinates
when the first 7° and A appear simultaneously at ¢ = 0, which is measured at the rest frame

of the A. In this space-time coordinate frame, the first and second 7°s take place at r; and rg,

(o

A

Fig.1. Space-time coordinates
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respectively. And the emitter source distribution p;(r) for the first w° is assumed to be given as

1 —7 4 t?
= s () 1o
and ps(r) of the second #° as Y
1 -+t
pz('f‘) = Wexp <2ﬁ2) (17)

Each of the parameters a and 3 represents an extent of the distribution in terms of space-time

interval r2 = t2 — 2.

Under these conditions, Eq. (2) becomes
Pgrc(p1;p2) :/d47’1d47'2\¢2(P17p2)|2/)1(7°1)/72(7‘2)
4, 4 1 igtr—r) o L ig(r—rs)
= | d°rid’re |1+ Ee + Ee p1(r1)pz2(re)

“ 1t L h@fia) + 5 fi @) f()

T AV
—1+exp< 5 ~ 3 >exp( 5~ 5 ) (18)
Therefore the correlation function may be written as
2 2
+
Cgec(q) =1+ Aexp ((125622), (19)

for 27° emission. The parameter (a®+/3%)/2 is a Lorentz invariant quantity of the 2 system, where the
secondly emitted 7° coming from A decay is delayed due to the life time of A. This time component can
be eliminated by a three-dimensional measurement of the distance between the 27 in the A rest frame.
We are actually interested in the three-dimensional size of the 27° emitter. The three-dimensional mean

square distance D? of 27° can be given as

D2 _ 1 1 — — \2 _(F% _’F% d3—* d3—*
= (Vamar (Vonp) /(rl — 79)% exp oa? ) P 952 T1d° Ty
=3(a® + %) (20)

in the A rest frame. Here the A shows up at the same time when the first #° appears at ¢t = 0. At this
moment, the first 7° event happens at r; = (0, 71). (The origin of the space-time coordinates is defined at
the center of A at rest.) The second w° appears somewhere in the A at the space-time point r = (7, 73).
If the pion were a point-like object without dimension, D? would represent the mean square distance of
two places in the A under the condition of o ~ 3. And the mean square radius R? of A can be obtained

from the relation

D* = 2R%. (21)
We assume

R = RA + Ry, (22)

where R and R, denote the root mean square radii of A and 7, respectively.
The w°7° BEC size parameter obtained so far is (a? + 32)/2 = 0.828 fm?2, which gives some infor-

mation on the size of 2r° emitter source but not exactly on the size of A because the 7°A event selection
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is not completed for the moment. Nevertheless the obtained BEC parameter might yield a size close to
the radius of A, since the A sequential decay process is dominated in the yIN — 7%7%X reaction at 1

GeV. Thus the root mean square radius of A can be obtained as

2 2
Ra = w R, = 1.58 fm — 0.64 fm = 0.94 fm, (23)

where we adopt the pion radius R, = 0.64 fm. This is just a demonstration for our method to measure
the A radius. A further data-analysis is going on to select 7°A events, which will provide 7#%#° BEC

parameters to extract the A radius properly.
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We developed and tested a Thin Gap Chamber with the gas mixture of CF4 and n-Pentane. The
efficiency and timing property for the electron beam were measured. The efficiency over 99.9% can be
achieved for minimum ionizing particles with the time-jitter of 20 ns. No instability or no significant
gain drop was observed under the high flux of electron up to 30 MHz/cm?. It can satisfy the requirement
of the KOTO experiment. We also developed an amplifier and shaper with three pole-zero cancellation
circuits. It suppressed the 1/t tail of a MWPC signal and shaped it as narrow as 100 ns. It can resolve

multi pulses in the high rate condition of the KOTO experiment.

§1. Introduction

We are conducting the KOTO experiment [1] at J-PARC to search for the rare CP-violating decay,
K; — 7%w. The branching ratio is predicted to be 3 x 10~!! in the Standard Model (SM) with the
theoretical uncertainty of ~1% [2]. Such highly suppressed and well predicted process in the SM is
suitable to detect new physics beyond the SM with some deviation from the prediction. There are some
physics models which predict higher branching ratios as large as two orders of magnitude [3, 4]. We are
searching for such new physics down to the sensitivity of the branching ratio O(10~11).

The KOTO experiment uses a 30-GeV intense proton beam slowly extracted to the primary target
in the Hadron Experimental Facility of J-PARC. From secondary particles produced at the target, long-
lived neutral particles such as K, neutron, and gamma are selected with a 20-m-long KL, beamline.
In the beamline, two collimators shape the beam narrowly with a sharp edge within the solid angle of
7.8 pusr at a 16° direction with respect to the primary proton beam. A dipole magnet sweeps out charged
particles. A lead absorber reduces gamma flux. Such neutral beam enters the KOTO detector as shown
in Fig. 1 from the left to the right. Some K’s decay in the decay volume, which is of our interest.

%27 by detecting two gammas from the «° with an electromagnetic

We identifies the decay K; — =«
calorimeter, and by ensuring no other visible particle with a hermetic veto system. A charged-particle
veto counter is needed also in the downstream in-beam area for such purpose.

Neutron and gamma in the neutral beam pass through the decay volume and enter the downstream

in-beam counters. The in-beam charged veto counter should work under the high-flux neutron and
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Fig.1. Cross-sectional view of the KOTO detector.

gamma, the rates of which are 0.6 GHz in 20 x 20 cm? area respectively. The required efficiency to
detect charged particles from a K decay is 99.5% in order to reduce backgrounds, which come from
K; — ntn~ w0, for example.

We prepared a 3-mm-thick plastic scintillator for the in-beam charged veto counter, named Beam
Hole Charged Veto (BHCV) in 2013. It suffered from high counting rate from the beam gamma and
neutron, which caused the signal acceptance loss due to accidental veto. Since larger acceptance loss
was expected for planned increase of the beam power in the future, we decided to replace it with a thin
MWPC. A gas chamber with thin film cathodes was adopted because such thin material reduces hits
from gamma and neutron. Furthermore, we selected a MWPC with a shorter wire-cathode gap, Thin
Gap Chamber [5, 6]. It enables fast collection of positive ions from the avalanche process of a MWPC,

which reduces space charge effect, and hence suppresses a gain drop of a MWPC in a high-rate condition.

§2. Prototype module of Thin Gap Chamber

We constructed a prototype chamber with the following parameters, the wire spacing 1.8 mm, the
wire-to-cathode gap 1.4 mm, and the wire diameter 50 um. The relatively short gap and thicker wire
realized higher electric field in larger volume.

We used the gas mixture of CF4 and n-Pentane (C5H;i2), the mixing ratio of which was 55 : 45. The
gas CF4 was known as “fast gas” which realized fast electron-drift velocity. It enables fast response (short
time-jitter) of the chamber. The gas n-Pentane acts as a strong quencher, which is the most efficient UV
absorber among the hydrocarbon gas, and helps its stable operation with its high field in large volume.

The gas volume was 50 mm x 50 mm x 2.8 mm, and 13 wires 50-mm long were stretched in the
center. The tension of the wires was 300 gw in order to stabilize the positions against the electric force
between the wires. The central 11 wires out of 13 wires were grouped, and the signal was read out as a
single channel. The signal from the outer two wires were not read out, because the electric field of the
edge wires was different.

The cathode was made of a Kapton film 50-gm thick. The inner surface was coated with graphite,
which formed the cathode electrode. The thickness of the graphite layer was 30 um, and the surface
resistance was 1kQ)/0. This thin cathode is an essential part to reduce the counting rate from the

interaction of neutral particles in the KOTO experiment. Compared to a metal cathode, the graphite
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cathode reduces emission of electrons from the cathode due to the photoelectric effect of UV photons
from the avalanche, thus it helps the stable operation. The Kapton film was stretched with the stress
15 MPa in order to keep the flatness against the electric static force between the wires and the cathode.
The maximum difference of the gap was calculated to be less than 100 m for the 30 x 30 cm? area which
corresponds to the design of the actual chamber for the KOTO experiment. The stress was well within
the elastic range of the Kapton to keep the long-term stability. The long-term stability of the Kapton film
was also tested separately and no significant creep was observed with the stress of 30 MPa in 3 months.

Buffer gas volumes were made on the outside of the gas volume to share the same gas flow, which
enables no pressure difference of the gas between the inside and outside of the cathode film. The buffer
gas volume was closed with an aluminized PET films 12-pm thick, which also acts as an electrostatic
shield covering the chamber.

The frame of the gas volume was made of G10 in order to keep electric isolation between the cathode
ground and the high voltage applied on the anode wire. The frame of the buffer gas volume was made of
aluminum. A photos for the construction is shown in where wires were soldered on the frame. Figure 2

right shows the final shape.

Fig.2. Photos of the prototype chamber. Wires were soldered on the frame (left). Construction
was finished (right).

The signal was readout via a high-voltage-blocking capacitor (470 pF) with a custom-made pre-

amplifier and shaper. The circuit diagram is shown in Fig. 3. A fast low-noise FET-input op-amp,

e =N — N VA /, ¥r]
A EX B IE S TR RS ER
c1
e
1pF
R1 C2 R2
INPUT
co 47 47p 750
~O R
Ro 1p b 10k
51
AV

U1-U5:ADA4817

Fig.3. Circuit diagram of the pre-amplifier and shaper.
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ADA4817 [7], was used for the core device, the features of which are shown in Table. 1. The first op-

Table 1. Typical performance of ADA4817 in the +5V operation [7].

Gain-bandwidth product | > 410 MHz
Input voltage noise 4nV/v/Hz
Input current noise 2.5fA/vHz
Input offset voltage 0.4mV
Input bias current 2pA

Input bias offset current 1pA

amp part corresponds to a pre-amplifier, which integrate the input current with the time constant of
47ns. Then the pole-zero cancellation circuit with the second integration op-amp makes the effective
integration time shorter to be 3.5ns. The output of the chamber signal at this stage is shown in Fig. 4

left, where the long tail due to the so-called 1/t tail of a MWPC signal can be seen. The following three

a
o
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Fig.4. The output of the pre-amplifier part (left) and the output of the shaper (right) are shown.

pole-zero cancellation circuits and op-amps act as a shaper to reduce the 1/t tail of a MWPC signal. The

output of the shaper is shown in Fig. 4 right, where the 1/t tail is totally vanished, and the width of the

waveform is shortened to be ~ 100 ns.

83. Performance test

3.1 Setup of the beam test

An electron beam with the energy of 500 MeV was used for this test. The setup is shown in Fig. 5.
Three defining trigger counter, T1, T2, and T3 were used, which were plastic scintillators 5-mm thick
with the area of 10 x 10 mm?. A timing counter T4 or T5 was also used, which was a plastic scintillators
10-mm thick with the area of 50 x 70 mm?2. The signal was read out from the both ends to improve the
timing resolution. The trigger was made with the coincidence of all the plastic scintillators. The timing
was determined with the mean time of the both ends for the timing counter, where the timing resolution
of 0.21 ns was obtained from the timing difference of the both ends.

We used the extraction of the electron beam with a 6-second extraction in a 12-second cycle for the

test under a low counting rate. We also used a special extraction of the electron beam for the test under a
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Fig.5. Set up of the beam test.

high counting rate condition. Here the smoothing of the beam was not applied and the extraction period

was shortened.

3.2 Test under low counting rate
The output charge of the chamber at the high voltage of 2.9 kV was obtained with a CAMAC charge-
sensitive ADC as shown in Fig. 6. A minimum ionization peak (MIP) can be seen at 56.8 pC. The
efficiency of 99.95% was obtained with the threshold at 6 pC (separation from the pedestal by 3 times
rms of the pedestal). The timing distribution at the high voltage of 2.9 kV was obtained with a CAMAC
TDC as shown in Fig. 7. The “time-jitter” was defined with the time gate which contains 99.99% of the

events excluding over-flow events. The time-jitter of 20 ns was obtained at the high voltage of 2.9 kV.
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Fig.6. The output charge of the cham-
ber at the high voltage of 2.9 kV
measured with a CAMAC charge-
sensitive ADC.

Fig.7. The timing distribution of the
chamber at the high voltage of 2.9
kV obtained with a CAMAC TDC.

The high-voltage dependence of the output charge is shown in Fig. 8, where the charge correspond-

ing to the MIP is used. It shows the saturating behavior compared to the expectation in the proportional
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mode of a MWPC where an exponential dependence is expected. The operating mode seems to be the
limited proportional mode. Proportionality is not important because this chamber is used for the veto.
The limited proportional mode is rather suitable because it is robust against variation of the MWPC
cell structure, such as wire-to-cathode gap, wire spacing, and so on. The high-voltage dependence of the
time-jitter is shown in Fig. 9. The threshold and the definition are the same as in Fig. 7. It saturates

~ 20ns at the high voltage 2.9 kV or more.
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The inefficiency (1 — efficiency) was calculated with the same threshold and the time gate as in
the definition of the time jitter. The high-voltage dependence is shown in Fig. 10, where the required
efficiency of 99.5% can be achieved at the high voltage of 2.7kV or more.
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Fig.10. Inefficiency (1 — efficiency) as a function of the high voltage.
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3.3 Test under high counting rate

The shorter beam spill was used to achieve high-counting rate condition. The electron incident rate
was measured with the trigger counter nearest to the chamber (10-cm downstream of the chamber) with
the area of 10 x 10 mm?2. The discriminated pulse was counted with a CAMAC scaler and the external
clock was also counted with the CAMAC scaler simultaneously. The scaler counts as a function of the
actual time for a spill are shown in Fig. 11. The extraction period was ~ 0.1s in this condition. The
incident rate of the electron can be obtained with the differentiation of the scaler counts as shown in
Fig. 12. The incident flux also can be obtained with the area of the trigger counter. The rate reached to

120kHz or the flux reached to 120 kHz/cm? during the spill.
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Fig.11. Scaler count of the trigger scintil-  Fig.12. Incident rate of the beam electron.

lator nearest to the chamber as a The vertical axis can be read as an
function of the actual time mea- incident flux (kHz/cm?) because
sured with a clock. the area was 10 x 10 mm?2.

The output charge of the chamber as a function of the incident rate is shown in Fig. 13, where no
significant gain drop is observed. Figure 14 shows the output charge distributions for three incident rate
conditions, less than 10 kHz/cm?, 10-20kHz/cm?, and 20-30kHz/cm?2. Here no significant difference
was observed. It shows the rate tolerance of the chamber up to 30kHz/cm?, which is the expected
maximum hit rate in the unit area for the KOTO experiment in the future.

In this performance test, we also used an ADC with 500-MHz sampling which was used in the
actual KOTO experiment. Waveforms captured with the ADC in this high rate test are shown in Fig. 15.
The stability of the base line can be seen and over-wrapped multi pulses in the right figure seems to be
resolved. We simulated the high counting rate condition by overlaying the captured pulse. A pulse-fitting
method was developed and the simulated waveforms were fitted. We still achieved 99.9% efficiency with

the threshold of the 1/4-MIP level at the high voltage of 2.9 kV.

§4. Summary

The basic performance of the thin gap chamber with the gas mixture of CF4; and n-Pentane was
measured at the first time. We developed a chamber with the area of 5 x 5cm2. The wire spacing was
1.8 mm, the wire-to-cathode gap was 1.4mm, and the wire diameter was 50 um. The efficiency over

99.9% can be achieved for minimum ionizing particles with the time-jitter of 20 ns at the high voltage
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of 2.7 kV or more. We plan to use three chambers in the KOTO experiment and take two-out-of-three
logic, where the requirement of the efficiency for the single chamber can be lowered to be 90.5%. It is
also robust against occasional sparking or trip of the high voltage, although there was no trip of the high
voltage or observable sparking in this test. We didn’t observed no instability or no significant gain drop
under the high flux of electron up to 30 MHz/cm?, which is expected to be the maximum counting rate
in the unit aria for the KOTO experiment. It guarantees that our chamber will work properly satisfying
the requirement of the efficiency in the environment of the KOTO experiment.

We also developed an amplifier and shaper with three pole-zero cancellation circuits. It suppressed
the 1/t tail of a MWPC signal and shaped it as narrow as 100 ns. We simulated the high rate condition
of the KOTO experiment with overlaying the captured waveforms, and expected no significant increase
of the inefficiency due to the pile up of the waveforms in the condition of the KOTO experiment. It guar-
antees that our amplifier and shaper will work properly in the environment of the KOTO experiment.

Based on the results, we already developed the actual thin gap chamber with the area of 30 x 30 cm?
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for the KOTO experiment. Three chambers were constructed and installed in the KOTO experimental

site, and have worked in the physics run in April 2015. The long-term stability including the aging effect
will be studied in the KOTO beam.
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We are developing a new large acceptance forward spectrometer, KURAMA, for systematic study of
S = -2 system using the hybrid-emulsion method at J-PARC. We have developed new detector system,
which is composed of a single-sided silicon micro-strip detector (SSD), a beam-hodoscope (BH), a beam-
aerogel-Cherenkov=counter (BAC), a proton-veto-aerogel-Cherenkov-counter (PVAC) and a charge-hodoscope
(CH). A test experiment was performed to evaluate performance of new detector systems with 500 MeV/c

positron beams at the ELPH facility, Tohoku University in June 2014.

§1. Introduction

Double strangeness (S = -2) systems have gained considerable attention over the past decades, be-
cause of their important role to understand baryon-baryon (B-B) interaction in SU(3) flavor. Also it
plays a key role in the understanding of the multi-strangeness matter, such as the core of the neutron
stars. For hyperon (Y') - nucleon (IV) interaction (S = -1), where hyperon consists of three quarks in-
cluding at least one strange quark, only 35 species of A-hypernuclei are known. However, for Y-Y (S
= -2) interaction, only a few double-A hypernuclei have been reported. Among them, only one double-A
hypernuclei event, called NAGARA event, was clearly identified as the decay of § , He hypernuclei in
the hybrid emulsion experiment [1]. The two-A binding energy (Bxa) and the A-A interaction energy
(ABj,) were measured to be 6.91 4 0.16 and 0.67 & 0.17 MeV, respectively [2]. More samples are still
desired to extend the understanding of A-A interaction in the nuclei. J-PARC proposed experiment EQ7

is systematic study of S = -2 systems by the hybrid-emulsion method and it is expected to obtain about
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Fig.1. A picture of the test module of SSD.

100 double-hypernuclei candidates [3].

A new magnetic spectrometer, KURAMA, is developed to identify outgoing K™ inthe C(K~—, KT)=~ X
reaction at forward angles. Originally the KURAMA spectrometer was used for the experiments at the
KEK-PS beamline. For the new experiment, E07, a pole gap of the KURAMA dipole magnet was in-
creased from 50 cm to 80 cm to get a maximum acceptance at the forward scattered angles. To meet
required acceptance, new detector systems were fabricated , which are a single-sided silicon micro-strip
detector (SSD), a beam-hodoscope (BH), a beam-aerogel-counter (BAC), a proton-veto-aerogel-counter
(PVAC) and a charge-hodoscope (CH). We performed a test experiment for new detector systems with
500 MeV/c positrons at the GeV gamma beamline at the ELPH facility, Tohoku University.

§2. New detector systems
This section deals with the new detector systems for the new KURAMA spectrometer.

2.1 A single-sided silicon micro-strip detector (SSD)

The hypernuclei can be found by themselves in the emulsion experiments, but it takes long time
to analysis whole emulsion. =~ particles are produced via (K—, K*) reaction in the diamond target
and stopped in emulsion plates. In the hybrid emulsion method, the incident position of == in the
emulsion plate can be reconstructed with vertex information from SSDs together with information from
other counters and trackers [4]. The silicon sensors are single-sided and a p-in-n type manufactured by
Hamamatsu Photonics [5]. The sensor has total 1,792 strips with a strip pitch of 50 um and 320 pum
thick. Among them, 1,536 strips are bonded to 12 APV25 front-end chips and the total effective area is
77IW] x 7T7[H] mm?.

One stack consists of 4 layers of sensors in XY X'Y"’ order and the APVDAQ VME modules are
used to acquire a pulse shape of SSDs. In the test experiment, the SSD module with two layers of SSDs
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(b) PVAC

Fig.2. A picture of a beam-aerogel-Cherenkov counters (a) and a proton-veto-aerogel-Cherenkov
counter (b).

with the XY configuration was fabricated to evaluate the operation of new sensors at the ELPH facility

as shown in Figure 1.

2.2 A beam hodoscope (BH)

Time-of-flights (ToF) of charged particles are measured by a Beam-Hodoscope (BH) and a Time-of-
Flight wall. A good ToF resolution is guaranteed for reliable particle identification, because the masses
of the reconstructed charged particles can be calculated by the relation m? = p2(1 — 32), where 3 =
L/(c - ToF). L is the flight length and c is the speed of light in vacuum, respectively. Two type of
the plastic scintillators, Eljen EJ-212 and Eljen EJ-230 [6], were used and the size of scintillator is
40[H] x 120[W] x 6[T] mm3. EJ-212 shows better light yield, while EJ-230 has good timing property.
Fishtail light guides were coupled to the both upper and lower sides of the plastic scintillator. Two 2-
inch-diameter PMTs, Hamamatsu H10570 and Hamamatsu H2431-50 [5], measures scintillation lights
from the scintillator. A Teflon sheet in 200 pm thick or an aluminized Mylar were used for wrapping

scintillators to optimize time resolution of BH’s.

2.3 A beam aerogel counter (BAC)

A beam aerogel counter (BAC) is important to reduce backgrounds, such as pions, muons and elec-
trons, at the online level. Two BACs are used at the online level trigger because knock-on electrons
from K~ beams make an over-killing signal about 5 % for one counter. Figure 2 (a) shows the fabricated
BACs. The size of window is 170[W] x 70[H] mm? and the diffusion box has an inclined plane with
61.3 degree. In side of the diffusion box, four layers of n = 1.03 aerogel radiators were stacked at the
upstream of BAC. Two 3-inch fine-mesh PMTs (Hamamatsu R6683 MOD [5]), which were used for the
belle experiment, were jointed in the bottom of the diffusion box. A single layer of GORETEX is used as
reflector for one of the BAC, while a triple-layer Teflon sheet is covered for another BAC.
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Fig.3. A photo of a charge hodoscope.

2.4 A proton veto aerogel counter (PVAC)

A high reflective index aerogel is recently developed by Chiba Univ.. The aerogel with high reflective
index is used to identify the scattered K+ from the =~ production at forward angles. A prototype of PVAC
was fabricated to study a design of diffusion box as shown in Figure 2 (b). The radiator of PVAC is an
aerogel with high reflective index of 1.163 and 113[H] x 113[W] x 13[T] mm?. The size of the diffusion
box is 120[W] x 120[H] x 70[T] mm? and four 2.5-inch fine-mesh PMTs are attached to both sides to
collect Cherenkov lights. 300 pum thick Teflon sheet was used at the up and downstream windows. On

the other hand, the side of the diffusion box used 700 pm thick Teflon sheet.

2.5 A charge hodoscope (CH)

A charge hodoscope (CH) is used to identify the charge and rough naive momentum of the scat-
tered particle by information of hit segment with both CH and ToF wall in the 15¢ level trigger (matrix
trigger) and the 2™ level trigger (mass trigger and momentum trigger). The CH consists of 64 plas-
tic scintillators with size of 2 x 11.5 x 450 mm?® as shown in Figure 3. Each segment is overlapped
with adjacent segments by 1 mm. The signal is read out by MPPC (multi-pixel photon counter) with
wavelength-shifting-fiber (WLS-fiber). Since it is located inside of the KURAMA dipole magnet, high
tolerance against strong magnetic field is needed for CH. The WLS-fiber is inserted in the 1Imm-depth
groove in a single side of scintillator. The 1x1 mm? MPPC with the Kuraray Y11 WLS-fiber [7] collects
scintillation lights at a side. The SPTROC board is used in the read-out electronics and the logic signal
from the SPIROC board is used in the 1% and 27¢ level trigger.

§3. Test experiment
3.1 Experimental setup
Figure 4 shows an experimental setup at the GeV gamma beamline at the ELPH facility. All detec-
tors were aligned along to the beam line. We prepared two large size of trigger counters, 144[W] x 44[H]

x 10[T] mm?, to estimate intrinsic time resolution, which large trigger counter used two Hamamatsu
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H1949 PMTs and PMTs are coupled with both edges. In additional, small trigger counters, 9.3[W]
x 9.4[H] x 4[T] mm? and 9.5[W] x 9.8[H] x 4[T] mm?, used to estimate position dependency. Large
counter and small counter were located most both up and downstream sides to identify positron beams.
Among three SSDs, up and downstream SSDs are reference SSDs, which were used for the J-PARC E10
experiment [8]. A shower veto counter was located downstream of aerogel counters. The size of shower
veto counter is 25 x 25 cm? and it has ¢30 mm hole in the center of the scintillator. The hole was aligned

to the beamline and it was used to suppress the shower events from positron beams.
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Fig.4. Experimental setup for a test experiment.

The trigger rate was 5000 count/spill (16s cycle) and about 1% events were survived by requiring

hits on small counters and no showered events.

3.2 Results
3.2.1 SSD
The efficiency of SSDs are measured by comparing with the reference SSDs and these are estimated
to be 98.7 % and 99.4 % for X-layer and Y-layer, respectively. However, X-layer has 10 dead strips in hit
region, whereas those in Y-layer is 1 strip. It can reflect lower efficiency of X-layer. We found that high
rms level of X-layer than that of Y-layer. It came from loose connection of the ground line between APV25
front-end chips and their power lines [4]. The problem has been solved to the final SSD modules. We
successfully estimated the beam profile by hit pattern of new SSDs as shown in Figure 5. Figure 5 (a)
shows the beam profile of positron beams. The x and y widths of beam are estimated to be 10.6 mm and
5.3 mm, respectively. By requiring no hit on shower veto counter, the beam profile became circle shape
due to the hole shape of shower veto counter as shown in Figure 5 (b). Figure 5 (c) shows the beam
profile by requiring small trigger counters. The shape of small trigger can be seen, but the boundary is

not clear. It is caused by the multiple scattering of the positron beams.

3.2.2 BH
We estimated intrinsic time resolution of BHs depending on different positions and different type

of scintillators. Small beam size was selected by requiring hits on the small trigger counters. The time-
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Fig.5. Reconstructed beam profiles by new SSD

walk correction of the large counters was performed with the TDC,o, = TDCrg: — a//VADCrqy + b
relation, where T DC.,, is the corrected TDC, TDC, 4., is the raw TDC and ADC,,,, is the raw
ADC. a and b are fitting parameters. Three ToF’s are defined as ToFBH 145, — Trigss T OFBH 119451 —Trigs
and TOFBH ;05— BHus» Where are the time-of-flight between BH pg10571 and T'rigs, BHpo431 and
Trigs, BHp10571 and BH o431, respectively. The intrinsic time resolutions o B> OBH s and

Orrig, can be estimated by the following equations,

2

_ 2 2
O BHr105m—Trigs —  BHrriosm + T Trigy

2 _ 2 2
O BHios—Trigs — O BHrraum + T Trigy

2 _ 2 2
O BHirosm—BHerzasi - © BHenosn + O BH o410

where o shows resolution of time-of-flight of each combinations. The estimated intrinsic time resolutions
depending on X-incident position are shown in Figure 6. BH with H10571 PMT (Figure 6 (a)) shows
various intrinsic time resolutions than that of BH with H2431-50 PMT. It is caused by small light yield of
EJ-230 and low gain of H10570 PMT. Reflector with an aluminized Mylar shows better timing properties,
because Teflon is random reflector and the pass length of scintillation has large variation. In the case
of H2431-50 PMT, the intrinsic resolutions show similar distributions for different type of scintillators
and reflectors. The best timing resolution,however, shows 95 ps. We found that H10570 PMT with EdJ-
230 and an aluminized Mylar shows best intrinsic time resolution about 85 ps and almost no position

dependency in X-position.

3.2.3 BAC
To normalize gain of two PMTSs, we estimated single-photo-electron (SPE) channel in the LED test
bench at the laboratory test. The SPE level was measured by the zero probability of the Poisson distri-
bution with weak LED intensity as relating with P..,, = e~*, where X is mean photoelectrons. Figure
7 shows the estimated number of photoelectrons for two BACs. Teflon reflector is better light collection
efficiency than that of GORETEX, due to the 10 % better intrinsic reflectance for Teflon sheet. The es-
timated number of photoelectrons are more than 20 photoelectrons for positron beams. The inefficiency

of BACs are negligible because the inefficiency of BAC from the Poisson distribution is 2.1 x 1079.
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3.2.4 PVAC

SPE levels for 4 PMTs were estimated from the LED test bench as similar as the BAC’s normal-
ization method. Positron beams were irradiated for 5 positions at PVAC. Figure 8 (a) shows the re-
constructed number of photoelectrons of PVAC, when positron beams inject at center. The estimated
mean photoelectrons are 32.6 photoelectrons at center. The histogram has a large tail at high energy
side compared to the Poisson distributions, but the peak position consistents to a result of Monte-Carlo
simulation (20.8 photoelectrons). Other 4 positions were also irradiated as shown in Figure 8 (b). The
estimated photoelectrons are 30.8, 31.7, 32.0 and 32.0 for (2.5 cm, -2.5 cm), (2.5 cm, -2.5 cm), (-2.5 cm,

2.5 cm) and (-2.5 cm, -2.5 cm) positions, respectively.

3.2.5 CH
MPPC shows very good photon counting characteristic and our MPPC module can clearly count
more than 10 photoelectrons in the LED test bench. During the test experiment, all channels were

normalized to 30 channel of SPE. Figure 9 shows gain dependency of all 64 channels. All channels show
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Fig.8. Histogram of number of photoelectrons of PVAC at center (a) and the reconstructed num-

ber of photoelectrons depending on the beam positions (b).

more than 20 photoelectrons. Normally, MPPC has high dark counting rate, 600 kecps, and it needs a little

high threshold level to reduce fake events from dark count. By assuming 4 SPE threshold level, efficiency
can be estimated as 99.998 % in the Poisson distribution. The obtained number of photoelectrons meets
our requirement. Efficiency was estimated in terms of Y-position and incident angle as shown in Figure

10 (a) and (b), respectively. The efficiency of Y-positions show about 99.98 % and it is almost closed to

our expectation by the Poisson distribution.

We estimated efficiency depending on the incident angle of positron beams. Particles with large
incident angle can hit corner of scintillators, since each segment is overlapped with adjacent segments
by 1 mm. In additional, if adjacent segments have a space, the inefficiency will be increased. In the

Figure 10 (b), the inefficiency is less than 0.1 %. The inefficiency is small, however this inefficiency is

larger than that of our expectation. Because 1 mm overlapping can cover 20 degree of incident angle.

This large inefficiency is mainly space problem between each segment.
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§4. Summary

We carried out a test experiment to evaluate the performance characteristics of SSD, BH, BAC,
PVAC and CH for the J-PARC E07 experiment. The beam profile was clearly reconstructed by new
SSD system and we have confirmed an operation of new SSD. The estimated intrinsic time resolution
of BH is reached to 85 ps and it is good enough to identify the scattered K~ from the (K, K') reac-
tion. Two aerogel counters,BAC and PVAC, were tested and the obtained gain expects good efficiency
of these detectors. Number of photons of all channel of CH show more than 20 photons. The estimated

characteristics of all new detectors meet our requirements to perform the J-PARC E07 experiment.
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The muon g — 2/EDM experiment at J-PARC (E34) aims to measure muon g — 2 with a precision

of 0.1ppm, and search for muon EDM with sensitivity down to 102! e - cm. In this experiment, muon

is accelerated to the 300 MeV/c and injected to the storage ring that supplies a 3 T precise magnetic
field. We plan to measure a track of a decay positron by the highly-segmented positron tracking detector.
The tracker is required to have high rate capability, high stability against a large rate change, good
operation in a high magnetic field, and good position resolution. The silicon strip sensor is useful for

our experiment. Two types of test sensors and test readout ASICs were produced and tested by the

*Present address: Research Center for Electron Photon Science, Tohoku University, Sendai, 982-0826
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Performance evaluation of the readout electro circuit for the
PWO counters in the J-PARC E13 experiment
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We are planning to perform a high-precision ~ ray spectroscopy using the (K, 7w ~) reaction in the
J-PARC K1.8 beam line (J-PARC E13). We use the PWO (PbWO,) scintillation counters in order to
suppress backgrounds in the 4 ray spectrum from the excited states of A hypernuclei. At the same time,
we aim to obtain the inclusive missing-mass spectrum for A and ¥ hypernuclei via the (K —, w~) reaction
at the beam momenta of 1.5 GeV/c and 1.8 GeV/e.

Thus, the excited state of X hypernuclei will be produced. Especially, we expect the observation of
the excited state of ¥ hypernucleus owing to a high momentum transfer. However, it could be difficult
to clearly distinguish the excited state whose natural width is broad from a large amount of background
events coming from the ¥ quasi-free production in the missing-mass region. Thus, it is needed reduce
the background coming from quasi-free events using energy deposit information of charged particles,
which originate in hyperon decay, in the PWO counters.

In order to obtain the energy information, a conventional QDC will be used. We have to consider
trigger latency of 1 ps in our DAQ system to obtain the ADC information. Then the analog signal of
PMT collecting photons from PWO crystals is delayed by the delay chip. The readout circuits using
three types of delay chips with different impedance (50, 100 and 300 2) were made in order to select the
best chip. The signal from PMT is divided at ratio of 10 : 1 to a TDC line for the background suppressor
and an ADC line for the energy measurement.

We tested the readout electro circuit at the electron beam line in the GeV-v experimental area in
the Research Center for Electron Photon Science (ELPH), in June 2014. We performed the on-beam
experiment for performance evaluation of the ADC line and the off-beam experiment for performance
evaluation of the TDC line. As the result of performance evaluation under the on-beam condition, it was
difficult to discuss the energy linearity of the PWO counter. We assumed the saturation effect was seen
in the high energy deposit side in the spectrum. In addition, we checked the difference of performance
of the delay chips. The same energy resolution were obtained for all type of delay chips.

As the result of performance evaluation under the off-beam condition, performance deterioration of
the TDC line due to the splitting of the PMT signal and the insertion of the delay chips was not seen for
the detection of Compton scattered ~ rays, which are backgrounds in a + ray spectrum, in the off-beam

measurement using a $°Co source.
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As these results, we concluded that the performance of the PWO counters was not changed if we
used the delay chips. We will use the 300 2 impedance delay chip because of usability in making the

readout board.

§1. Introduction

The investigation of both A-IN and X-IN interaction is essential for the understanding of the YN
interaction in the S=-1 sector. However, the -V interaction is not understood precisely yet due to lack of
experimental data. A ¥ particle is basically not bound in nuclei except for the £ He hypernucleus because
the spin-isospin averaged Y-nucleus potential is repulsive [1]. Then, the ${He system was theoretically
analyzed in order to reveal the property of the Y-V interaction in each spin-isopin state. However, since
the observed bound state was s-state (0), only the contribution from the s-wave of the X-INV interaction
was studied [2]. In order to extract the property of the p-wave, the experimental study of the exited state
of this system was suggested [3]. Therefore, experimental studies of the exited state of this system are
awaited in order to understand the property of the p-wave of the X-INV interaction.

We are planning to perform a high-precision ~ ray spectroscopy using the (K, w ™) reaction in the
J-PARC K1.8 beam line (J-PARC E13) [4]. The purpose of the J-PARC E13 experiment is to obtain
the inclusive missing-mass spectrum for A and ¥ hypernculei via the (K —,7~) reaction at the beam
momenta of 1.5 GeV/c and 1.8 GeV/c. The wide momentum acceptance of the pion spectrometer named
the SKS-Minus system enables us to obtain such a inclusive spectrum. In addition, we simultaneously
measure ~ rays from excited states of A hypernuclei using the germanium detector array, Hyperball-J.
In the J-PARC E13 experiment, a liquid helium target which is 3.0 g/cm? in thickness, will be irradiated
with high momentum K~ beams. Hence, the momentum transfer will be changed from 200 MeV/c to
500 MeV/c depending on the reaction angle. The production of the exited state of $He is expected. On
the other hand, the production of the ground state of £He is suppressed. Thus, an opportunity to study
the excited state of §,He is given us by using the high-momentum K ~ beams for the first time. However,
it could be difficult to clearly observe the excited state whose natural width is broad because of a large
amount of background events coming from the ¥ quasi-free production in the same mass region. Thus,
it is needed reduce the background coming from quasi-free events using PWO (PbWOQy) scintillation
counters used as a background suppressor in Hyperball-J system. The PWO counters are installed
around the germanium detectors to suppress background events in + ray spectrum such as a Compton
scattering or hadron penetration. Since the energy of decay particles coming from the XN — AN
conversion in YX-hypernucleus and an escaped ¥ particle in the quasi-free ¥ production are different, we
are able to reduce the quasi-free events by measuring the energies of the decay particles by the PWO

counters.

§2. PWO Counters
We introduce the PWO counters installed in the Hyperball-J system for the background suppres-

sion. The purpose of the germanium detectors is to measure the v rays from the excited states of hy-
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pernuclei. The one of background source is Compton scattering events in the germanium crystals. The
PWO counters suppress the Compton background events by detecting ~ rays originated from the Comp-
ton scattering. Hence, the germanium detectors are surrounded by the PWO counters.

The PWO counters consisted of PoWO, crystals and PMTs. The major feature of the PWO crystal is
shown in Tablel. The PWO crystal is often used as a calorimeter because of thier high effective atomic
number and high density. The decay constant is 6 ns shorter than other inorganic scintillator. The
scintillation lights are one hundredth in comparison with a Nal scintillator. Since the PWO crystal at
the room temperature emits only 0.4 photo-electrons for 100 keV ~ ray, we use the doped PWO crystal

and decrease its temparature in the J-PARC E13 experiment in order to increase the number of photon.

Table 1. Features of the PWO crystal [5]

effective atomic number 76
density [g/cm?] 8.28
radiation length [cm] 0.89
decay constant [ns] 6
photon number [Nal=100] 1

~ ray absorption [%] 67

Since the minimum energy of v ray from the Compton scattering is as low as a few 100 keV, the
threshold of the discriminator is set to a few 10 keV in order to detect such a low energy ~ ray. In
the original plan, we will use only the timing information for the background suppression . However,
the energy of decay particles shuld be also measured in order to reduce the background coming from the
quasi-free X production in the missing-mass spectrum. In addition, the energy of decay particles emitted
from the hypernuclei and quasi-free X is as high as a few 100 MeV.

We need to understand the response of the PWO counters for high energy deposit. In addition, the
change of the performance of the PWO counters as the Compton suppressor when we obtain the TDC

and the ADC simultaneously.

§3. Readout electro circuit

In order to obtain ADC information, we have to consider trigger latency of 1 us in our DAQ system.
Although we usually use cables to wait a trigger, it is not realistic to prepare cables for such a require-
ment because the number of channels of the PWO counters is 214. Hence, we use delay chips instead
of cables. In addition, when we use TDC and ADC simultaneously, the signal line has to be splited. If
a signal split ratio of the TDC line and the ADC line is 1 : 1, each signal height becames a half. In
this situation, it is difficult to be discriminated with 0.5 p.e. threshold without amplification because of
the small signal height. We have to keep the detection efficiency of the PWO counters as the Compton
suppressor. Thus, the split ratio of the TDC line and the ADC line is set 10 : 1.

Therefore, we prepared the electro circuit which splits signals and delay the signal in the ADC line.
Most of all circuits usually have the input impedance of 50 2. If there is a delay chip with the input
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impedance of 50 2 and the delay time of 1 us, such a delay chip should be selected. However, such a
delay chip is not available as commercial products. Hence, we prepare three kinds of the delay chips,

with different input impedance as summarized in Table 2. In this paper, three delay chips are labeled as

Table 2. Properties of the delay chips

delay chips
impedance [Q2] 50 100 300
delay/chip [ns] 100 300 1000
number of chips 9 3 1

the 50 2 delay chip, the 100 €2 delay chip and the 300 Q2 delay chip, respectively. Since our DAQ system
require the delay time of 1us, the number of needed delay chips are 9 for the 5012 chip, 3 for the 10092
chip, and 1 for the 30092 chip in each channel. We prepared three kinds of electro circuits using these
delay chips. In order to suppress signal reflection, impedance matching is taken into account for each
circuit.

The purpose of the test experiment is to decide the most suitable delay chip by checking the perfor-
mance of three kinds of the circuits, and to study the change of the performance of the PWO counters as

a Compton suppressor.

§4. Experiment

We tested the readout electro circuit for the PWO counters with the beam and without the beam
at the electron beam line in the GeV-y experimental area in the Research Center for Electron Photon
Science (ELPH), in June 2014.

We used the electron beam whose size is 20 mm? with the beam energy of 250, 450 and 650 MeV.
In this experiment, the PWO counters are not able to stop the electromagnetic shower caused by the
electron beam due to the small size of PWO crystals. The detectors used in this experiment, that is,
the Shower Veto counter (SV), the trigger counter (T1), and the PWO counters (PWO) are shown in Fig
1. SV rejected the shower events before T1. SV was a plastic scintillation counter which consisted of
a plastic scintillator whose size is 200x200x10 mm3 and the PMT. T1 was also a plastic scintillation
counter which consist of a plastic scintillator 10x10x5 mm? and PMT. The PWO counters consisted of
the PWO crystal whose size of 40x200x20 mm? and PMT. The DAQ system recorded TDC and ADC of
all detector with the T1 trigger. In addition, we also used FADC (Flash ADC) to record wave form. We
took data to study the difference of the performance of the three types of delay chips (and cable delay)
using the electron beam of 450 MeV, and data to check the energy linearity of the PWO counter at the
beam energies of 250, 450 and 650 MeV.

We measured the change of the Compton suppressor performance using the Nal counters (Nall and
Nal2) instead of the germanium detectors. Two Nal counters and three PWO counters were placed as
shown in Fig 2. We used the radioactive source of 5°Co which emit the ~ rays of 1173 and 1333 keV from
cascade decay. The data taking required Nall and Nal2 coinsidence trigger which the ~ rays of 1173
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Fig.1. The schema of the setup for the per- Fig.2. The schema of the setup of the measure-
formance evaluation using the electron ment using a %°Co source without the
beam. beam.

and 1333 keV irradiate Nall and Nal2 at the same time. In this measurement, ADC data for Nals and
TDC data for PWO counters were taken with this trigger by changing delay chips. In addition, reference
data was taken without the ADC line of PWO counters.

§5. Analysis and result
In the analysis of data taken with the beam, we use the center segment of PWO counters as shown
in Fig 1. In addition, we do not use data of SV because of almost no shower events after our analysis.
On the other hand, we use the three segments of PWO counters which is shown with shaded area

in Fig 2 in the analysis of data taken without the beam.

The energy linearity

We took data at the beam energies of 250, 450 and 650 MeV. We used the 100 €2 delay chip in this
measurement. The energy distribution for each data are shown in Fig 3. In addition, the correlation
between the beam energy and the mean value of each energy distribution are plotted in Fig 4. It is
difficult to discuss the energy linearity of the PWO counter. Then, we compare data of this experiment
with data of the Geant4 simulation. In addition, simulation data is convoluted with Gaussian by con-
sidering electric noise in the actual condition. As a result, the experimental data is not reproduced by
the convoluted simulation data. The experimental data have shorter tail structure in higher energy side
than the simulation data. Thus, we assume the saturation effect is seen in the high energy deposit side

in the spectrum.
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The difference of performance of the delay chips

We check the difference of the delay chips and cable delays as a reference. For this purpose, data
taken with the beam energy of 450 MeV was analyzed. In Fig 5, the difference of performance of the
delay chips and the cable delay is shown. The horizontal axis is the normalized energy when setting the
peak value of the distribution for the cable delay to 1. In addition, the virtical axis is nomalized by the
number of the total events. The performance of 50 ) delay chip is consistent with the performance of the
cable delay whose impedance is 50 €. In addition, the gain of the 100 Q2 delay chip is high. In contrast,
the gain of the 300 Q2 delay chip is low.

As we mentioned in the previous section, the energy resolution of the PWO counter including the
electro circuit is not obtained by the energy distribution directly, because those energy distribution are
spread by the escape of a part of the electromagnetic shower. In order to obtain the change of the energy
resolution, we compared shape of each distribution by normalizing all the peak position to 1 as shown in
Fig 6. In addition, the virtical axis is nomalized by the number of the total events. Since all the shapes

of distributions are the same, the energy resolution is not affected by delay chips.

The change of the Compton suppressor performance

We evaluated the effect to the TDC line, that is, the performance of the Compton suppressor from
our electro circuits by changing delay chips. We analyzed data taken without the beam. In this analysis,
the events lying around the photoelectric absorption peak of 1333 keV in the energy spectrum of Nal2
were gated in order to guarantee that 4 ray of 1173 keV entered Nall. Then, we check the energy
distribution of ~ rays which is detected by Nall. Here, the suppression factor is defined as the energy
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distribution of Nall ratio of requiring PWO counters hits and not requiring it. The suppression factor is
shown in Fig 7. No divide (no delay chip) for the reference is also shown in this figure. The suppression
factor is around 0.1 in Compton scattering region. The suppression factor decrease over 800 keV because
the ~ ray which caused back scattering hardly entered the PWO counters. However, the 4 ray which
caused mutiple scattering often entered the PWO counters.

From these results, we estimated performance deterioration of the Compton suppressor by adding
our electro circuit. The change of Compton suppressor factor is defined as the ratio of the Compton
suppressor factor using dividers and no divide. The change is shown in Fig 8. The deterioration of the
Compton suppressor performance is not observed in each delay chip blow 800 keV. On the other hand, it

is observed over 800 keV.

§6. Conclusion

We evaluted the three performances of the PWO counters. Although we were not able to obtain the
energy linearity in this experiment, the saturation effect was implied because experimental data and the
Geant4 simulation result are in disagreement in the high energy side. As a result that the PWO counter
is irradiated by same electron beam in each circuit, the performance of the delay chips is same, whose
gain is changed. The detection efficiency for the Compton scattering event is no affected by adding the
readout electro circuit for all the delay chips. As these results, we conclude that the performance of the
PWO counters is not changed if we use the delay chips. We will use the 300 Q delay chip because of
usability of making the readout board.
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We carried out beam tests using prototypes of drift chambers for J-PARC E21 COMET exper-
iment to measure gas gain, spatial resolution, and hit efficiency using three sets of gas mixtures,
He:iC4H10(90:10), He:CoH4(50:50), and He:CH4(73:27) using two prototype chambers with sense wire
of 25 pm and »30 pm. Results of the beam test analyzed by May 2015 are described in this report.

§1. Introduction

1.1 J-PARCE21
A neutrino-less muon-electron conversion process in muonic atoms that violates charged lepton
flavor is forbidden in the Standard Model (SM). Assuming massive neutrinos the probability to occur
this process would be about 10~%2, which is too small to detect. Some models beyond the SM predict
that probability to occur this process would be order of 10715, Current experimental upper limit of
the muon-electron conversion process had been set to be 7x10~13 by SINDRUM-II experiment at Paul
Scherrer Institute (PSI) in 1999. Signature of muon-electron conversion process in muonic atoms is
to detect mono-energetic electrons emitted from muonic atoms. Major background is electrons decayed
in orbit (DIO) from muonic atoms, whose energy spectrum is continuous up to the energy of signal.
Therefore in order to achieve a high sensitivity a discrimination of DIO electrons is essential. J-PARC
E21 experiment (COMET) aims to search for the muon-electron conversion process with 10000 times
higher sensitivity than the current upper limit in two stages. The first stage (Phase-I) [1] will start from
2017 with a single event sensitivity of 10~1° and the second stage (Phase-II) will start from 2020 with a

single event sensitivity of 10~17. Schematic view of the beam line for Phase-I is shown in Fig.1.
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1.2 COMET CDC

Cylindrical drift chamber (CDC) will be utilized to identify conversion electrons in Phase-I. CDC will
be installed at the end of the muon beam line around muon stopping targets as shown in Fig.2. COMET
CDC are required to measure momenta of electrons with an accuracy of about 200 keV/c (0.2%). Hit
occupancy is required to be less than about 10% to suppress pile-up effects. To achieve high resolution
on momentum measurement Helium-based gas mixture will be used to suppress multiple scattering.
Sources contributing to hit occupancy are protons after muon capture, gamma rays after muon capture,
DIO electrons, beam-related neutrons, and beam flash. Protons are easily discriminated using charge
information. Most of DIO electrons of low energy with a high intensity cannot reach CDC region of inner
radius of 50 cm. Beam-related neutrons and beam flash are suppressed by shielding around CDC.

A final design of the wire configuration had been determined in March 2014 according to comments
by IPNS reviewer. We had selected three gas mixtures of CDC in Table 1. In view of multiple scattering,
He:CH4(80:20) prefers to others while in view of spatial resolution He:CoHg(50:50) prefers. In view of
short drift time to reduce hit occupancy, He:C3Hg(50:50) prefers.

Specification of sense and field wires is described in Table 2. Gas mixture and wire thickness are to

be determined by prototype tests.

Detector Pion Capture

Muon
Transport

Trigger Hodoscope
o -
———— Stopping Target

Pro t,ﬂl:s—é rber

a”'ﬂ

COMET Phase-I Beamline

e

I DC Outer Wall T

—

Fig.1. Schematic view of beam line at Phase-I.  Fig.2. Schematic view around CDC. CDC will

A pion capture solenoid, 90 degree muon be installed under 1 T solenoid to mea-
transport solenoid, and detector solenoid sure momenta of conversion electrons
are installed. from muon stopping targets. [1]

1.3 Prototype Chambers
We have built three sets of prototype chambers. First prototype had been built in October 2013
and cosmic-ray tests had been performed. Results of the cosmic-ray tests are described in the next
section. Second and third prototype has been built in November 2014 for a beam test. Main differences
of prototype I and II or III are stereo angle and field wire size. Prototype I and II are shown in Fig.4 and

Fig.5, respectively. Specifications of each prototype are summarized in Table 3.



64

Table 1. Comparison of different Helium-based low-Z gas mixtures, where X, is the radiation
length, W is mean energy to generate one electron-ion pair, dEMIP /dx, nMIP  and
ni,” IP mean is energy loss per cm, the number of electron-ion pairs per cm, and the
number of primary ions per cm for minimum ionizing particles, respectively. [1]

Gas Xo(m) W (eV) 9E"T (keViem) nd TP (em™) nM'P (cm™))
He:iC4H,0(90:10) 1310 39 0.88 29 14
He:CoHg(50:50) 630 32 1.63 60 27
He:CH(80:20) 2166 39 1.47 17 11
" He:CH, He:C,Hg

i
i3

x(t}=Correlation plot

Aegje 1oy = .00 degrens x(t)—Correlation plot
o otrapie Yo B0, Iy 165, T=300Wpret e (im 8] (t~Correlation pi
e anga = Q.00 degrems
g0 . G CHL IO%. e 8O Wans s 6 (e ) =
Ho SeeFT - - .
@ b
Som 0 4
@ gy = =
i =’ £
Com = £
=026 = e
3 i = g o4
i E zo
022 (=1 X} s
g = £o.2
02 B 5
E Eoe -
Lo.1s E £
= e Eoas =
o4 Son = o0m
oz o1
25! oos
008
0108 08 o4
D04 o4
0.0

o P B o P o B P

e & & D P P P P B B P I T R A

& [ I
" * “—bistance from the Wire [cm)

“k—Distance from the Wire [cml

2R E
~bistance from the Wire lcm]

Fig.3. Comparison of drift velocity as a function of electric fields in top and position-time rela-
tionship (XT curve) in bottom. [1]

1.3.1 Cosmic-ray Tests by Prototype I
We have done cosmic-ray tests to measure spatial resolutions using prototype I without magnetic
fields and with uniform magnetic fields of 1 T with cooperation of KEK cryogenic group in summer of
2014. Trigger counters of 20x20 cm with Multi-Pixel Photon Counter (MPPC) readout were set in top
and bottom of the prototype. Four 64ch boards by REPIC with readout by optical cables were used to
readout data. For all of the gas mixtures spatial resolutions (including tracking errors) under 1 T were

measured to be less than 300 ym. The residual distribution is shown in Fig.6 and results on spatial



Table 2. Main parameters of the CDC [1]

65

Inner wall Length 1490.3 mm

Radius 496.0~496.5 mm
Outer wall Length 1577.3 mm

Radius 835.0~840.0 mm
Number of sense layers 20 (including 2 guard layers)
Sense wire Material Au plated W

Diameter 25 pm

Number of wires 4986

Tension 50g
Field wire Material Al

Diameter 80 pm

Number of wires 14562

Tension 70 g
Cell square 16.2-16.8 mm in azimuthal, 16mm in radial

stereo layer

+/- 7T0mrad

Table 3. Parameters of prototype chambers

Prototype No. I II III

Sense wire 30 pm Au plated W »25 pm Au plated W ®»30 pm Au plated W
Field wire 126 pm Al 80 pm Al ¢80 pm Al

Number of sense layers | 11 11 11

Cell size

15 mm (w) x 16 mm (h)

16 mm (w) x 16 mm (h)

16 mm (w) x 16 mm (h)

Stereo angle

aprox. 25 mrad

aprox. +/- 70 mrad

aprox. +/- 7T0mrad

Wire length 60 cm 20 cm 20 cm

Wide angle coverage 30 deg. 8 deg. 8 deg.

Tension (sense, field) 50g,80¢g not measured not measured
#/wires (sense, field) 199, 602 27,72 27,72

Readout board 64ch REPIC x4 48ch RECBE x1 48ch RECBE x1

resolutions are summarized in Table 5. In the cosmic-ray tests statistics were limited therefore we

proposed to carry out a beam test to study hit efficiencies effectively.

§2. Beam Test

Purpose of the beam test is to test following items with He:2C4H10(90:10), He:CoHg(50:50), and

He:CH,4(80:20) using prototype II (¢25um sense wire) and prototype III (30 pm sense wire).

e Gas gain

e Position-time relation (XT curve)

Hit efficiency

Spatial resolution
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Fig.4. Prototype I built at KEK

Fig.5. Prototype II built at Osaka University

Table 4. Parameters of the cosmic-ray tests at KEK [1]

Gas mixture He::C4H19(90:10) He:C3Hg(50:50) He:CH4(80:20)
HYV of sense layers 1900V 2600V 2150V
HYV of guard layers 1200V 1200V 1200V
Vth 3790 mV 3790 mV 3790 mV
Magnetic Fields 0T,06T,1.0T 0T,1.0T 0T,1.0T

Residual Distribution

018 : —— HeiiG,H,((90:10) 0.0T

- HeiC,H,,(90:10) 0.6T

- —— HeiC,H,((90:10) 1.0T

- He:C,Hy(50:50) 0.0T

0 AR He:C,Hy(50:50) 1.0T

01} ;.| —— He:CH,(80:20) 0.0T

r i He:CH,(80:20) 1.0T
==W=m = I

—%.2 -0.15 0.2

hit_R[4]-fit_R[4] (cm)

Fig.6. Residual distribution measured at the prototype chamber I with cosmic-rays [1]
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Table 5. Preliminary results on spatial resolutions measured by the prototype chamber [1]

Gas mixture Magnetic Fields Spatial Resolution
He:iC4H10(90:10) 0T 225.1 £ 11.2 um
He:iC4+H;0(90:10) 06T 228.0 + 9.7 um
He:iC4H10(90:10) 1T 265.9 + 18.0 um
He:C2oHg(50:50) 0T 186.1 + 7.6 um
He:C2oHg(50:50) 1T 249.8 + 16.3 um
He:CH4(80:20) 0T 232.1 £ 91.5 um
He:CH,4(80:20) 1T 266.9 + 59.4 um

2.1 Setup

Momentum of electron beams was set to 460 MeV/c (Magnet current was set to 230 A). We used
Tungsten of a thickness of 0.2 mm as a converter. Two prototype chambers IT and III are installed in
the beam line. Tracking chambers for reconstructing electron tracks were installed at upstream (T1X
and T1Y) and downstream (T2X and T2Y) of the prototype chambers. P10 gas was used for tracking
chambers. At the most upstream and downstream side scintillating counters of dimension of 30x30x3
mm and 30x30x5 mm were installed for making trigger signals. Distance of two scintillating counters
was about 80 cm. Scintillating counters were read out by 1-inch PMTs. Each of prototype and tracking
chambers was read out by a 48ch RECBE board developed by Belle I CDC group. In the underground
NIM modules for trigger logic and power supplies of detectors, gas system, and a DAQ-PC were set.
Trigger signal for monitoring trigger rates and Ethernet cable to log in the DAQ-PC were sent to the
room on the 1st floor. Power supply for the tracking chamber was 2ch manual controlled module and 4ch
remote controlled module by CAEN was used for prototype chambers. Schematic view of setup is shown

in Fig.7.

2.2 Trigger Logic
Trigger signals were made by taking coincidence with the upstream and downstream PMTs. In
order to avoid a high hit rate VETO of 100 us long after beam injection was added in the trigger logic.
Trigger signals were then delayed by 700 ns and sent to four readout boards. The diagram is shown in

Fig.8.

2.3 Readout Board
For readout of prototype and tracking chambers, 48ch RECBE boards shown in Fig.9 were used. A
RECBE board has eight ASD (Amp-Shape-Discriminator) chips, eight ADC chips, and a FPGA. Output
of the ASD are an amplified analog signal and discriminated digital signal. Threshold of discriminator is
common to all of 48ch. The analog signal is digitized by the following ADC chips then ADCs are recorded
by the FPGA in every 32 ns. The digital signal is sent to the FPGA and its rising edge is measured
using 1 ns clocks in the FPGA. Once a trigger signal is received ADCs and TDCs in a given window

size with a event header is sent to SiTCP [4]. SiTCP sends data through TCP to a DAQ PC. SiTCP also
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Fig.7. Setup at beam test. Electron beam of 460 MeV /c pass thorough from left and triggered
by upstream and downstream PMT.

communicates through UDP to realize a slow control. Threshold, window size, and window position can
be set remotely by a slow control. In the beam test for the purpose of synchronizing clocks among four

RECBE boards an external clock of 62.5 MHz of 2.5 V was used. Window size was set as 1 us.

2.3.1 Firmware
There are three versions of firmwares in the RECBE board; raw mode, suppress mode, and semi-
suppress mode. In raw mode, ADC and TDC at every 32 ns in a given window size for all channels
are sent to PC. In suppress mode, summed ADC in a given window size and first two TDCs only for hit
channels are sent to PC. In semi-suppress mode, all ADC in a given window size and first three TDCs
only for hit channels are sent to PC. In the beam test it was required to record waveform with keeping

data size small semi-suppress mode was used.
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Fig.8. Trigger logic at beam test. Coincidence of two PMTs with 100 us VETO is sent to four
RECBE boards [2]

2.4 DAQ
DAQ-Middleware [5] developed by KEK online group was used to do online monitoring and save

data in storage.

2.5 Gas System
P10 gas was flowed to the upstream and downstream tracking chambers in series with about 50
cc/min. Helium gas was mixed with iC4H;9 or CoHg or CH4 using a mass flow controller by HORIBA.
Flow rate was set to 200 cc/min at gas exchange then reduced to 20 cc/min after gas exchange finished.
P10 and Helium-mixed gas lines were attached with each exhaust ports. In order to prevent backward

flow bubblers were set before exhaust ports after the run in Dec 7.

2.6 Measurements
Five shifts assigned for this beam test are scheduled as follows.
Dec 5 Beam tuning and trigger logic check.
Dec 6 Noise reduction of tracking and prototype chambers
Dec 7 Data taking of He:¢C4H10(90:10)
Dec 9 Data taking of He:CoHg(50:50)
Dec 11 Data taking of He:CH4(73:27) and He:iC4H10(90:10)
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Fig.9. 48ch RECBE board developed by Belle II CDC group. Function is to amplifier signals and
sample waveform and measure time of discriminated signals. Data is sent to DAQ PC via
SFP slot where either copper twisted cable or optical cable can be attached. External
clock and trigger signal are received from LEMO connectors or RJ-45. In the beam test
LEMO connectors are used. Test pulse input is used to test ASDs.

In the first day trigger rate was measured with adding VETO after beam injection to prevent high
trigger rate. With 100 us long VETO a trigger rate was about 800 Hz. Efficiency of data taking was more
than 95% through runs. In the second day noise reduction of trigger and prototype chambers was per-
formed mostly by improving grounding around chamber and RECBE boards. HV scanning and threshold
scanning of tracking chambers were performed. In the third day data taking of He:iC4H0(90:10) was
done. HV scanning and threshold scanning were performed. As described in Section 3.1 we had problem
on ADC of prototype chambers therefore we requested one more shift at the end to take data of this day.
In the fourth day data taking of He:iC2Hg(50:50) was done. HV scanning and threshold scanning were
performed. In the last day data taking of He:iCH4(73:27) was done. Our proposed ratio of methane gas
was 20% but set to 27% by mistake. HV scanning and threshold scanning were performed. After that
data taking of He:iC4H1¢(90:10) was carried out. In the last, we moved prototype chambers to take data
with different X positions and angles with respect to X axis and Y axis for testing dependency of cell

shape and beam direction.
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2.7 Analysis and Results
2.7.1 Gas gain

Gas gain is calculated as below.

. N
Gain = Ncetll ,
pair
d Ecell
1 _ L e=
Noair = Noair 7 /dx

where N, is the number of total electrons measured, N;zlilr

is the number of primary ions generated by
an electron beam in a cell, N, is the number of electron-ion pairs per cm, dE*" is an energy deposit
in a cell, and dE/dx is an energy deposit in a gas per cm. Ny, and dE/dx are described in Table 1.
dE! is calculated by G4beamline simulation [3] as shown in Table 6. N, is calculated from a peak of
summed ADC which is converted into charge using a calibration data as shown in Fig.10. Measured gas

gain curve for each gas mixtures at prototype II and IIT are shown in Fig.12.

Table 6. Parameters used in gas gain calculation [2]

Gas mixture dE*T (keV/cell) N;‘filr (1/cell)
He:iC4H10(90:10) | 0.983 32.39
He:CyHg(50:50) 1.180 43.44
He:CH4(80:20) 0.389 4.50
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Fig.10. Relationship between input charge and pedestal subtraction of Prototype II
?u]mmed ADC taken by RECBE board with He:iC4H10(90:10) at 1730 V [2]
2

2.7.2 XT Curve
A method of measuring position-time relationship is as follows. Position is estimated as closest
approach of testing sense wire from an reconstructed track. In order to reconstruct tracks XT curve of
tracking chambers should be calibrated firstly. Three hits at the upstream and downstream tracking
chamber are used to make an track using a XT curve calculated by Garfield simulation. The track is

extrapolated to a testing wire of tracking chamber to make its XT curve. By fitting the XT curve of the
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Fig.12. Measured gain curve for each of gas mixtures. Gain of prototype II is roughly twice as
large as that of prototype III [2]
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testing wire a new XT curve is estimated. Using the new XT curve track is again reconstructed and
extrapolated to the testing wire. This iteration was done in three times. Chi-square distributions at

each of iteration are shown in Fig.13. The XT curve of T1X of wire#0 obtained after three iterations is

shown in Fig.14.
X Tracker Up, wire#0
chi2x
- — Iteration i
7000F— .| — Iteration i+1
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Fig.13. Chi-square distributions of recon-

structed tracks in X-axis at each
iteration steps.

Fig.14. XT-curve of wire#0 in T1X (upstream
tracking chamber) after iterations.

After that XT curves of all tracking chambers are calculated tracking was performed in each of X
and Y directions individually. Residual distributions on X and Y with different chi-square cuts are shown
in Fig.15. From this figure cut of chi-square at 7 is applied. Tracking efficiencies of X and Y tracker are
about 50% so that net efficiency is about 25%.

Once X and Y positions at the upstream and downstream are determined, 3-dimensional track was
made. Using the 3D-track closest approaches to wires at prototype chambers are calculated finally. XT

curve of the prototype II of the central wire is shown in Fig.16.

Residual Drift Distance Residual Drift Distance

5000~ T T s S f i S| E ) R AR S ERAEE BRI RS
i r'ﬂj o o on hEX 1 4500 — 1 ! —— no cut on chi2Y —]

F fild chi2x<20 1 £ — chi2Y<7 B
4000 IF{EE —a ] 4000} chi2Y<4 E
B |l chi2X<2 - 3500 — —— chi2¥<2 1
ook ﬂ!]V 1l H - 3000;— _i
- I E 2500 =
2000 — 1 m% é
r 1 o0 =
1000 - 1000 =
E ] ) CE— =

-2 L] L 05 0 v 2 3 1 05 0 05 2

=mn
<
=n

1.5 15
Dy - Dineas [Mmm| Dy = Dinaas [mm)

Fig.15. Residual distribution on X (left) and Y (right) for different chi-square cuts.



74

wire#46

.....

T T T

o

8 10
X [mm]

Fig.16. XT curve of prototype II measured with He:CoHg(50:50) at 2500 V (Run#169).

2.7.3 Spatial Resolution
Measured time is converted to position Xp,e.s using the XT curve. Residual is calculated by sub-
tracting Xpeas from reconstructed X position. Spatial resolution is estimated by fitting the residual
distribution with Gaussian distribution. The residual includes tracking errors. Fittings are done in
each range of drift distance from 0 mm to 8 mm in 1 mm steps. Residual distribution measured with
He:CoHg(50:50) is shown in Fig.17. Finally spatial resolutions in eight regions are averaged. At small
drift distance a spatial resolution becomes worse due to statistics of primary ions, while at large drift

distance it is due to a diffusion and an uncertainty of XT curve.
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Fig.17. Residual distributions measured with He:CoHg(50:50) at 2500 V (Run#169). Residual
distribution is fitted with Gaussian distribution in range of drift distance from 0 mm to
8 mm in 1 mm steps
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2.7.4 Hit Efficiency
Hit efficiency is defined as the ratio of the number of events within 0.6 mm of residuals to the
number of reconstructed events. Finally hit efficiencies in eight regions are averaged. Hit efficiency
as a function of HV for each gas mixtures are shown in Fig.18. Efficiency of He:iC4H10(90:10) and
He:CoHg(50:50) is about 95% while that of He:CH4(73:27) is smaller than 95%. It is found that efficiency

drop found at higher HV is due to oscillation of waveform. Details are explained in Section 3.2.
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Fig.18. Efficiency curves measured with prototype II (left side) and III (right) for gas mixtures
of He:iC4H1(90:10) (top), He:C3Hg(50:50) (middle), and He:CH4(73:27) (bottom). Lines
of different colors indicate different thresholds of the RECBE boards.

2.8 Results of Spatial Resolution and Hit Efficiency

Results of spatial resolution and hit efficiency are summarized in Table 7.
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Table 7. Results of spatial resolution and hit efficiency of prototype II and III for each gas mix-
tures where hit efficiency is maximum.

Prototype | Gas mixture HV Spatial resolution | Hit efficiency
II He:2C4H10(90:10) | 1900V | 191 pm 95%
III He:2C4H10(90:10) | 1900V | 177 pm 95%
II He:CoHg(50:50) 2550V | 178 ym 97%
111 He:C3Hg(50:50) 2550V | 182 pum 96%
II He:CH4(73:27) 2300V | 188 um 92%
II1 He:CH4(73:27) 2300V | 186 pm 93%

2.9 Conclusion
We measured spatial resolution to be less than 200 pm including tracking errors for all gas mixtures
and both prototype chambers. Efficiencies of about 95% were measured for all gas mixtures and both

prototype chambers. These results suggests that both ¢25 pm and $30 pum can be used as sense wire.

§3. Investigation of Issues Found in Prototype II and III
3.1 Strange ADC Distribution

We found that ADC distributions of both of prototype chambers II and III showed spike structures
in runs taken on Dec 7 as shown in Fig.19. ADC of tracking chambers looked fine so we thought RECBE
board had no problems. We continued to taking data since TDC distribution of prototype chambers
seemed normal. We didn’t put a bubbler at the gas exhaust line by Dec 7, therefore we tried to put a
bubbler after the shift on Dec 7 finished. We still saw strange ADC distributions in the morning runs on
Dec 8. ADC distributions showed suddenly normal after the next run when DAQ crashed. We thought
that the problem was fixed by adding the bubblers at that time. By off-line analysis after the beam test
we found that ADC distributions are normal. Therefore we conclude that this problem would be caused

by bugs somewhere in online analysis or Middleware.
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Fig.19. Display of online monitor for Run#147 taken in the last on Dec 7. Summed ADC distri-
butions of prototype II and III showed strange structures.
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3.2 Oscillation after Signal

When HV increased we observed similar XT curves at left and right hand side as shown in Fig.20.
It seems that these dummy XT curves has some correlation with real one. It is found that hits on these
dummy XT curves appear when a beam passes neighboring wires. When a neighboring wire has a signal
an induced current of opposite sign is flowed in the central wire. Since induced current is opposite sign
to signal it cannot be triggered. But as shown at top in Fig.21 waveform is oscillating just after the first
signal arrived therefore it could be triggered. We found that pulse height of the oscillation increased
when pulse height of signal increased. This is the reason to see dummy XT curves on both sides of the
real XT curve. This effects make a precision of time measurement worse, resulting in expanding width
of residual distribution. This is why an efficiency became small when HV increased as seen in Fig.18.

This oscillation is reproduced by measurements using °°Sr with prototype chamber II and III at
Osaka University. See bottom of Fig.21. After several trials such as enforcing shielding around RECBE
board and end plates at HV side we successfully eliminate this oscillation by shielding signal cables from
feed through to the RECBE board. Since shielding around end plates at prototype II and III seems not
sufficient external noise would be picked up into the signal cables. We are planning to test the oscillation

with a next prototype chamber IV where end plates are perfectly covered with aluminum boxes.
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sense wire at the beam test (top). Re-
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Fig.20. Sense wire positions around beam
passing area (top). XT curve mea-
sured at higher HV setting. Dummy XT
curves are seen at both sides.
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§4. Wire Size Decision after the Beam Test

Results of the beam test show good efficiencies of 95% and good spatial resolutions less than 200
pm for all of gas mixtures. From aging point of view, past experiments suggest to keep electric fields
on the surface of field wires to be below 20 keV/ecm not to accelerate aging speed. Magnitude of electric
fields is mostly determined by size of field wire. In case of 80 pum (prototype II and III) 20 kV/cm is
reached at 1700 V, while in case of ¢126 um (prototype I) voltage can be increased up to 2600 V. From
beam test results, efficiency at 1700 V is too small in case of He:CoHg(50:50) and He:CH4(73:27). Even
with He:2C4H1¢(90:10) an efficiency was around 90%, which still be less than the maximum efficiency of
95%. 1t is strongly recommended to follow this rule, therefore we had determined to use ¢126 pm as
field wire instead of ¢80 pum. Size of sense wire had been chosen as ¢25 um in terms of suppressing
multiple scattering and Lorentz angle. We have made a next prototype chamber IV using sense wire of
®»25 pm and field wire of »126 pm. Cosmic-ray tests under 1 T magnetic fields and beam test under 0 T
using prototype IV are planned.
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We have been developing an internal photon tagger for the NKS2 experiment. Its electron detector
consists of scintillation counters based on Multi-Pixel Photon Counter (MPPC) with newly developed
read-out systems. The electron detector including a part of counter units was installed in a bending
magnet (BM4) of BST ring and tested with a beam. Obtained time resolution was less than 40 ps in
Gaussian o at hit rates ranging from a few kHz to 200 kHz. A tagging efficiency was roughly 70%,
which is consistent with the tagging efficiency obtained with STB Tagger. Further development and

production are being continued.

We have been studying the meson photoproduction on deuteron with tagged photon beams and Neu-
tral Kaon Spectrometer 2 (NKS2) at the Research Center for Electron Photon Science (ELPH), Tohoku
University. NKS2 is a magnetic spectrometer for a charged particle detection. We have provided unique
data in the neutral kaon photoproduction [1-3] and charged pion photoproduction [4] on the deuteron.
We continue data analyses for kaon photoproduction [5] and double pion photoproduction [6-8].

We have been upgrading the electron detector of the photon tagger [9]. The electron detector detects
momentum analyzed electrons after the bremsstrahlung and thus define timing and energy of radiated
photons. By increasing number of channels of the electron detector, we aim at increasing its granularity
and enlarging an energy range of tagged photon beams. With 1.3 GeV electron, a range of tagged photon
energy is from 0.82 to 1.28 GeV with energy spans ranging from 1 to 6 MeV. The new electron detector
consists of scintillation counters based on Multi-Pixel Photon Counters (MPPCs) supplied by Hama-
matsu Photonics K. K. with newly developed read-out systems [10, 11]. We designed a electron detector
of the photon tagger composed of counter units each of which has four position defining counters (TagF)
and one timing counter (TagB). By a coincidence of a TagB counter and one of TagF counters, a trajec-
tory of an electron can be selected to reduce an electromagnetic background from electrons, positrons or

gamma rays coming from other sources.
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In the first experiment, two counter units were aligned along a trajectory of scattered electrons
after the bremsstrahlung. Thus their timing properties in the same environment as an actual electron
detector of the tagger were measured. The prototype detector case were placed along a vacuum chamber
of the accelerator in the pole gap of the bending magnet, BM4. We measured time resolutions of the TagB
counters by electrons sequentially passing through them. In this measurement, we supposed identical
time resolution for the two TagF counters. The time resolution was obtained as s 1/1/2 of a sigma of a
fitted Gaussian to a time difference distribution between two TagBs. It exhibits that the time resolution
is dependent on the bias voltage and its tuning is important (Fig. 1(a)). Sufficiently good time resolution
and its weak dependence to the hit rate were obtained at 200 kHz which is the maximum expected hit
rate (Fig. 1(b)).
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Fig.1. Time resolution of TagB (a) with regard to a bias voltage and (b) with regard to a hit rate.

In the second experiment, we fixed three counter units on an actual detector case which were placed
in BM4. We tested a tagging efficiency of three counter units with a lead glass Cherenkov counter (LG)
which was placed at the downstream of tagged photon beam line. The electron energy was set as 1.3

GeV. The tagging efficiency (eiag) Was defined as a following equation:

NLGeB;oF;
etag(Ee’/EE) = .

~ Np,sr, (Radiator ON) — N, o, (Radiator OFF) ()

where E. is an expected electron energy detected by a coincidence of i-th TagB and j-th TagF, E. is the
incident electron energy, NrggB;oF,; is @ number of hits on LG in coincidence with i-th TagB and j-th
TagF and Np, g F; is a number of coincident hits on i-th TagB and j-th TagF in each measurement period.
The combinations of ith-TagB and j-th TagF in true coincidence for both STB Tagger and the present
setup are 4(¢ — 1) + 1 < j < 44, where ¢ and j are natural number. STB Tagger consisted of 12 TagBs
and we placed 3 TagBs in our test setup. Description of “Radiator ON” and "Radiator OFF” in braces
denote a status radiator motion. A remnant gas bremsstrahlung contributes to "Radiator OFF” hits, but
it is known to be less than a few percent of "Radiator ON” hits in the previous studies of STB Tagger.
In our measurement, it was ignored to obtain the tagging efficiency. The obtained tagging efficiencies
are smaller tagging efficiencies obtained with STB Tagger at E. = 1.2 GeV (Fig. 2). In general, the
tagging efficiencies obtained with STB Tagger in the small E../E. region are likely to be smaller than
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those in a E./ /E, ~ 0.2 region. This tendency is caused by M¢ller scattered electrons, which does not
emit photons but creates background hits to the electron detector. By considering this tendency, present
tagging efficiencies are consistent with the ones obtained with STB Tagger. Detailed analyses of hits on

the counters revealed that the coincidence of a TagF and a TagB effectively selects electrons after the

bremsstrahlung.
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Fig.2. Tagging efficiency dependent on a ratio of a detected electron energy to an incident elec-
tron energy. Black circles show the efficiency measured with STB Tagger and colored
makers show the efficiency measured with current setup. Red squares show the efficiency
with TagB1 hit required; green triangles, with TagB2; blue diamond, with TagB3.

We assembled all the counter units and mounted them on the detector case (Fig. 3).

Fig.3. Photograph of the detector case of the tagger with all the counter units mounted on it.

Auxiliary circuits for signal transfer and data taking are being designed and developed. We continue

working to complete the development of the new tagger. We plan to finish its commissioning in FY2015.
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In this experiment, we tested MPPC photo-detection plane for RICH counter. A prototype RICH
counter has been constructed and tested with electron beam at GeV-v experimental hall. The Cherenkov
angle and its angular resolution was measured at different beam momentum, mirror set angle and
refractive index of radiator. Clear Chrenkov ring was observed by selecting Chrenkov photons, and
typical angular resolution was 3.0 mrad. As a results, MPPC can be used as photon sensor of RICH

counter.

§1. Introduction

We are planning an experiment for studying charmed baryons via the p (w—, D*~) reaction at the
J-PARC high-momentum beam line [1]. Charmed baryons will be measured by a missing mass method.
Scattered D*~ will be reconstructed by selecting its decay chain of D*~ — D%nr~ — K+txw~n~. Decay
particles from D*~ and produced charmed baryon which have momenta of up to 16 GeV/c are detected
by large acceptance spectrometer system. Particle pass is tracked by drift chambers located around
dipole magnet, and its time of flight is measured by TOF wall. Particle identification (PID) is performed
by using TOF and forward PID counter. The cross section of the p (w—, D*7) A is estimated to be at a
level of nb. On the other hand, the cross section to produce at least a kaon in the final state is a few
mb. A huge amount of events including K and two w~s will be able to be reduced by identifying not
only D*~ but also D°. However, wrong identification of those particles increases a background level
drastically. For example, wrong identification of positive pions or protons with positive kaons enhances
the background level by a factor of about 20. Therefore, a high performance of the PID counter is desired
for the charmed baryon spectroscopy. We designed a Ring imaging Cherenkov (RICH) counter with
two radiators, aerogel and C4F1y gas of refractive indices of 1.04 and 1.00137, respectively, in order to
identify pions and kaons in a wide momentum range from 2 to 16 GeV/c [2]. The RICH counter contains
radiators, photo-detection plane and focusing spherical mirror. Because the RICH counter is located at

the most down stream of the spectrometer system, the counter size must be large to cover all acceptance.

*Present address: Research center for nuclear physics, Osaka University, Osaka, 567-0047
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The PID performance of RICH counter is determined by angular resolution of the Cherenkov angle which
depends on position resolution of photo-detection plane. In order to obtain enough resolution with large
acceptance, 2 pieces of photo-detection plane which have size of 1.0 x 2.0 m constructed by more than
2000 photon sensors is needed.

We plan to use the multi-pixel photon counter(MPPC) as a photon sensor. The MPPC can detect 1
photon with very nice separation which is advantage to detect feeble Cherenkov photons. Furthermore,
it is not affected by magnetic field as compared to the PMT. However, larger dark current rate of the
MPPC which is typically 100 kHz/mm? may increase noise hit. Consequently, the PID performance may
become worse.

In this experiment, performance of a prototype RICH counter using MPPC photo-detection plane is

studied.

$2. Experimental setup and procedure
2.1 Setup
This experiment was performed at GeV-y experimental hall. Electron beam which has momentum
of up to 700 MeV/c was induced to a prototype RICH counter. Electrons which passes center of the

counter is selected by trigger counters located upstream and down stream of the prototype RICH counter.

2.2 Prototype RICH counter

The prototype RICH counter contains a MPPC photo-detection plane and a focusing spherical mir-
ror (see Figure 1). In this time, we used S12642-0808 module made by Hamamatsu Photonics. It has 64
segments (8 x 8), and each segment is size of 3.1 x 3.1mm?. The total detection area is 25.8 x 25.8 mm?2.

The spherical mirror is used for focusing the Cherenkov photons and transferring photons to photo-
detection plane. The curvature radius of mirror is 330 mm which was determined by size of detection
area. The reflection surface is made by Aluminum which has reflectance of about 90% in visible light.

Air and COg are used for radiator which has refractive indices of 1.000293 and 1.0005, respectively.
The detector box is filled by each radiator one by one. Then, we can change Cherenkov angle even same
particle velocity. The length of radiator can be modified from 90 cm to 190 cm by moving photon shield
plate.

83. Results

Figure 2 shows TDC distribution of photo-detection plane. In this experiment, two TDC information
of leading and trailing edge of the signal were acquired. However, only leading timing is used in this
analysis.

Clearly peak corresponding to Cherenkov photons is observed. In this analysis, time cut with 50
ch. window is used to separate between Cherenkov light and dark current. The hit pattern of photon-
detection plane is shown in Figure 3. The Cherekov ring can be observed and S/N ratio become better by

selecting the Cherenkov peak in TDC distribution.
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Fig.1. Prototype RICH counter. (left) Overview of the Prototype RICH counter. Electron beam
comes from left side. (middle) MPPC photo-detection plane. MPPC is mounted on read

board. (right) Spherical mirror.
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The Cherenkov angle is calculated by simple equation,
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, Where R,;ng and R,,;, are radius of the Cherenkov ring and spherical mirror, respectively. Actually,
incident angle of particle must be taken into account to calculate the Cherenkov angle. However, be-
cause particles which passes center of the RICH counter are selected, incident angle is fixed to be 0
degree for all event. All detected position in one triggered event are converted to the Cherenkov an-
gle, then all of them are averaged to determine the measured Cherenkov angle for a particle. Figure
4 shows the Cherenkov angle distribution. There is clear peak around 25 mrad which corresponds to
0 air = Sin~ ! (1/8 n) = 24 mrad, where 3 is particle velocity which is fixed 1.0 and = is refractive index
of air. On the other hand, there is no peak structure when dark current region is selected. We can
separate events from Cherenkov photons and dark current by using TDC timing. The angular resolu-
tion is obtained by a peak width in the Chrenkov angle distribution. In this time, evaluation of angular
resolution is performed by using RMS value of the Cherenkov angle distribution.

Each data set are analyzed by the same way and evaluated its angular resolution.
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Fig.4. Average Cherenkov angle distribution. (left) Cherenkov region is selected. A peak from
Cherenkov photons is clearly observed around 25 mrad. (right) Dark current region is
selected.

3.1 Incident momentum dependence
Due to multiple scattering of incident particles, the angular resolution may becomes worse. We
studied this multiple scattering effect by changing incident momentum of the electron beam. The an-
gular resolution with electron momentum of 300, 500 and 700 MeV/c is measured. Figure 5 shows
angular distribution at each incident momentum. The angular resolution does not depend on incident

momentum. So, the effect from multiple scattering is small.

3.2 Geometry dependence
The spherical mirror is used for focusing the Cherenkov photons to improve angular resolution.
Actually, the focusing by spherical mirror is not completely parallel to point focusing when mirror angle

against incident particle becomes large. In order to evaluate this effect, set angle of mirror is changed.



87

L B B B B L B B B T

" ThetaMean i " ThetaMean -
Entries 123941 o Entries 31959
Mean  0.02584] 500 Mean  0.02583]

RMS  0.003831] RMS 0.003158]
400 { \ -
300

200 Jf
100

’!

1800

1600

1400

1200

_.———'_"'-_d
TTTT
Ll

1000

TT——

800

600

P
\,

400

—
D"

b b b b b b
L
-—
L et
L1

200

Py PRI PR | OO .. el S SO ] Y] TR B N o S i i, P PR I
0.000 0.005 0010 0015 0020 0025 0030 0035 0040 0.045 0.050 0.000 0.005 0010 0015 0020 0025 0030 0035 0040 0.045 0.050
Average Cherenkov angle (rad) Average Cherenkov angle (rad)

Fig.5. Average Cherenkov angle distribution at each beam momentum. (left) and (right) figures
are Cherenkov angle distribution at beam momentum of 300 MeV/c and 700 MeV/¢,
respectively.

The angular distributions at each set angle are shown in Figure 6. In this case, radiator and incident
momentum are fixed to be air and 700 MeV/c, respectively. As a results, angular resolution doesn’t

depend on mirror set angle so much.
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Fig.6. Average Cherenkov angle distribution at each mirror angle. (left) and (right) figures are
Cherenkov angle distribution at mirror angel of 5 deg. and 12.5 deg., respectively.

3.3 Radiator dependence
In this experiment, because of only electron beam was used, the Cherenkov angle is fixed to be
the maximum value even electron momentum is changed. Actually, the RICH counter identifies par-
ticles by measuring different Cherenkov angle from each particle. To investigate separation between
different Cherenkov angles, we change refractive index of radiator. The refractive indices and calcu-
lated Cherenkov angles are listed on Table 1. Figure 7 shows the Cherenkov angle distribution for each

radiator. The difference of Cherenkov angle between radiators is clearly observed.



88

Table 1. Refractive indices and calculated Cherenkov angles for each radiator

Radiator n 0. (mrad)
Air 1.000293 24.2
COy 1.0005 31.6

0.025

AirrTTT
Entries 57102
Mean 0.02478]
RMS " 0.002813

Cco2
Entries 102997
Mean- - 0,02865
RMS 0.002127.
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Fig.7. Average Cherenkov angle distribution with each radiator. Blue and Red spectra are
Cherenkov angle distribution with Air and CO; radiator, respectively.

§4. Summary

The prototype RICH counter which has MPPC photo-detection plane was tested by using electron
beam. Angular resolutions at each incident momentum, mirror set angle and radiator index were mea-
sured. As a results, MPPC photo-detection plane was useful for the RICH counter. More detail analysis

is now ongoing.
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The study for baryon spectroscopy and meson photo-production experiment has been carried out
with an electro-magnetic calorimeter FOREST and BGOegg at Research Center for Electron Photon
Science (ELPH), Tohoku University. High energy gamma detector is generally consists of inorganic
scintillators and charged particle identification detectors like plastic scintillators. However, the space for
the charged particle identification detector is often limited in the design process of the large acceptance
electro-magnetic calorimeter. In this study, we developed a hodoscope detector using a plastic scintillator,
wave length shifting fibers and multi-pixel photon counters. This hodoscope is designed for the charged
particle detectors surrounding the 90mm-diameter Liquid Hydrogen target system to be installed inside
BGOegg. It is produced by a 5mm-thickness plastic scintillator, which is covered by the wave length
shifting fibers with the diameter of Imm. Each 4 and 8 fibers are connected to multi-pixel photon
counters. The position resolution of the hodoscope was examined by the positron beam at ELPH, Tohoku
University. As a result of the analysis, we achieved the position resolution o = 1.17mm with the 8mm

interval read out.

§1. Introduction

The study of baryon resonance is one of the effective tool to understand the low energy Quantum
chromodynamics (QCD). A nucleon excited by the incident particle emits mesons like 7, n and K, and
then de-excited to the ground state nucleon. With the detection of these emitted mesons, we study the in-
termediate state of these reactions. On these mesons, 7° and n immediately decay into two gamma. With
high accuracy measuring these high energy gamma, BGOegg enables detailed studies for the baryon res-
onance. A large acceptance electro-magnetic calorimeter BGOegg include the charged particle detectors
on the inside(Fig.1). BGOegg is an egg-shaped gamma ray detector which consists of 1320 BGO inor-
ganic crystal scintillators of 220 mm in length (equal to 20 radiation length). BGOegg has 22 layers and
covers from 24 degrees to 144 degrees at polar angle. Each layer has 60 crystals and covers 360 degrees
at azimuthal angle. The energy resolution for the positron at 1GeV is 1.3% and the position resolution
amounts to 3 mm. These values are the highest performance in the world [1, 2]. To detect the gamma
with high accuracy, charged particle detectors which has the equivalent position resolution are neces-

sary. In this study, we developed and evaluated the charged particle detector using wave length shifting
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fibers and multi-pixel photon counters for this purpose.

BGOegg

| Target cell $90 |
2

/

1320 BGO blocks
1.9t

Fig.1. Cross Section view of BGOegg crystals and charged particle detectors

§2. Design of the detector

BGOegg has an egg-like-shape and consists of 1320 BGO inorganic crystal scintillators. BGOegg
also include the target system and the charged particle detectors on the inside. For our Liquid Hydrogen
target system has the 90 mm diameter and the smallest diameter of BGOegg is almost 200mm, these
charged particle detectors have to cover the large acceptance and must not interfere BGOegg. In the
present setup of BGOegg experiment, we use the cylindrically-located 30 plastic scintillators for the
charged particle identification. But in this detectors only, we could not obtain the z position of a charged
particle at all. To avoid this situation, we adopt the design which has a plastic scintillator covered by
wave length shifting fibers with reasonable intervals and tilt angle. In this design, we could obtain not
only ¢-direction information but also the z position information. Figure2,3 shows the overview of the
hodoscope consist of a plastic scintillator and wave length shifting fibers. The emitted light from the
charged particle passed the plastic scintillator, are absorbed by the fibers at the surface of scintillator,
and re-emitted with the long wave length light. Re-emitted light propagate to the photon detectors
inside of wave length shifting fibers. Considering the efficiency of absorption, emission and the loss of
the propagation, the number of photons at the photon detectors are very small(about a few photons).
Therefore, the efficiency of the conversion from light to electric signal is important. For this reason, we

adopt the multi-pixel photon counter as the photon detectors.

2.1 Plastic Scintillator and Wave Length Shifting (WLS) fibers
In this study, we use the wave length shifting (WLS) fibers Y-11 manufactured by Kuraray corpora-
tion [3]. The absorption wave length of Y-11 is about 430nm, emission wave length is 476nm. Y-11 has
the multi-cladding configuration, Center core, Inner cladding and Outer cladding are polystyrene(index
n=1.59), polymethylmethacrylate(n=1.49) and Fluorinated Polymer(n=1.42) respectively. An attenua-
tion length is 3.5m. The base plastic scintillator of our hodoscope is EJ-212 [4] made by ELJEN Tech-



91

WLS fibers

—— Rear surface fiber

plastic scintillator — Front surface fiber
v ] plastic scintillator

Fig.2. Overview of the photon detection with Fig.3. A simple design for 2 sided WLS
Plastic Scintillator and WLS fibers fiber hodoscope

nology. The plastic scintillator is covered by 128 WLS fibers in both side. Each 8 fibers are read out by

multi-pixel photon counter. Total number of channels is 16.

2.2 Multi-Pixel Photon Counter (MPPC)

Multi-Pixel Photon Counter (MPPC) is a recently well-developed photon counting device. MPPC is
consist of many Geiger mode avalanche photo-diode (APD) and shows the high performance for photon
counting. MPPC can be operated with low voltage and don’t affected by the Magnetic field. For the
efficiency of the photon detection will achieve the 40% with increasing the supply voltage, it is suitable
for the low light yield detectors like this study. In addition, its small size and simple read out system of
MPPC has advantage in the restricted geometry. In this study we use the S12572-050P manufactured
by Hamamatsu Photonics [5]. The acceptance surface, pixel pitch, number of pixels, wave length of the
maximum sensitivity are 3 x 3mm, 50pm, 3600 and 450nm respectively. These parameters are suitable
for the light from WLS fibers. We use the 16 MPPC and 8 WLS fibers connect to each MPPC. Figure 4
shows the accomplished hodoscope picture. The plastic scintillator and WLS fibers were glued by EJ-500,
WLS fibers and MPPC were fixed by the special handmade jig and the optical grease.

Fig.4. The double sided 16ch hodoscope without MPPC
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$3. Experiment

The hodoscope detectors were tested by the positron beam at ELPH, Tohoku University. The exper-
iment was carried out during a day at March 2014. We changed the position of positron beam by moving
the detectors and signal conversion circuits inside of the light shielded black box. Beam profile moni-
tor(BPM) which consist of 32 scintillating fibers(3 x 3mm) are located in upstream of the hodoscope. In
the downstream of hodoscope detectors, a plastic scintillator with 10 x 10mm and 5mm-thickness were
set up. Figure 5 shows the experimental setup.
Using the 4 scintillating fibers around the center of BPM and the downstream plastic scintillator, we
made the trigger signals. From these trigger position information, we specified the position of the pene-
trated positron. We obtained the ADC and TDC data of all hodoscope channel. Output signal of MPPC
went through the 160ns cable delay and input the photomultiplier amplifier (x10). After the amplifying,
the signals were connected to LeCroy 2249W(ADC) and REPIC RPC-060(TDC). Using these digitized
data and beam position information, we estimate the position resolution of the hodoscope detector. In
this experiment, irradiation position of beam is 13 point, 2mm interval for x and y direction, and we took
1000 event data at each position. We also took the pedestal data with the clock gate for ADC calibration.
A typical trigger rate was about 2Hz.

Positron Beam

BPA/{ 6mm

Black Box 40mm

—1 |

Fiber - MPPC 7mm

400mm

TRlcfER T
S 5mm

Fig.6. figure of the experimental setup

Fig.5. Overview of the detectors setup.

§4. Result and Discussion

At the first, we calculated the ADC distribution for each hodoscope channels with subtraction the
pedestal value. These ADC distribution are fitted by the Moyal distribution function. As a result of
fitting, we obtained the light output of hodoscope channels. Figure 7 shows the typical ADC distribution
and the result of fitting. Figure 8 shows this obtained light output as a function of the distance from
the positron beam. This light output distribution has a little fluctuation caused by the difference in the
gain of each MPPC. After the correction of this fluctuation, we fitted the light output distribution with
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Fig.7. ADC distributions from the hodoscope channels. The solid line shows the Moyal distribu-
tion function.

the Lorentzian f(x) = %6)2 (Fig.9). The position dependence of the light output is well described
b
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Fig.8. Light output distributions as a  Fig.9. Normalized light output distribu-
function of the distance from the tions as a function of the distance
beam center. from the beam center.

by the Lorentzian function. The fitted width value(b) of Lorentzian is about 4.4mm. With fixing this
fitted value b, the light output distribution is fitted by Lorentzian per event. As a result of this fitting,
we can estimate the beam center position(c) from the light output. From the Gaussian fitting for the
residual distribution of the reconstruct position and the beam position, we obtained the width cgxp =
2.09 + 0.04mm.

By the way, experimental result o g x p is related to the resolution ogpps of the beam position detector

(BPM). We assume the relation as below,
ohxp = Otop + TBpM

where, opppr =2 x 3/ v/12, so the position resolution of our hodoscope detector o mop
ogop = 1.17+0.04mm

is obtained.

In the case of the previous design (Fig.3), the z-direction position resolution is estimated with o, =
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Fig.10. Residual distributions of the reconstruct position(X) and beam position(Xy). The solid
line shows the fitting result of the Gaussian distribution function.

1.17/sin 0. On the other hand, the z position resolution of BGOegg itself at the hodoscope position is
estimated with oo = 3.1 X rHop /200 mm. For example, we suppose that rgop and 8 are 100mm
and 60°, the accomplished z position resolution o is good enough compared to o ggo. Where 0 is defined

as the angular of z-axis and WLS fibers and rop is the inner radius of the hodoscope.
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We are carrying out a meson photoproduction experiment at the SPring-8/LEPS2 facility. One of
the main purposes of the experiment is to search for n’ mesic nuclei. The peak structure of the formation
of " mesic nuclei will be observed in the missing energy spectrum of forward protons in the C(v,p)X
reaction. To reduce background events, we plan to tag the decay products of an ' mesic nucleus by using
a large acceptance electro-magnetic calorimeter BGOegg. BGOegg can detect 4’s coming from mesons
with a high energy-resolution and a high position-resolution.

We have started to collect physics data with a carbon and a polyethylene target from 2014. We
have performed energy and timing calibration of BGOegg and evaluated its performance. After the
energy calibration, we can observe the peaks corresponding to 7, 7, and 1’ mesons in the v+ invariant
mass distribution with high mass-resolutions of 6.7, 14.4 and 18.8 MeV, respectively. In this report, the

calibration status and the performance of BGOegg are presented.

§1. Introduction

An 1’ meson has larger mass than other pseudo scalar mesons due to the U 4 (1) anomaly effect. In
a high-density environment such as nuclear medium, the n’ mass is expected to decrease significantly
by partial restoration of chiral symmetry. By a theoretical calculation based on the Nambu-Jona-Lasinio
(NJL) model, the decrease of an i’ mass is estimated to be ~150 MeV at the normal nuclear density
(Fig.1 [1]). The large mass shift of the ' meson will cause a strong attractive potential in a nucleus, and
will result in a bound state of an 1’ and a nucleus. This is called an “n’ mesic nucleus”.

We are carrying out an experiment to search for ' mesic nuclei at the SPring-8/LEPS2 facility
using a multi-GeV photon beam. 1’ mesic nuclei are searched for in the missing energy spectrum of the
C(v,p)X reaction, where proton momenta are measured with TOF-RPCs. Figure.2 shows a theoretical

prediction of the spectrum [1]. If 7’ mesic nuclei are formed, some peak structure will appear below
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Fig.1. Theoretical prediction of mass shift of pseudo scalar mesons in a high-density environ-
ment based on NJL model. py is the normal nuclear density. [1]

the 1’ production threshold in the missing energy spectrum. However, there will be a lot of background
events such as a multi-7 production reaction with only proton detection, and S/N ratio is estimated to be
approximately 1/200. To reduce background events, we plan to tag the formation events of " mesic nuclei
by detectiong particles in the final state with a large acceptance electro-magnetic calorimeter BGOegg.
n'N — 1N conversion is assumed as a tagged process, and the 7 is identified by detecting +’s by using
BGOegg. To identify mesons in final state effectively, BGOegg is required to achieve a high resolution.

We have performed the energy and timing calibration of BGOegg, and have studied the mass-resolution

and the time-resolution achieved as a result of the calibration.

[nb/sr MeV]

d’c
dE dQ

50 -100 -50 0 50 100
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Fig.2. The expected spectrum of the 2C(v, p)!!B®’ as a function of the excited energy. Ej is the

1’ production threshold energy. The imaginary part of the optical potential is assumed to
be Wy = —5 MeV. [1]

§2. LEPS2 beamline and BGOegg calorimeter
The experiment is carried out at the SPring-8/LEPS2 beamline (Fig.3). The photon beam is pro-

duced by backward Compton scattering with an ultra violet laser injected onto the 8 GeV electron beam
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in the strage ring of SPring-8. We can use a tagged photon beam with energies from 1.3 to 2.4 GeV,
which can produce nearly recoilless 1’ mesons. The beam intensity is now about 2 MHz with 4 lasers

injection. We have started to collect physics data from April 2014.

Backward Compton scattering

LEPS2 Tagger

::::::

Beam dump

Fig.3. A schematic view of the LEPS2 beamline

BGOegg is an egg-shaped electro-magnetic calorimeter consisting of 1320 BGO crystals of 20 radia-
tion length, which cover a polar angle from 24 to 144 degrees and the whole azimuthal angle surrounding
the target (Fig.4). Since it has no housing material, there is no dead region between crystals. The details
of the design and the construction of BGOegg can be found in [2, 3]. To detect charged particles, inner
plastic scintillators(IPS) and a cylindrical drift chamber(CDC) are installed in front of the BGO crystals.
BGOegg can detect 4’s coming from photo-produced mesons with a high energy-resolution and a high
position-resolutions of 1.3% and 3.1 mm at 1 GeV, respectively. The resolutions are the world highest

values as an electro-magnetic calorimeter used in the energy region of 1 GeV.

§3. Energy calibration of BGOegg

The energy deposit for each crystal is measured by ADC information with
E; = a;(A; — Aws) (1)

where «;, A;, Ag; are the gain factor, ADC and the pedestal value for ith crystal, respectively. Since the

gain factor is different value for each crystal, these values should be determined for all 1320 channels
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by calibration. We have performed the energy calibration of BGOegg using a real data of a carbon and a

polyethylene target.

3.1 Clustering
To reconstruct the particle energy and the hit position, we put some crystals in which a particle
deposits its energy together into a cluster. A cluster is defined as a set of adjacent crystals (See Fig.5).
A particle energy is reconstructed by summing up the energy deposits of all crystals in a cluster, and a
hit position is defined as an energy-weighted-mean of the positions of crystals in a cluster. When inner
plastic scintillators corresponding to a cluster are fired, such events are ignored if we assume gamma

hits.

cluster B
7

v

o

7
cluster A . : erystal with TDC information

Fig.5. The definition of a cluster. In case of this figure, the cluster A consists of crystals inside
the violet line, and the cluster B consists of crystals inside the blue line. Crystals in
orange have TDC information.

We can reconstruct the invariant mass of a meson decaying to v+ from energies and hit positions of

2 neutral clusters by

M, = \/ZEAEB(I —cos ) (2
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where Ep , Eg are the energy values of the clusters, and 6 is the opening angle of the clusters.

3.2 Determination of gain factors
The gain factors have been determined using 7% — v~ events so that the 7° peak position in the v~
invariant mass distribution should be consistent with the 7° mass m, = 134.977 MeV [4]. To determine

the gain factors, we performed a successive approximation by iterating following procedures.

1, Reconstructing 4+ invariant mass distribution of all combinations of 2 neutral clusters, and getting
the mean value of 7% peak for each crystal.

2, Adjusting gain factors by the following function.

oDV — a?ld (m.,, ) (3)
m;
where a'¢V, a?ld are the old and new gain factor of 7th crystal, respectively, and m; is the mean value

of w0 peak for ith crystal obtained in 1.

These processes was iterated until convergence.
We checked the convergence with x? defined by
1820 ;L \2
2 _ T v 4
=2 (M) @
where m; is the mean value of 7° peak for ith crystal, and ém; is the error of m;. Convergence was

achieved after 15th iteration because x? almost stopped decreasing. After convergence, the mean values

of w0 peaks are within m, 4 0.05 MeV for all crystals (See Fig.6).
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Fig.6. Left: Transition of x2 by iteration. Right : The mean values of 7° peak after convergence.
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3.3 Run dependence of gain factors and correlation with temperature
We checked the run dependence of gain factors. Fig.7 shows the transition of average gain factor and
the room temperature. The gain factors are stable if the room temperature is kept constant, while the
correlation between the room temperature and the gain factors is seen when the temperature changes
significantly. The correlation can be explained by the light output of crystals and PMTs as a function of
the tempearture dL/dT ~ —1.5 %/K.
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Fig.7. Run dependence of the average gain factor(blue) and the room temperature(red). The
gain factor increases when the room temperature rises.

3.4 ~~ invariant mass distribution and mass resolution

As a result of the energy calibration, the peaks corresponding to 7° and 7 mesons are clearly ob-
served in the v+ invariant mass distribution with a high mass-resollution of 6.7 MeV for #°, and 14.4
MeV for 1. n’ mesons are also clearly observed with a mass-resolution of 18.8 MeV. This mass-resolution
is enough to identify the n meson, and over 99% of multi-m events will be eliminated in search for n’
mesic nuclei.

The mass resolution of BGOegg is significantly high compared with other detector systems used in
the energy region of 1 GeV. Table 1 shows the comparison of the detector performance between BGOegg

and some other detectors.
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| BGOegg [51 | Crystal Barrel [6] | Crystal Ball [71[8] | GRAAL [9] |

scintillator BGO CsI(TD) Nal(T1) BGO
number of crystals 1320 1380 672 480
energy resolution (1GeV ~) 1.3% 2.5% 1.7% 1.3%
70 mass-resolution o, (MeV) 6.7 9.9 10 14
(47 invariant mass, overall)
1 mass-resolution o, (MeV) 14.4 16.6 22 24
(v7 invariant mass, overall)

Table 1. Comparison of the photon energy-resolution and the meson mass-resolution among some
calorimeters used in the energy region of 1 GeV.

3.5 More precise calibration

The energy calibration was performed to adjust the overall w° peak position in the 4+ invariant

mass distribution to 7% mass m, as explained above. However, the peak position of 77 mesons is a little

higher than the n mass m,, = 547.86 MeV [4]. In addition, the peak position of n° is dependent on

0

momenta, and shifts in the high momentum region (See Fig.9). The inconsistency of 7° and 7 peak

positions is caused by an energy leakage effect. When reconstructing a cluster of a gamma hit, a few % of

energy leaks out of the cluster. Since the ratio of energy leakage is dependent on the photon energy and

the polar angle of the hit position, a cluster energy should be corrected as a function of photon energies

and polar angles. Fig.10 shows the leaked energy ratio AE/E estimated by MC simulation. We checked

the leakage effect by MC simulation, and re-calibrated gain factors taking it into account.



102

F 138
2000 - [
8000[ b, 1371

: Illr- JI .

7000 ‘IL"JhL | \l i +++
ol | 136 + 4
ﬁmm__ “ [ | rﬁ:; I * 4 +‘+‘ + ¥
- L | I ]l % M +. -

ESGOD_— "y f | Ell‘? - i e

E F IlII'-|'|.. '[J l [oet
4000 e | g |
3000 Y 1r

L '1,_. i
2000 "o, i
ool 347-86 MeV (PDG) R =
555.98 MeV (obseryed) :
(IS T T T TN T TN Y AN N T | N T | PRI R ST T S N T S S T RS S SR N S ST S T T
g ase 00 L
2yinvariant mass (MeV) “Too 20 0 ﬁoﬁmmsg&levﬁ& 0

Fig.9. Left: The n peak in v+ invariant mass distribution. The mean value of the peak is 555.98
MeV, which is ~8 MeV higher than n mass. Right : The momentum dependence of the
70 peak position. The mean values of the w° peak become higher than #° mass as 7°
momenta become large.

olp 016
aml L
[ 04—
F . -
E -
LR i
[ o1z
o r
[ ﬂ.l_—
5T T
. = |
o3 oesf ~ ool
=T =
“'M:_ 006~
[ N -
B L . »
F LECHS " -
: L BRI
e
. om|-
001 - i
[ T T N S A A N T S I S M B
/Y T N R O Y
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Figure.11 shows the result of re-calibration. The mean value of the n peak has decreased and
become close to the normal 77 mass after correction. In addition, the momentum dependence of the 7°

peak position has become almost constant.
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§4. Timing calibration of BGOegg

Timing information of BGOegg is used for the event selection or the separation of the RF bunches of
2ns interval. To obtain the timing information independently of the crystals, we have performed timing
calibration so that the timing of a gamma hits returns 0. Since we used leading edge discriminators,
there is correlation between timing information and ADC channels due to a time-walk effect (See Fig.12).

Then we have performed a slewing correction by fitting the following function to ADC-timing correlation.
t; = to; — a; tanh(8;(A; — Aoi)) — v(Ai — Aoi) (5)

where A;, Ag; are ADC and pedestal values for ith crystal, respectively, and ty;, ;, 3; are free parame-

ters for the fit. (v is common in all crystals.)
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t_ltag (IIS)

Fig.12. The ADC-timing correlation. The bule line in the right figure is a fitting function.
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Figure.13 shows the timing difference distribution between 2 ~4’s from the same 7° with energies
over 200 MeV after the timing calibration. The timing difference resolution . is 0.32 ns, corresponding
to the time-resolution of a single crystal of 0.23 ns. This time-resolution is enough to separate the
RF bunches, and also enough to eliminate accidental hits such as cosmic rays which is not negligible

especially in the analysis of the LHy data.

x/ndf 7108 7 18

Constant  QL1194E+06 + 160.5
Mean 0S215E02 4+ 03303E03
03210 + 0.2824E03

x10%

1200
1000
B00

600
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s 4 3 =2 1 0 1 2 3 4 s
BGO timing difference (ns)

Fig.13. The timing difference distribution of 2 4’s from the same 7°. Sigma of the distribution
is 0.32 ns.

$5. Summary

We are carrying out the LEPS2/BGOegg experiment aiming to search for ' mesic nuclei. A large
acceptance electro-magnetic calorimeter BGOegg is used to detect 4’s and identify mesons in final state.
We have performed energy and timing calibration with a data of a carbon and a polyethylene target. As
a result of energy calibration, the peaks corresponding to 7%, 7 and 7’ mesons have been observed in
the 4+ invariant mass distribution with a significantly high mass-resolutions of 6.7, 14.4 and 18.8 MeV,
respectively. As a result of timing calibration, the time-resolution of a single crystal has been achieved
to be 0.23 ns for ~’s with energies over 200 MeV, which is enough to separate the RF bunches and to

eliminate accidental hits of cosmic rays.
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The liquid target system, which is usable for hydrogen and deuterium, was developed for the
LEPS2/BGOegg experiments at SPring-8. It has a long nose with the 50 mm aperture for the beam
path, in order to install the 40 mm-long target cell at the center of the electromagnetic calorimeter
BGOegg. From 2014 November to 2015 February, the liquid hydrogen target was used for the physics
data collection with the laser-backscattering photon beam, whose tagged counts reach about 3 x 102 in

total.
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§1. Introduction

The LEPS2/BGOegg experiments at SPring-8 [1] has started the stable collection of physics data
from 2014 April by using a few MHz photon beam, which is produced by the backward Compton scatter-
ing of the ultra-violet (UV) lasers and tagged in the energy range of 1.3—2.4 GeV [2]. The electromagnetic
calorimeter BGOegg surrounds a target in the polar angle region of 24° to 144° with a good energy res-
olution (1.3% at 1 GeV). Charged particles are identified at the inner plastic scintillators (IPS) and the
cylindrical drift chamber (CDC) inside the BGOegg, as shown in Fig. 1. The forward acceptance hole is
covered by the planar drift chamber (DC, 8 < 21°) and the resistive plate chambers (RPC, 8 < 7°). The
resolution of the time-of-flight measurement at the RPC is about 80 psec, so that the proton momentum
can be calculated from the 12.5 m flight length with the resolution of ~1% at 2 GeV/c. All of the detectors
became finally ready in June.

From April to July, we used the 20 mm-thick nuclear targets of Carbon or polyethylene (CHs)
mainly for the n’-mesic nuclei search. The n’ meson acquires a distinctively large mass by the U4 (1)
anomaly, appearing in the QCD Lagrangian, and receives special interests compared with usual Nambu-
Goldstone bosons. By the partial restoration of chiral symmetry breaking, the large reduction of the i’
mass by 80-150 MeV is theoretically calculated based on the Nambu-Jona-Lasinio (NJL) model [3] and
the linear sigma model [4] even at the nuclear density.

The U4 (1) anomaly possibly induces an attractive interaction between the n’ and a nucleon (“N”)
in the QCD vacuum. Therefore, the measurement of the n’-N scattering length is desired near the

production threshold of vp — n’p reaction. In addition, the 1’ possesses a large content of s3, whose

Target Drift Chamber (DC) Resistive Plate
Chamber (RPC)
Upstream w7
Charge Veto pcouter| -7 |
Counter - i 2 m (Vertical)

x
3.2 m (Horizontal)

E949 Magnet e o

Cylindrical Drift Chamber (CDC)
Inner Plastic Scintillator (IPS)

Fig.1. The detector setup of the LEPS2/BGOegg experiments.
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phase relative to non-strange quark content uw + dd is opposite to the case of n meson. It is expected
that the cross sections of the np and 1" photoproduction from a nucleon target are sensitive to the excited
nucleon resonances, which strongly couple to strange quarks, along with clarifying the interference
with the ss content in the nucleon. The measurements of the beam asymmetries relative to the linear
polarization vector of photons also provide the spin information of the nucleon resonances.

The experimental data about the 1’ photoproduction from a nucleon target is still poor, and the
LEPS2/BGOegg experiments intend to measure its total and differential cross sections and photon beam
asymmetry by using a highly polarized photon beam. Such measurements of the elementary cross sec-
tions are necessarily important to understand the possible formation of the mesic nuclei, too. The ex-
periments using the nucleon target is useful not only for the 1’ photoproduction but for various physics
opportunities, including the excited nucleon resonance searches in the s-channel of single or double me-
son (w, w070, 7w, etc) photoproduction. Thus, we developed a liquid hydrogen target system, which
is also usable for a deuterium target, in parallel with the nuclear target runs. The new liquid target

system have been utilized at the physics data collection from 2014 November.

§2. Construction of the liquid hydrogen target system

The liquid hydrogen target system has a 1 m-long nose structure to place a 40 mm-long target
cell at the center of the large acceptance electromagnetic calorimeter BGOegg. (See Fig. 2.) The nose
part is extended from the chamber box, where the refrigerator (Sumitomo Heavy Industries, 4K GM

refrigerator RDK-408D2) is mounted on the top. The refrigerator is connected to the buffer tanks, whose

5mm(R111.40) Fix the cell base by screws. refrigerator
40 0 _5 _— Hj, return pipe

3

| 650 aperture for

photon beam path

N Cu cold finger

N
Cu cell base ™
target cell (UPILEX)

H, supply pipe =

CFRP.vacuum container (L470,t1) r radiation
420 : —"shield
670 film window Al ring to fix the cell film
ield Vacuum container L reservoir
/

Cu radiation shield (SUS304) |

/ CFRP(t0.5)+Al foi

Al foil shield nose flange joint

Fig.2. The side view (left) and the upstream end view (right) of the liquid hydrogen target sys-
tem. The expanded side view of the target cell is also shown in the upper-left corner.
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total volume is 300 L, by using the supply and return pipes made of Cu. The hydrogen gas is filled inside
this closed volume at ~1.7 atm, and partially liquefied at the 98 mL reservoir under the refrigerator.
As a result of the liquefaction, the pressure of the remaining hydrogen gas becomes about 1 atm. The
liquefied hydrogen is transferred to the target cell by the self-weight while the temperature is kept at
~20 K with a heater and an automatic controller (LakeShore Model331).

The most outside of the chamber box and the ¢90 nose structure is made of SUS304 to maintain
the vacuum as a thermal shield. In order to reduce the material amount around the target cell, the front
part (470 mm) of the nose is produced by a cylinder of carbon-fiber-reinforced plastic (CFRP) with the
thickness of 1 mm. Inside these vacuum containers, the whole cooling system including the refrigerator,
the reservoir, and the Cu cold finger is covered by radiation shields. The radiation shield around the
target is also made by a 0.5 mm-thick CFRP support and Al foil. The cold finger is extended from the
refrigerator inside the nose, and the cell base for the target mount is attached to the front part of the cold
finger. In order to reserve the photon beam path (o ~6.5 mm), those structures have enough aperture at
least with a 50 mm diameter. The front cap of the CFRP nose and the upstream wall of the SUS chamber
box also have the windows covered by 75 um-thick polyimide films (Ube Industries, UPILEX RN). The
front faces of the CFRP nose and the Al foil radiation shield are apart from the target cell in order to
achieve the better separation of the reaction products from the target and the background hits from the
front materials at their detection by the BGOegg.

The target cell is produced by gluing 125 pum-thick UPILEX films to the cell base with Stycast.
(See the upper-left part of Fig. 2.) The front cap of the cell is molded with moderate curvature, so that

the real thickness becomes thinner to ~50 pm. The cell volume is about 140 mL with a diameter of

Cu pipes

----1 operation panel
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H% gas chamber target cell
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turbo molecular pump buffer tank
(Osaka Vac. TH250MC)
outside of scroll pump I
exp. bldg. scroll pump

Fig.3. The schematic view of the hydrogen gas flow line and the vacuum control line.
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65 mm. The liquid hydrogen is fully filled through the lower pipe hole of the cell base, and returns to the
reservoir from the upper pipe hole. For the thermal insulation of the target cell and the cooling system,
the vacuum is made inside the CFRP and SUS containers by using a turbo molecular pump and a scroll
pump, connected with the bottom of the SUS chamber box. The possible leakage of the hydrogen gas
from the cell is also exhausted by those pumps. Figure 3 shows the pipe connections for the vacuum

control and the hydrogen gas flow at the constructed target system.

§3. Operation at the BGOegg experiments in 2014 Nov — 2015 Feb

In 2014 October, several tests were performed for debugging the cell structure, connecting the hy-
drogen gas and vacuum lines without any leakage, confirming the cooling system operation with the
temperature and pressure monitors, and so on. Figure 4 shows the liquefaction status at the target cell
in the view from the nose front. After the full liquefaction at the cell, the hydrogen gas pressure becomes
~1 atm at the pressure gauge, located near the buffer tanks. The liquefied hydrogen volume at the tar-
get cell, the transfer pipes, and the reservoir was calculated to be 267 mL based on the pressures before
and after the liquefaction. The temperatures at the target cell and the refrigerator head just above the
reservoir were monitored by thermocouples, and the difference of the cell and head temperatures was a
few K even with the nose structure.

The combination of the nose structure with the target cell and the vacuum chamber box with the
refrigerator is placed on the sliding rail stage with many ball-type rollers. The nose structure was
installed inside the BGOegg along the guide rail, which was fixed on the large plate for enabling the
two-dimensional position adjustment by screws. (See Fig. 5.) The stage height was also optimized by the
adjuster bolts, which were attached at the bottom of the individual stage leg and anchored to the floor
of the experimental area. The target system was aligned by adjusting the cell position and the center of
the upstream UPILEX window relative to the beam position markers. Further fine tuning was done by
checking the azimuthal hit distribution at the BGOegg calorimeter with the injection of a photon beam.
In the case of experiments with nuclear targets, this liquid target system can be slided away to the side
space off the photon beam axis, so that the experimental setup should be easily changed depending on

the physics plans.
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Fig.4. The pictures of the target cell during the hydrogen liquefaction. The liquid surface in-
creases while the gas pressure at the buffer tanks decreases from the left picture to the
right picture.
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Fig.5. The picture of the hydrogen target system on the sliding rail stage. The nose part is
installed into the BGOegg calorimeter.

The whole target system was stably working from 2014 November to 2015 February at the physics
data taking. About 3 x 102 of tagged photons were irradiated on the liquid hydrogen target in total.
In order to study the possible systematics of the detector acceptances at the measurements of spin
observables, the linear polarization vector of the photon beam was alternatively changed to the vertical
or the horizontal directions. The energy and timing calibrations of individual detectors are being done
by using the collected data. The 7° and the 17 mesons will be identified in the invariant mass distibution
of 2+, which are detected at the BGOegg calorimeter. In the nuclear target data collected before the 2014
summer, those mesons have been already reconstructed with the good mass resolutions of 6.7 MeV/c?
and 14.4 MeV/c?, respectively. The w meson also have been successfully reconstructed from the 7%
invariant mass (Br=8.3%) using the same nuclear target data. The photoproduction of the ' meson
will be identified by the invariant mass distributions of 7%’ (Br=21.6%) or 2v (Br=2.2%). The 2~
decay mode has a smaller branching fraction, but the acceptance is a few times larger and covers the n’
production angles in more forward region. A proton in the final state of the above meson photoproduction
processes will be confirmed by the missing mass, which is calculated using the photon energy measured

at the tagging detector of a recoil electron.

$4. Summary
The LEPS2/BGOegg experiments have started the physics data collection from 2014 April. First
of all we used a Carbon or CHjy target for the n’-mesic nuclei search, while the liquid hydrogen target

system with a 1 m-long nose structure was developed to install the 40 mm target cell inside the electro-
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magnetic calorimeter BGOegg. A part of the hydrogen gas, stored in the large volume buffer tanks, is
liquefied at ~20 K by the refrigerator, so that the liquid hydrogen is filled at the reservoir and the target
cell. The target cell is made by 125 pum polyimide films and the material amount of the nose around
the cell is reduced by using CFRP cylinders. The constructed target system was installed for collecting
the vp reaction data from 2014 November to 2015 February. This data will be analyzed, for example, to
measure the cross sections and the photon beam asymmetries in the photoproduction of 7/, n, w, 7%x?,

707, etc for the study of nucleon resonances.
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Development of a charge-to-time (QTC) discriminator

T Ishikawal

IResearch Center for Electron Photon Science (ELPH), Tohoku University, Sendai 982-0826,
Japan

A charge integrating analog-to-digital converter (ADC) is too expensive only for the monitoring of
the gain and applying a pulse-height time-walk correction. In addition, a very long cable for delaying
analog signals is required for the ADC readout. It is difficult to introduce many ADC modules easily
any more by taking into account the cost of ADC modules and long delay cables. Recently, a multi-hit
time-to-digital converter (TDC) module is available, which can digitize both the timings of the leading
and trailing edges of signals. Thus, it is not necessary to use an ADC module if the output width of a
discriminator corresponds to the charge integration. The function converting the charge integration into
the width of the logic signals is called as a charge-to-time converter (QTC). We have asked Fuji Diamond
International Co. Ltd. to produce a discriminator with a QTC function fitted to the signals for plastic
scintillators. The results of testing the developed QTC discriminator are given in this report. The QTC

discriminator has been made into a product as GeV~-1370.

§1. Introduction

The ordinary ADC module integrates the charge during the gate period, and digitizes the charge
integration to give the energy deposit in a detector. The gate signal is often generated with a trigger
circuit of a data acquisition system, and is delayed in a finite time. This delay determines the lengths of
delay cables for analog signals to match them with the gate period. Long cables with an order of us are
required to obtain the energy deposit in scintillating fibers of STB-Tagger II at ELPH.

A flash ADC (FADC) module is a candidate to obtain the energy deposit. But A FADC chip with a
very high frequency (more than several hundred MHz) is required for analog signals of plastic scintilla-
tors. We have a lot of difficulties to introduce very high frequency FADC chip:

1. high cost,

2. cooling FADC, and

3. very high speed processing of digitized data
are required. On the other hand, some filter circuits are necessary when low frequency FADC chips are
adopted.

Recently, a multi-hit (MH) time-to-digital converter (TDC) module is available, which can digitize
both the timings of the leading and trailing edges of signals. The V1190 and V1290 modules of CAEN
SpA are often used MHTDC modules. Both the ADC and TDC modules are required for each signal to

obtain the timing and the energy deposit. Yet, it is not necessary to use an ADC module if the output
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width of a discriminator corresponds to the charge integration. The function converting the charge
integration into the width of the logic signals is called as a charge-to-time converter (QTC). Generally,
QTC is realized in the following way [1, 21:

1. the input signal is amplified,

2. the charge is integrated in a capacitor,

3. The capacitor is discharged with a constant current.

Figure 1 shows the simplified circuit and charge in a capacitor.

T
Y

Ve—tt

s
|

Va

Fig.1. Simplified circuit and charge in a capacitor. The circuit consists of the integrator, and
constant current source I which discharges the capacitor. The output voltage V, of the
circuit gives a linear triangle signal.

The quiescent voltage for the capacitor C is given by the diode D. The constant current I through

a register R is defined as
Ve — Vg

- R

from the difference between V. and Vj. In the idle state, all the output current I, from the operational

amplifier (OPAMP) flows through the diode D, and makes Id = I,. An input pulse makes I, smaller

I4 (1)

according to the current of the input signal I, and the charge is integrated in the capacitor C. The
circuit comes back to the idle state when the capacitor C is fully discharged by a constant current 1.

The output current of the OPAMP is
I, =14 - I;, (2)

and I; = 0 in the idle state. The charge Qg in the idle state is determined by the diode D, An input pulse

makes the charge Q in the capacitor C becomes

Q=Q— /Io(t) dt + I4t, 3
t
and output voltage becomes

_ QO 1 /t I,
Vo=V.+ c ), Iy(t) dt + Ct. 4)
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If the current I; according to the input pulse becomes 0 in a short time as compared with the discharging
time, the behavior of V,, is expressed by the fourth term in eq. (4). A QTC discriminator should give a

true state when V,, exceeds given threshold basically.

§2. Developed QTC discriminator

A QTC discriminator should be desired as a high precision leading edge discriminator. Therefore,
the input signal is divided into two, and one is used for generating a leading edge of the output pulse,
and the other is input to the integrator circuit giving a linear triangle pulse. This is realized by a flip-flop
circuit so that the output signal is started by the comparator output for the former signal, and stopped
by that for the latter triangle pulse. Figure 2 shows the behavior of the QTC discriminator, and Figure 3

shows its photo.

flip-flop
i t
A3 | - input  —~

= CK ——— output -,

@
VTIII
comparator
R Lin output

Lin output

@
@ output

amplifier
integrator comparator
PZC

Fig.2. Behavior of the QTC discriminator. The main circuit of the QTC function described in §1
is given by an amplifier, integrator, and pole-cancellation circuit (PZC).

The Vg is a threshold for generating a output pulse, and Vs is that for determining of the width
of the pulse. The requirements for the developed QTC discriminator are
1. the leading edges with high precision according to the given threshold Vry;, and
2. the widths of the output pulses expressed by a (one polynomial) function according to the charge of
the input signal.
The prototype QTC discriminator was produced by Fuji Diamond International Co. Ltd. to satisfy these

conditions.

§3. Testing the prototype QTC discriminator

We tested the prototype QTC discriminator by using the output signals of photomultiplier tube
(PMT) connected with a plastic scintillator. The plastic scintillator used was EJ-212 produced by ELJEN
Technology, and it measured 30 x 30 x 20 mm?. It was connected to a PMT Hamamatsu H6410, and the
supplied voltage is —1100 V with a current of 279 pA. The waveform of the input and output signals of
the prototype QTC discriminator was acquired by employing a digital phosphor oscilloscope, Tektronix



116

Integration

Lin output

NIM output
8 ECL output

GND
s — 12V

Fig.3. Photo of the prototype QTC discriminator produced by Fuji Diamond International Co.
Ltd.

DPO-4104, with a sampling frequency of 56 GHz. Figure 4 shows the experimental setup for testing the
prototype QTC discriminator.

EJ-212 Divider CH1: PMT

H6410 _[QTC CH2: Lin. Output

Discriminator CH3: NIM output

Fig.4. Experimental setup for testing the prototype QTC discriminator. The input signal to
the QTC discriminator is given by the output signal of a photomultiplier tube (PMT)
Hamamatsu H6410 connected with a plastic scintillator EJ-212 with a size of 30 x 30 x 20
mm?. The waveform of the input and output signals of the prototype QTC discriminator
was acquired by employing a digital phosphor oscilloscope, Tektronix DP0O-4104. The
output signal of PMT is divided into two, one is delivered to CH1 of DP0O-4104, and the
other is input to the QTC discriminator. The linear and NIM outputs of it is given to CH2
and CH3 of DPO-4104, respectively.

The input signal to the QTC discriminator was given by the output signal of PMT. The output signal
of PMT is divided into two, one was delivered to CH1 of DPO-4104, and the other was input to the QTC
discriminator. The linear and NIM outputs of it was given to CH2 and CH3 of DP0O-4104, respectively.
The waveform acquisition was made by using a library [3] developed by T. Ishikawa et al. The trigger
of DPO-4104 was the falling edge of CH3 (NIM output) with a threshold of —400 mV. The measured
voltages are [—270,+30), [—100,+900), and [-1800,+200) mV for CH1, CH2, and CH3, respectively.
The waveform was recorded by 0.2 ns step with a time [—379.8,420.0] ns. Table 1 summarizes the

acquired data. To reject the accidental double pulses in the analysis, The width of the output signals of
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PMT with a —5 mV threshold is longer than 30 ns by checking CH1 waveform. The events was rejected
that the voltage of —270 mV was recorded in CH1. Figure 5 shows the typical waveforms for the output
signals of PMT and those of the QTC discriminator.

Table 1. Acquired data. The discriminator threshold (Vig1), the number of events, the effective
number of events which satisfy the conditions.

run | threshold #events #analyzed events
008 | —19.9mV 10,000 9,878
009 —6.8mV 10,000 9,947
010 | —45.0 mV 3,000 2,890
011 | —60.9 mV 3,000 2,878
012 | —31.9mV 3,000 2,937

To obtain the amplitude V;, timing tg, rising time 7, and decay time 7p, the function

V(t) = Vp freq (t;“) exp (— t‘t°> 5)
R

™D

is fitted to the waveform of the PMT output signal event by event. The error of each point is assumed
to be 1.12 mV, which is the resolution corresponding to the least significant bit. The fitting process was
made with a time range [—20, —5) ns, and iterated five times with a time range [ty — 47r,t0 + 47D).
Figure 6 shows the output waveforms of PMT together with a fitted functions.

The obtained parameters are

Vo =60.6 £0.7mV
to = —14.76 + 0.10 ns
TR = 2.34 + 0.05 ns
™ =4.62+0.10 ns

(6)

for the first event in run008, and

Vo = 324.0 £ 0.8 mV
to = —11.29 + 0.02 ns
TR = 2.33+ 0.01 ns
0 = 5.35 £ 0.02 ns

(7

for the third event in the same run. The maximum pulse height V.« is determined from the maximum
difference of the recorded pulse height in each event. The ground level Vgnp is also determined by the
average pulse height in a time [—70, —30) ns. The charge integration is obtained by using a pulse height
V over a time [—30,+10) ns

Q= /50% (V(t) — Vgnp) dt = [_30’%;0) ) :T(g At — [_70;0) ) :07(2 At, (8)
where At = 0.2 ns stands for the period of the pulse height measurement. The V. is 38.4 and 183.6 mV,
and the charge integration @ is 6.8 and 37.5 pC for the first and third events in run008. Figure 7

shows the correlations between the charge integration Q and the amplitude Vj, that between @ and the
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Fig.5. Typical waveforms for the output signals of PMT and those of the QTC discriminator.
The left panel shows the waveforms of the first event in run008, and the right one shows
those of the third event in the same run. The upper, central, and lower panels show
the waveforms of the PMT output (CH1), the linear output (CH2), and the NIM output
(CH3). The green and red lines correspond to the voltage of 0 mV and the timing of 0 ns,
respectively.

maximum pulse height V,,.x, and that between V; and Vi,.x. All the correlation shows a proportional
function, and they give V5/Q = 8.5 +£ 0.2 mV/pC, Viax/Q = 5.2 £ 0.2 mV/pC, Viyax/Vo = 0.61 £ 0.03 for
all the events in run008.

Since the Q, V, and Vj,.x are proportional each other, the waveforms of the output signals of PMT
can be assumed to be the same. To confirm this, the rising and decay time parameters are also investi-
gated. Figure 8 shows the rising time parameters 7g and the decay time parameter 7p. Both of them
are constant, all the events in run008 give 7 = 2.3 £ 0.1 ns and 7g = 5.2 + 0.2 ns.

The set value of the threshold Vry; and the effective value of the threshold V4 are investigated by
looking at the distributions of the maximum pulse height V;.,.;na. Figure 9 shows the maximum pulse
height (V,.;nmaz) distribution run by run. The effective threshold V is determined by the minimum
value of V,mmaz. The Vogis —31, —13, —65, —83, and —47 mV for run008—run012. The correlation
between Vg, and Vg is also plotted in Fig. 9. Although Vryg; and Vg is different, Vi can be expressed

by a one dimensional polynomial function of Vqy;. Taking the error of V g to be 1 mV, Vg, is expressed
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Fig.6. Typical waveforms of PMT output signals (left) and those of NIM output signals of the
QTC discriminator. The upper panels show the waveforms for the first event in run008,
and the lower show those for the third event in the same run. The green lines stand for
the voltage of 0 mV, and the red curves show the fitted functions expressed in eq. (5) and
(10).
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Fig.7. Correlations between the charge integration @Q and the amplitude V; (left), that between
Q and the maximum pulse height V.« (central), and that between V; and Vj,.x (right).
The correlations are given by the events in run008.

as a function of Vg

(—Vigr) = (4.3 £0.9) + (1.827 +0.024) (—Vim) - (9)
A function
V(t):Vc—Vafreq(t_tl>{1—freq<t_tt>} (10)
Tl Tt

is fitted to the NIM output of the QTC discriminator to obtain the ground level V., the amplitude V,, the
leading edge timing t;, the rising time of the leading edge 7, the trailing edge timing ¢;, and the falling
time of the trailing edge 7 event by event. The error of each point is assumed to be 7.81 mV, which is the
resolution corresponding to the least significant bit. The fitting process was made five times with a time

range [—30, +270) ns. Figure 6 shows the waveform of the NIM output signals of the QTC discriminator
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Fig.8. Rising time parameter 7 (left) and decay time parameter 7p (right). These parameters
are given by the events in run008.

for the first and third events in run008. The obtained parameters are

V. =5.3+£0.2mV
Ve =906.6 = 0.8 mV
t; = 0.14 - 0.00 ns

(11)
71 = 0.21 +0.00 ns
t; = 23.62 £+ 0.00 ns
7t = 0.26 + 0.00 ns
for the first event in run008, and
V. =6.8+£0.2mV
Vo =902.3 £ 0.4 mV
t; = 0.30 £ 0.00 ns (12)

71 = 0.20 = 0.00 ns
t; = 89.39 4+ 0.00 ns
7 = 0.26 = 0.01 ns

for the third event in run008. The width of the NIM output signal ty is determined by the time difference
between the leading and trailing edges event by event. The width is 23.49 and 89.09 ns for the first and
third events in run008, and becomes longer as the charge integration larger.

To confirm that the NIM output is stable. th ground level V., the amplitude V,, the rising time
of the leading edge 77, and the falling time of the trailing edge 7, are investigated. Figure 10 shows
the distributions for the ground level V., the amplitude V,, the rising time of the leading edge 7, and
the falling time of the trailing edge 7;. All the variables are constant, and V., = 6.0 = 0.7 mV, V, =
905.9 + 2.4 mV, 7, = 0.18 + 0.05 ns, and 7 = 0.27 + 0.02 ns in run008. The 7, and 7 is approximately
the same value of the sampling period of DP0O-4104 (0.2 ns), which indicate the transition time of the
states is very short.

The correlation between the charge integration @Q and the width of the NIM output signals t,, is
investigated run by run. Figure 11 shows the correlation between @ and ty . The ty, is proportional to

Q for all the runs. The very small threshold deteriorates the linearity between @ and ty, at very close
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Fig.9. Maximum pulse height (V,.x) distributions for the runs, and the correlation between
the set value of the threshold Vryg; and the effective value of the threshold Vi The
panels show the Vj,.x distributions for run009, run008, run012, run010, and run011 from
the upper left. The green lines show V.. The Vg and Vg are described in each panel.
The lower right panel shows the correlation between Vg and Vig. The absolute value is
adopted for these values.

to the threshold (run009). The tyy is fitted by a function of Q expressed
tw(Q) = CwQ + tyy, (13)

and the charge to time conversion factor Cy and the minimum width corresponding to the charge

integration of 0. The obtained parameters are

(10.72 ns, 2.10 ns/pC) for Ve = —13 mV (run09),
(7.95ns, 2.15ns/pC)  for Vg = —31 mV (run08),
(t>Cw) =} (7.50 ns, 2.15ns/pC)  for Vo = —47 mV (runi2), (14)
(7.57 ns, 2.14 ns/pC)  for Vg = —65 mV (runi10), and

(7.85 ns, 2.12 ns/pC) ( )

for Ve = —83 mV (runii).

The t,, is a little bit large, and C is a little bit small for the run with a very small threshold (run008).
Except for this run, both the Cyw and t%;, parameters are constant independently of the given threshold
Viui-

The correlation between the charge integration @@ and the leading edge timing of the NIM output
of the QTC discriminator ¢y, are investigated. The leading edge timing of the NIM output of the QTC
discriminator ¢z, is determined by ¢; — to, where ¢; and ¢, is the timings for the PMT and NIM output
signals measured by DPO-4104. Figure 12 shows the correlation between @ and ¢r. The correlation is
similar to the ordinary leading edge discriminator. This is because the leading edge is determined only
by a comparator. Since the ty is a one dimensional polynomial function of @, and ¢ can be given from

tz, by using tw .
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Fig.10. Distributions for the ground level V. (upper left), the amplitude V,, (upper right), the
rising time of the leading edge 7; (lower left), and the falling time of the trailing edge 7
(lower right) for the NIM output of the QTC discriminator. All the values are determined
by the events in run008.

The details of the analysis for testing the prototype QTC discriminator are described elsewhere [4].
A slight problem on the difference between set and effective threshold values has been fixed, and a QTC
discriminator has been made into a product as GeV~-1370. GeV~-1370 will be tested by using a time of

flight measurement of the positron beam.

§4. Summary

A discriminator with a charge-to-time converter (QTC) has been designed, which converts the
charge integration into the width of the output logic signals. The prototype QTC discriminator was
manufactured by Fuji Diamond International Co. Ltd. The leading edge timing of the output logic sig-
nals given by the discriminator is similar to the ordinary leading edge one. The width of the output
signals is expressed by a one dimensional polynomial function of the charge integration. This discrim-
inator together with a multihit TDC is very useful for both the measurements of the timing and the
energy deposit. A slight problem has been fixed, and a QTC discriminator has been made into a product

as GeV~v-1370.
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We have developed the SCRIT electron scattering facility to realize electron scattering experiments
off unstable nuclei. In December 2014, a commissioning experiment was carried out using a tungsten
wire target just after the construction of an electron spectrometer and new luminosity monitor system
completed. The elastically scattered electrons were successfully identified with the electron spectrome-

ter. The present status of analysis are reported here.

§1. Introduction

Electron scattering provides the most powerful and reliable information of the nuclear structure.
Many stable nuclei have been investigated and our understanding of nuclear structures have been es-
tablished by electron scattering experiments in the latter half of the 20th century after the Nobel-prize
experiments by R. Hofstadter and his colleagues [1]. This method, however, could be applied almost only
stable nuclei because of the difficulty to prepare the target material for unstable nuclei. Now, it is re-
vealed that some of nuclei far from stability have exotic structures such as halo, skin, magicity loss, and
new magic numbers, and many scientific efforts for understanding unstable nuclear structures are being
made over the world. Because of the great advantages of electron scattering for the nuclear structure
studies, actualization of electron scattering off unstable nuclei has been awaited.

Under these circumstances, we proposed a completely new target-forming technique, namely SCRIT
(Self-Confining Radioactive isotope Ion Target) which makes electron elastic scattering off unstable nu-
clei possible [2]. After the success of the feasibility study of the SCRIT system [3, 4], we have developped
the SCRIT electron scattering facility at RIKEN RI Beam Factory, Japan. In 2011 and 2012, a series of
experiments has been performed, and the minimum required luminosity for elastic scattering, ~ 1027
[/cm?/s], was proved with using stable nuclei, *3Cs and *2Xe [5].

To realize electron scattering off unstable nuclei, a high resolution and wide acceptance electron
spectrometer have also been developped. In this report, the first measurement of electron scattering

with the electron spectrometer is reported.
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$2. Experimental apparatus
2.1 overview of the facility
The facility consists of a 150-MeV injector racetrack microtron, an ISOL system, 700-MeV electron
storage ring equipped with the SCRIT system, and the electron spectrometer. The electron beam energy
can be controlled from 100 MeV to 700 MeV. The current of the stored electron beam is currently 350 mA

at the maximum. Details of the electron accelerators and ISOL system can be found elsewhere [5, 6].

2.2 Electron spectrometer (WiSES)

The electron spectrometer (WiSES:Window-frame Spectrometer for Electron Scattering) consists
of a dipole magnet [7], FDC (Front Drift Chamber), RDC (Rear Drift Chamber), plastic scintillator ho-
doscope, and a helium bag. Figure 1 shows a schematic view of WiSES and the SCRIT system.

The geometrical parameters and materials of the drift chambers are listed in Tablel and 2. By
using FDC and RDC, we can reconstruct trajectories of scattered electrons in the magnetic field and
estimate their momenta. Our goal of momentum resolution is p/p ~ 1x10~2 for 300 MeV electron. The
plastic scintillator hodoscope generates trigger signals. The solid angle of the spectrometer is evaluated
to be about 80 msr by GEANT4 simulation. In order to reduce the multiple scattering of electrons, a
beryllium plate of thickness 2 mm is used as the SCRIT chamber window, and the helium bag made of

vinyl sheets of thickness 30 pm is installed between FDC and RDC.

Trigger hodoscope 1m

electron trajectory

Field clamp

=

iISES magnet

Field clamp, ;
. [ Front Drift Chamber

Be window e —— Electron beam
SCRIT = '

Fig.1. Schematic view of WiSES. A window of the SCRIT chamber is made of the beryllium plate
of thickness 2 mm. The space between FDC and RDC was filled with helium. A trajectory
between FDC and RDC was reconstructed by a Runge-Kutta calculation.

Figure 2 shows an acceptance map of WiSES which covers a wide angular region, 30< 8 <55 [deg.]
and -10< ¢ <10 [deg.]. At the forward region, especially, the vertical acceptance become large because



of a vertical focusing by the magnetic fringe field.

Table 1. Geometrical parameters of FDC and RDC.

#readout | Layer configuration | Cell type | Cell size
RDC 1002 UUVV’XX'UU'VV’ | honeycomb | 10 [mm]
FDC 128 XX'XX honeycomb | 18 [mm]
Table 2. Materials of FDC and RDC.
Window Gas Sense wire Field (Shield) Wire

RDC

Al-mylar 25pm

He+CH,4 (50:50)

Au-W 30pmo Au-Al 80pmao

FDC

Al-mylar 20pm

He+CH, (50:50)

Au-W 30pume¢ | Au-BeCu 100pume
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Fig.2. Acceptance map of WiSES evaluated by a GEANT4 simulation. It is assumed that elec-
trons are scattered at the center of the SCRIT system. Because of the vertical focusing
due to the fringe field at the entrance and exit of the magnet, the vertical acceptance
become large in the forward region.

$3. Commissioning run

In December 2014, a commissioning experiment was performed to evaluate the perfomance of
WiSES. Metal wires of diameter 50 pm made of tungsten and titanium were separately mounted as
stable nuclear targets in the SCRIT chamber, and their position could be remotely controlled. Because
their differential cross sections for elastic scattering are known, the perfomance of the spectrometer

could be evaluated by checking the reproducibility of the differential cross sections. Figure 3 shows the

inside of the SCRIT chamber.

The titanium wire was, unfortunately, found to be broken after the chamber baking, so the exper-
iment was done with only the tungsten wire. The stored electron beam energy of 150 MeV was mainly
used because the differential cross section has an inflection point in the acceptance region and reason-

able magnitude for that beam energy. The differential cross section calculated by DREPHA code [8]

which is a DWBA calculation is shown in Fig. 4.
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Fig.3. A picture of the SCRIT chamber’s inside. The beryllium window was removed to replace
the SCRIT electrode. The electron beam goes through the SCRIT system, and scattered
by nuclear ions trapped along the beam line. During the commissioning experiments, the
tungsten wire attached on the fork was used as a stable nuclear target.
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Fig.4. The differential cross sections for 184W target calculated by DREPHA code. Left figure
shows the angular dependence, and right one the momentum transfer dependence.

§4. Data analysis

Because RDC has tilted wires, the electron tracks can be three-dimensionally reconstructed. On
the other hand, because FDC has only vertical wires, only horizontal information is available. Note that
the time origin for FDC must be calculated using the flight length information between FDC and RDC
since the trigger counter defining the timing was set beyond RDC.

The most probable trajectory between FDC and RDC is derived by the MINUIT program included
in cern ROOT library. The position and direction differences from reconstructed tracks at RDC (dxrpc,
0Tz pes OYrRDC, 0Yrpe) and a momentum difference from that of the electron beam, dp/p, are used as

parameters. Then, the position and direction difference at FDC (dxrpc, 627 p) can be calculated by
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the 4th Runge-Kutta method. In the MINUIT, the following x2 is minimized,
1 6 > [ &, s ? ; ’
2 TRDC TrDC YRDC dYrDC
x* = + | =BDC |  (=EBPC) 4| ZRDC
N-1 Ozrpc Ohne Oyrpc %Yapc

9 2
+ (6$FDC) + &EIFDC
Ozrpc Oalpe

In present analysis, the magnetic field calculated by a finite element method, OPERA-3D, is used, and

the magnitude of the field is scaled with the measured value by an NMR. After the minimization, the

momentum of trajectory is defined, and the vertex point and direction on the beam line are derived

from position and direction at FDC. Figure 5 shows the vertex point distributions. A peak at the center

is corresponding to the tungsten wire, and one beside the target is a shadow of one side of the fork

fixing the wire. Because the fork is located off the beam axis and the vertex points are reconstructed

with an oblique angle, the shadow is projected upstream target. Two peaks at Vz = +400 [mm] are

corresponding to entrance and exit electrodes of the SCRIT system. Structures at Vy = +25 [mm] are

also the parts of the SCRIT system. The vertical and horizontal resolutions are evaluated to be 7.1 [mm]

and 11.5 [mm] in o, respectively.

E @ __beam direction. | (Iy) -35<V2<35 | (c) 100<Vz<300)
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-50
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Fig.5. (a) Vertex point distribution reconstructed by FDC and RDC for the 150-MeV data set. A
clear enhancement at the center corresponds to the tungsten target. A peak beside target
is shadow of the fork fixing tungsten wire. Other structures correspond to the SCRIT
electrodes. (b) A projection onto Vy within —35 < Vz < 35 [mm]. Vertical resolution
is evaluated to be 7.1 [mm]. (c) A projection onto Vy within 100 < Vz < 300 [mm].
Black blocks represent materials position of the SCRIT electrode. (d) A projection onto
Vz within —5 < Vy < 5 [mm]. Horizontal resolution is evaluated to be 11.5 [mm]. (e) A
projection onto Vz within —100 < Vy < 100 [mm].
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Figure 6 shows a reconstructed momentum distribution with the vertex point cuts, -35<Vz<35
[mm] and -21<Vy<21 [mm]. A clear peak corresponding to the elastic scattering can be seen. Low
momentum tail in Fig. 6 can be roughly explained by considering the effects of radiation (radiative tail)
at the reaction and the energy deposit at the beryllium window. Figure 7 shows angular dependence of
the momentum distributions. Black line shows the experimental results, and red one the simulation. In
the simulation, the angular distribution was calculated by DREPHA code [8], and the radiative tail is
included [9] in a particle generator of the simulation.

Although each simulation data is scaled by the number of events in Fig. 7, those scaling factors are
slightly different each other so far. This is due to a lack of knowledge of geometries of the spectrometer

and the magnetic field map. We need more study to decide the acceptance.

Ee = 150 MeV

v <10 & ¥2 <10

1 FDC RDC
00001 IVzl<35 mm
IVyl<21 mm
50001

Q0 110 120 130 140 150 160
Momentum [MeV/c]

Fig.6. Reconstructed momentum distribution. Vertex point cuts, -35<Vz<35 [mm] and -
21<Vy<21 [mm], are applied.

§5. Conclusions and future prospects

The SCRIT electron facility will realize electron scattering off unstable nuclei for the first time. The
primary goal for this facility is to determine their charge density distributions by elastic electron scat-
tering. Construction of the electron spectrometer, WiSES, completed and the commissioning experiment
with a tungsten wire target was carried out in December 2014. The elastically scattered electrons were
successfully identified, and the momentum distributions can be roughly explained by the simulation
taking into account the angular distribution by the DWBA calculation and the radiative tail.

Because the target ion transport line from the ISOL system will be ready soon, the electron scatter-
ing experiment with series of the Xe isotopes and 132Sn trapped by the SCRIT system will be performed
this year.

Acknowledgment
This work is supported by Grants-in-Aid for Scientific Research (S) (Grands No. 22224004) from
JSPS.



[1]
(2]
(3]
(4]
[5]
(6]
[7]
(8]

[9]

131

E32.5<0<33.550 Ml |-

. "4'5.'5'{:9<46.'5”§ ......

51.5<P<52.5 ;

Fig.7. Angular dependence of the momentum distributions. Black histogram shows the exper-
imental results. Red histogram shows the simulation taking into account the radiative
tail and the energy deposit at the beryllium window. Each simulation is scaled by the
surface of histogram.

References

B. Hahn, D. G. Ravenhall and R. Hofstadter: Phys. Rev. 101 (1956) 1131.

M. Wakasugi et al.: Nucl. Instr. and Meth. A 532 (2004) 216.

M. Wakasugi et al.: Phys. Rev. Lett. 100 (2008) 164801.

T. Suda et al.: Phys. Rev. Lett. 102 (2009) 102501.

T. Suda et al.: ELPH Annual Report 2011-2013 Vol. 2, Tohoku University, 201 (2013).

T. Ohnishi et al.: Nucl. Instr. and Meth. B 317 (2013) 357.

T. Tamae et al.: ELPH Annual Report 2011-2013 Vol. 2, Tohoku University, 1 (2013).

B. Drepher, DREPHA: a phase-shift calculation code for elastic electron scattering, communicated
by dJ. Friedrich.

J. Friedrich: Nucl. Instr. Meth. 129 (1975) 505.



132 ELPH Annual Report, Tohoku University (2014)

(ELPH Experiment : #2775)

Radiochemical Determination of Photonuclear Reaction
Yields for Photon Activation Analysis
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Relative reaction yields of (v, n) reaction induced by bremsstrahlung of maximum end-point energy
of 30 MeV and 20 MeV were reported for the target nuclides with mass number from 12 to 204. Relative
yields were systematically increased with an increase of target mass number. With this correlation, any

yield ratio is roughly able to be estimated.

§1. Introduction

We have been determining yields of photo nuclear reaction, especially (v, n) reaction, to be valuable
for photon activation analysis (PAA) because of a lack of useful data set of yields of (v, n) and (v, pxn)
reactions induced by bremsstrahlung, which are used for an elemental analysis by PAA. Segebade et
al. published a textbook on photon activation analysis in 1988 [1], in which induced radioactivity ratios
normalized with radioactivity of 5’Ni produced by 58Ni(v, n) reaction are listed. As far as we know, this
list is an only useful data set for PAA.

Our measurement was started at first with bremsstrahlung from an electron linac at Kyoto Uni-
versity Research Reactor Institute and yields of photo nuclear reaction producing radionuclides with a
long half life ( > 8 hours) were determined [2, 3]. In FY2013 yields of photo nuclear reaction producing
radionuclides with a short half life ( < 8 hours) as well as a longer half life for target nuclides with >
35 of mass number were determined by using a linac at Research Center for Electron Photon Science
(ELPH), Tohoku University.

In FY2014 we continuously determined photo nuclear reaction yields at ELPH and a main objective

in this study was that yields for target nuclides with < 40 of mass number was determined.

$2. Experimental

About 50 to 100 mg of high purity powder reagents such as C, KF, NaCl, ScyO3, Cr, FesO3, Mn, Co,
Cu, ZnO, Gay03, SrCl,, Y203, ZrOg, Mo, CdO, NaoH,TeOg, KI, CsCl, YbyO3, and PbOswere wrapped in
aluminum foil to be formed a disk (10 mm¢) shape. For Au target and Ni monitor, 10 mme¢ of Au foil
(0.01 mm thick) and 10 mm¢ of Ni foil (0.04 mm thick) were used, respectively.

The targets together with Ni monitors in a quartz tube were irradiated for 5 min and 10 min with
bremsstrahlung beam of maximum end-point energy (Eg) of 30 and 20 MeV, respectively. After irradia-

tion, target disks were subjected to gamma-ray spectrometry by a Ge detector. To reduce true coincidence
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effect, a sample was placed at about 20 cm far from a detector. Since the bremsstrahlung beam flux was

not determined, reaction yields normalized with one of 58Ni(~, n)?’Ni were calculated.

§3. Results and discussion

Target mass yield ratios of (v, n) reactions for Eg = 30 MeV and 20 MeV studied at ELPH are shown
in Fig.1 1 together with data obtained in experiment #2757. (Some data obtained in experiment #2757
were made corrections.) Yield ratios of reactions producing meta-stable nuclides are shown separately by
open circles. Yield ratios (°Ni = 1) shown by solid circles generally increase smoothly with increasing
target mass number from 2C to 2°4Pb both for Ey = 30 and 20 MeV, although some yield ratios are
scattered. On the contrary, yield ratios of reactions producing meta-stable nuclides shown by open

circles are smaller than systematic yield ratios for ground state nuclides.
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Fig.1. Target mass yield for (v, n) reactions at Eqg = 30 MeV and 20 MeV. Relative yield values
normalized with a yield of 5®Ni(, n)®’Ni are shown. Open circles show yield ratios of
reaction producing a meta-stable nuclides

Yield ratios at Eq = 20 MeV were roughly consistent with those at Ey = 30 MeV except for some
target nuclides. The yield ratio of 12C(~, n)!'C at E, = 20 MeV was about 10 times smaller than one
at Eg = 30 MeV. A high threshold energy (18.7 MeV) of 2C(v, n)!1C probably results in this low ratio
observed at Eq = 20 MeV, because bremsstrahlung with E, = 20 MeV have little photons inducing 2C(~,
n)'1C reaction. Yield ratio of 3°K(v, n)®®*K at Ey = 20 MeV was also about 10 times smaller than an
estimated systematic yield. Since yield ratio of 3°K(v, n)?®K at Ey = 30 MeV was not determined yet, we
should determine a yield ratio at Eq = 30 MeV to confirm that the deviation for 3K at Eg = 20 MeV is
caused by a difference of irradiation energy.

Specific radioactivity of 5’Ni induced by 58Ni(+, n) reaction for 1 hour at Ey = 30 MeV and 20 MeV
were about 48 kBq/mgNi and 6 kBq/mgNi, respectively. Using these specific radioactivity and induced

radioactivity ratio values compiled by Segebade et al. [1], we can estimate radioactivity produced by (v,
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n) reaction at ELPH.

Although observed values at less than 50 of a target mass number are not enough, the systematic
correlation between relative reaction yield ratio and mass number observed in this study can help an
estimation of (v, n) reaction yield ratios for various elements. We are going forward to determine yield
ratios especially at less than 50 and apply yield ratios to photon activation analysis using an internal

standard method.
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The metallofullerenes encapsulating artificial radio element of Promethium (Pm) was studied.
Promethium isotopes were produced from natural Sm by the photon irradiation at Research Center
for Electron Photon Science, Tohoku University. The highest productivity of produced Pm isotopes was
found to be that of *Pm. Promethium metallofullerene was produced by an arc discharge method. The
valence state of Pm in the metallofullerene was strongly suggested to be trivalent from the similarity of

HPLC elution behavior for Pm metallofullerenes with those for trivalent metallofullerenes.

§1. Introduction

Endohedral metallofullerenes (EMFs) are known as a clathrate compound and are attracting in-
terest of the expectation for the potential application brought from their unique physical and chemical
properties. The large number of studies about the EMFs have been reported, so far. Especially for the
EMFs of lanthanide, it has been studied for a variety of encapsulated elements from the dawn of met-
allofullerene research. However, only metallofullerene of promethium (Pm) has been still missing [1]. It
is well known that Pm is one of the artificial elements belonging to lanthanide elements and do not have
any naturally occurred stable isotope. The chemical property of Pm is considered to be almost same as
those of other neighboring lanthanides, actually most stable oxidation state in water is +3 similar to
neighboring element of Nd. In general, Pm is produced from processing nuclear fuel and neutron irra-
diation of Nd in High Flux Isotope Reactor. However, 1”Pm produced by these methods is not suitable
for the metallofullerene research because of their small ~-ray emission rate and their long half life.

Some of lanthanide elements in fullerene cage are reduced by the electron rich environment of
fullerene inside. Actually, the valence state of Sm, Eu, Tm, and Yb in fullerenes is divalent even though
most stable valence state of these elements in the air is trivalent [1]. Pm is located between Nd and
Sm on the periodic table. Considering about the chemical properties of Pm as mentioned above, it is
very important to investigate the valence state of Pm in fullerene cage from the view point of lanthanide
chemistry. In this paper, we report the synthesis of Pm metallofullerene and their properties observed

from elution behavior on the high performance liquid chromatography (HPLC).
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$§2. Experimental
2.1 Production of promethisum

To investigate the optimal condition for the irradiation and the produced radio activity of each Pm
isotope from natural Sm isotopes by (v, n) and (v, p) reaction with bremsstrahlung converted from
electron beam, we employed ™%*Sm oxide for the production of Pm. About 0.1 g of Sm oxide was sealed
into quartz tube under reduced pressure. Photon irradiation of the samples was performed at Research
Center for Electron Photon Science, Tohoku University with the beam energy of 20, 30, 40, and 50 MeV
for 0.5 hours.

2.2 Pm Metallofullerene production

Irradiated Sm oxide was dissolved into concentrated nitric acid and 4”Nd radio tracer was added in
this solution for the comparison. This solution was heat to dryness and then EtOH was added to dissolve
resultant nitrate salts. This EtOH solution was dropped on a porous carbon rod with 10 mm diameters
and 60 mm length to adsorb the nitrate salts and then dried. This porous carbon rod was placed in an
electric tubular furnace and sintered at 700 °C under Ny gas flow. After the sintering, this rod was set
into the fullerene generator as an anode for the arc discharge. The promethium EMFs were produced
by the arc discharge method [2], [3] with DC 100 A under 60 kPa of He atmosphere. The produced
soot containing Pm EMFs was dissolved to CS; and then filtered to remove insoluble substance. After
filtration, TiCl, was added in this solution for the pre-separation of EMF's [4]. This pre-separated EMF's
solution was evaporated to dryness and then toluene was added to dissolve fullerene species for the

HPLC analysis.

2.3 HPLC analysis
The EMFs toluene solution was injected into HPLC system (Pump: Hitachi L-7110, flow rate: 3.2
mL/min, UV detector: GL-Science GL-7450, A = 340 nm) with a HPLC column of Buckyprep (Nakarai
tesque inc., size: 10 ¢mm x 250 mm). The eluate from HPLC was collected for every 1 minute with
the range from 38 to 90 minute of the retention time. The ~-ray from each fractionated sample was

determined by a germanium semiconductor detector (SEIKO EG&G, GEM25P4).

§3. Results and Discussion
3.1 Produced radioactivity of Pm
Figure 1 shows vy-ray spectrum of irradiated SmyQO3 sample with beam energy of 50 MeV. From
this spectrum **Pm (742 keV), *Pm (618 keV), “Pm (454 keV), “¥™Pm (630 keV), °Sm (61
keV), and 153Sm (103 keV) were observed in this Sm sample. The productivities of each promethium
isotope with each beam energy were listed in table 1. The highest radioactivity was found to be that of
143Pm among these Pm isotopes. So the suitably longer half-life and higher radioactivity are required

for the metallofullerenes synthesis, we employed “*Pm for the metallofullerenes synthesis.
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Fig.1. ~-ray spectrum of SmyQ3 sample irradiated at the beam energy of 50 MeV.
Table 1. Determined productivity of each Pm isotopes.
.. Beam Energy [MeV]

Productivity [Bq/g-h] 20 30 40 50
143Pm (1.240.1)x 103 (3.4+0.3)x103 (8.8+£0.9)x10% (1.5+0.1)x10%
44pm NA NA NA (1.440.2)x 102
146 pm NA 36+7 (1.540.3)x10% (2.540.3)x 102

148mPpm 80+7 (6.140.3)x 102 (2.140.1)x10%  (3.9+0.2)x 103
Target weight [g] 0.1069 0.1046 0.1064 0.1043

3.1.1 HPLC elution behavior of Pm EMFs

According to the above mentioned results, 1*3Pm was produced by the 50 MeV photon irradiation
of Smy03 for 6 hours. Figure 2 shows observed radioactivity of 1*3Pm and #’Nd for each HPLC fraction
together with obtained HPLC profile monitored by UV detector. The radioactivity of both “*Pm and
147Nd was only observed at 62 min. In general, the metallofullerene M@Cgy encapsulating trivalent
lanthanide, such as La@Cgy, Ce@Cgs, Pr@Cg;, Nd@Cgs, etc., have almost same chemical properties as
each other and is observed around the HPLC retention time of 60 min under the studied condition (sur-
rounded by an open square) [5]. On the other hand, metallofullerene encapsulating divalent lanthanide,
such as Sm metallofullerenes, is known to be mainly eluted with empty fullerenes of Cgy (around 40
min in this condition) [6], [7]. Considering about the HPLC elution behavior of trivalent and divalent
metallofullerenes, our results strongly suggest that observed radioactivity of 1*3Pm together with that

of 147Nd is derived from metallofullerene Pm@Cg; encapsulating trivalent Pm.

Conclusion
Artificial element of Pm was produced by the photon irradiation at Research Center for Electron

Photon Science, Tohoku University. The highest productivity of Pm isotopes were found to be that of
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Fig.2. HPLC elution behavior of Pm metallofullerene.

143Pm among the produced Pm isotopes in this study. Promethium metallofullerene was successfully
produced by arc discharge method. The valence state of Pm in produced metallofullerenes was strongly
suggested to be trivalent from the similarity of HPLC elution behavior for Pm metallofullerenes with

those for trivalent metallofullerenes.
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The thicknesses of ***Ce and *®Ce targets for the cross section measurements of the proton capture
reaction were determined using a photon activation analysis. The targets prepared with a plasma sputtering
process were activated together with natural Ce as a standard using a bremsstrahlung with a maximum energy of
20 MeV. Activities of ***Ce produced by the **°Ce(y,n) reaction were determined with a gamma-ray spectrometry.
The thicknesses of ***Ce and **Ce atoms were derived from the *°Ce activities, number of “*°Ce atoms in the

standard, and nominal isotopic abundance used for preparation of the targets.

81. Introduction

Most elements heavier than iron are synthesized via neutron capture processes known as the s process
and r process [1,2]. However, in the solar system, there are 35 neutron-deficient stable isotopes between Se and
Hg with low isotopic abundance. These nuclei, not created by the s process or r process, are termed p nuclei. The
p process, by which p nuclei are synthesized, proceeds via a photo-disintegration reaction [3-5], proton capture
reaction [6,7], and neutrino process [8] on the pre-existing heavy s and r seed nuclei at temperatures between 1.5
— 3.5 GK. This high temperature can be obtained in explosive environments, such as in the O/Ne layers of Type Il
supernovae and in the deflagration flame fronts of Type la supernovae [9,10].

From the investigation of the isotopic abundance relative to atomic number Z, the p nuclei was found to
possess approximately 1% abundance for lighter nuclei with Z = 34 — 50 and 0.01 — 0.3% abundance for medium
and heavier nuclei with Z > 50 [11]. The p nuclei with a larger atomic number have thus a smaller isotopic
abundance than that with a smaller atomic number. On the other hand, **Mo and ***Sm with neutron magic
numbers present abundances of 14.77% and 3.07%, respectively. The neutrino process is a strong candidate for
the nucleosynthesis of “Nb, ****¥Ce, and **La in the Type I supernovae [12,13]. The **C(**C,p)**Na reaction is
one of candidate for the proton source in the Type la supernovae [6]. The neutrino process is hard to explain the
greater abundance of **Mo and **Sm. Photo-disintegration as well as the proton capture reaction has a key for
understanding isotopic abundances of the overall p nuclei.

Our group have measured cross sections of (p,y) and (p,n) reactions on 3 138Ce, 2 143Nd, ***5m at
energies between ~3 MeV and ~8 MeV for an accurate numerical computation of abundances of the p nuclei with
mass numbers of 130 — 150 in the stellar environment. Thin targets of the isotopes will be bombarded by the
proton beam for the cross section measurement. The thin targets were prepared using a molecular plating method
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for isotopes of Nd and Sm [14]. Thicknesses of the targets are determined by measuring the solutions before and
after the molecular plating with an ICP-MS. On the other hand, targets of the Ce isotopes cannot be prepared by
the molecular plating method. Thus, we prepared the Ce targets with a plasma sputtering process [15]. The
prepared target is hardly dissolved in HCI or HNO3 because Ce is a refractory element; thickness of the target
cannot be determined with an ICP-MS. Activation analysis which allows to determine trace amount without
sample digestion, is only method for measurement of the refractory element. In the present work, we intended to
determine the thicknesses of **°Ce and **Ce target prepared by the plasma sputtering process using a photon
activation analysis.

82. Experiment

Targets of enriched isotopes of ***Ce and **®Ce with a diameter of 7 mm were prepared using a plasma
sputtering process. The Ce isotopes were deposited on a 50-um-thick aluminum foil with a purity of 99.999%.
Several targets of **Ce and 10 mg of natural CeO with a purity of 99.9% sandwiched by Au foils as a flux
monitors with a diameter of 7 mm and thickness of 10 um, were encapsulated in a quartz tube. The stack for
activation of **®Ce was prepared with the same manner as that of **Ce mentioned above. A schematic diagram of
the target stacks is shown in Fig. 1.

136Ce or 138Ce
targets natural CeO

- O

4 \

Pt converter

electronbeam bremsstrahlung

—>||| S
/\ /

quartz wool qguartz wool
Au foil

quartztube

Fig.1  Configuration of target stack for activation using bremsstrahlung

The isotopic compositions of **Ce and ***Ce enriched isotopes are summarized in Table 1 together with
a natural Ce. The Ce has 4 isotopes of mass numbers 136, 138, 140, and 142. In an photon activation analysis,
activity of **Ce with a half-life of 137.6 days produced by (y,n) reaction from the most abundant nuclei of **°Ce
is the best for a gamma-ray spectrometry. The ***Ce can be produced by the ***Ce(y,3n)**°Ce reaction as well as
the **°Ce(y,n)***Ce reaction. The thresholds of **°Ce(y,n)"**Ce and ***Ce(y,3n)"**Ce are 9.2 MeV and 21.8 MeV,
respectively. In the present work, bremsstrahlung with a maximum energy of 20 MeV was bombarded to suppress

2Ce(y,3n)**Ce reaction.



Tablel Isotopic abundances of **Ce, **®Ce, and natural Ce.
136 138 140 142
Ce-136 21.5% 1.3% 70.8% 6.4%
Ce-138 0.2% 12.9% 83.5% 3.4%
natural Ce 0.185% 0.251% 88.450% 11.114%
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Electron beams with 20 MeV for an energy and 100 pA for a beam current were bombarded to a
2-mm-thick Pt converter. The stacks were individually activated for 4 hours with bremsstrahlung with a maximum
energy of 20 MeV at 10 cm downstream of the Pt converter. After the activation, a gamma-spectrometry was

carried out using an HPGe detector at Kanazawa University.

83. Results and discussion

Thicknesses of six targets each of *°Ce and **Ce were determined in the present work. As an example,
gamma-ray spectra of natural Ce sample and one of targets of ***Ce and *®Ce are shown in Fig. 2. Gamma-ray
peaks of **Ce produced by '*°Ce(y,n)**Ce reaction and *'Ce produced by *Ce(y,n)**'Ce reaction were
identified in all samples. Many peaks observed in the ***Ce sample were assigned to be *°Ce. Other significant
gamma-ray peaks were not identified in the spectra. Activities of **Au, as of the end of irradiation, in the Au
monitor foils placed at downstream and upstream of samples were determined to be 23.8 + 0.3 kBg/mg and 23.3 +
0.3 kBg/mg for the **°Ce stack, respectively. The activities in the **Ce stack were determined to be 24.9 + 0.3
kBg/mg and 24.9 + 0.4 kBg/mg. We ignored variation of the bremsstrahlung flux in the stacks because the ***Au

activity in the foils placed at downstream and upstream of samples agreed well each other within the errors.
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Fig.2  Examples of gamma-ray spectra of natural Ce, **Ce, and ***Ce activated with the bremsstrahlung.
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Amounts of *°Ce atoms in each sample were determined by comparing number of **°Ce atoms in
natural Ce as a standard, count rates of ***Ce in target samples and natural Ce as a standard. Thicknesses of **Ce
and **®Ce in each target prepared by a plasma sputtering process were calculated using the amount of **°Ce atoms
and nominal isotopic abundance as shown in Table 1. The thicknesses of **Ce and ***Ce targets are summarized
in Table 2. Thickness of **Ce and **Ce in each target were determined to be ~10*" atoms/cm? for *°Ce targets
and ~10® atoms/cm? for ***Ce targets. We’ll determine cross sections of (p,y) and (p,n) reaction on these targets

using proton energies of 3 — 8 MeV.

Table 2 Thicknesses of the Ce isotopes in **Ce and ***Ce targets prepared by a plasma sputtering process

136Ce (atoms/cm?)

138Ce (atoms/cm?)

149¢Ce (atoms/cm?)

%2Ce (atoms/cm?)

136Ce target-1 (5.0040.15)x10" (3.02+0.09)x10" (1.65+0.05)x10" (1.49+0.04)x10%
136Ce target-2 (5.07+0.10)x10" (3.07+0.06)x10" (1.67+0.03)x10" (1.51+0.03)x10%
136Ce target-3 (1.44%0.03)x10" (8.71+0.19)x10" (4.74%0.11)x10" (4.29+0.10)x10%
136Ce target-4 (1.52+0.03)x10" (9.16+0.19)x10" (4.99+0.11)x10" (4.51+0.10)x10%
136Ce target-5 (7.03+0.14)x10% (4.25+0.08)x10" (2.31+0.04)x10" (2.09+0.04)x10%
138Ce target-1 (5.86+0.13)x10™ (3.78+0.09)x10" (2.45+0.06)x10" (9.97+0.23)x10%
138Ce target-2 (7.39+0.13)x10™ (4.77+0.09)x10" (3.08+0.06)x10" (1.26+0.23)x10"
138Ce target-3 (2.88+0.07)x10™ (1.86+0.04)x10" (1.20+0.03)x10" (4.90+0.12)x10%
138Ce target-4 (5.78+0.11)x10* (3.73+0.07)x10% (2.41+0.05)x10" (9.83+0.19)x10"
138Ce target-5 (5.63+0.13)x10™ (3.63+0.09)x10" (2.35+0.06)x10" (9.57+0.23)x10"
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Profile measurement of bremsstrahlung at the irradiation
site for RI production.

H. Kikunaga for Radioactive-Isotope Science Group!
IResearch Center for Electron Photon Science, Tohoku University, Sendai, 980-8578

Profile measurement of bremsstrahlung at the irradiation site for RI production in the 1st Experi-
mental Hall has been carried out by using a photon-activation method and autoradiography. The beam
profile is essential for estimation of the amount of the radioactivity produced in the photo-nuclear reac-

tions.

§1. Introduction

Radioactive isotopes are useful for various applications in medical, pharmaceutical, chemical, phys-
ical, and biological sciences. Most of those are artificially produced in nuclear reactions using accelera-
tors. In the Research Center for Electron Photon Science, Tohoku University, many radioactive isotopes
have been produced in the photo-nuclear reactions. However, the measurements of the production yields
of the photo-nuclear reactions, which is essential for estimation of the amount of the radioactivity pro-
duced in a target, is difficult because that changes depending on the experimental setup. In many cases,
the production yields have been determined as the ratio of the production yield of a monitor reaction and
that of a reaction of interest. In other words, it is necessary for estimation of the amount of the radioac-
tivity produced in the objective reactions to determine the production rate of the radioactivity produced
in the monitor reaction with the experimental setup. In this report, we determined the production rate

of a monitor reaction, namely "**Ni(~,n)°’Ni reaction using our experimental setup.

§2. Experimental

The nickel foils with 10 pm thickness, 17 mm width, and 100 mm length were used as profile mon-
itors. The 70 MeV electron linear accelerator at Research Center for Electron Photon Science, Tohoku
University was used. The accelerator was operated at electron energies of 20, 30, 40, and 50 MeV with
a mean current of around 0.1 mA. The monitor foils were set in the water-cooling irradiation system
shown in Fig. 1 and were placed in 30 mm away from a platinum converter. The irradiation was carried
out for 3 minutes for each foils.

After the irradiation, the monitor foils were subjected to autoradiography using an imaging plate
to measure the distribution of radioactivities, which are mainly Ni-57 (T;,, = 35.6 h [1].) produced in
the (v,n) reaction. The imaging plate (BAS-IP-SR2025) was exposed by the monitor foils for 35 min after

approximately 25 hours from the end of bombardment.
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Based on the results of the autoradiography, samples pieces with 10 mm diameter around the cen-
ter of the radioactivity distribution were punched out from the Ni monitor foils, and then were subjected

to -ray spectrometry using a high-purity Ge semiconductor detector after 3 days from the end of bom-

bardment.
10 | 30 mm
sus Nifoil 10um Al support
Imm 100X 17 mm 1mm

v

Water Water

Fig.1. Schematic diagram of the water-cooling irradiation system in the 1st Experimental Hall.

§3. Results

Fig. 2 shows photographic images taken using an imaging plate with a read-out spatial resolution
of 50 um and their vertical and horizontal profiles. The photographic images are arranged in the order
of the electron energies of 20 MeV, 30 MeV, 40 MeV, and 50 MeV from the left side. The beam size of the
bremsstrahlung at the irradiation site for RI production became smaller up to 40 MeV, and was almost
the same at 40 MeV and 50 MeV. A typical ~-ray spectrum for the Ni sample with 10 mm diameter
is shown in the Fig. 2. The ~-peak of ®’Ni, which is the most prominent nuclide, 6Ni, 5’Co, and
56Co are observed in the spectrum. The specific activities of *’Ni normalized to the mass of irradiated
material, beam current and duration of irradiation are 1.97(6) x 10° Bq/mg/pA/h for 50 MeV, 1.23(4) x
103 Bq/mg/pA/h for 40 MeV, 6.00(17) x 102 Bq/mg/pA/h for 30 MeV, and 1.04(3) x 102 Bq/mg/uA/h for 20
MeV. Note that these values notably depends on the beam condition such as focus of the electron beam.
Unfortunately, the operation parameters of the accelerator have not determined due to the instability
of its aging components. To provide for a stable supply of radioactive isotopes, the stabilization of the

accelerator is one of the necessary improvement.

References

[1] R. B. Firestone and V. S. Shirley: Table of Isotopes, 8th ed.(John Wiley and Sons, New York, 1996).
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Status of Accelerator Facilities in FY2014

Accelerator group
Research Center for Electron Photon Science, Tohoku University, Sendai, 982-0826

The electron accelerator complex in this center consists of high intensity 60 MeV linac, 90 MeV
injector linac, 1.3 GeV booster synchrotron and 50 MeV linac as a test accelerator for coherent THz
source. Since the restart of user time in Dec. 2013, these machines have been well operated without any
significant trouble. In this report, machine status and some improvements performed in FY2014 are

presented.

§1. Low Energy Linac for RI Production
1.1 Overview of machine operation

Stable operating energies were 20, 30, and 50MeV with Linac repetition 300pps at the beginning.
As users requested the irradiation of a target with various energies, it is now extended 10 to 50MeV by
10MeV steps, and the beam currents are ranged from 80 pA to 120uA depending on the operated energy.
The machine is optimized for the mass production of radioactive isotopes that as much electron beam
should be transported to the target. Currently, the electron beam with +10% of the operating energy
is transported to the experimental hall. Beam line at the experimental hall is only straight line along
upstream an accelerator beam line to achieve maximum transportation. Overall layout of 60MeV Linac

and the Experimental hall #1 is shown in Fig.1.

1.2 Guide electron beam to the target
The operation of 60MeV Linac is scheduled once or twice a week, and everything is shutdown
while there is no operation. Currently, it takes about an hour for starting-up a Linac before it is ready
to irradiate the target. Comparing to the past, starting-up time is greatly reduced by employing 2
profile monitors to the downstream of experimental beam line. Beryllium plate with $30mm and 0.5mm
thickness is used for tuning beam size and profile, and one with same dimension with ¢10mm inner hole
is used as a beam position monitor. Fig.2 shows Electron beam profile extracted to air (left ), and its

position before the target (right).

1.3 Beam extraction window
The electron beam is extracted from vacuum by 50 pum Ti film. The film was used to be sandwiched
by flat surfaces of a conflate flange with ¢ 50mm inner opening and an air blower for cooling sealed

with indium paste. The flange was outdated standard, and the detail of Ti film was unknown except
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Fig.1. Overall 60MeV Linac and the Experimental hall #1.

Fig.2. Electron beam profile extracted to air (left ), and its position before the target (right).

its thickness. This is now redesigned and replaced with the ICF152 conflate flange with ¢ 50mm inner
opening brazed Ti 99.5% film with 50um thickness as shown in Fig.3.
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Fig.3. Beam extraction window brazed Ti film with 50um thickness.

1.4 Beam Current Monitor
Beam current had been logged by an analog current averaging module and a digital current inte-
grator. Now the system had been replaced with an oscilloscope averaging 4us region of interest as shown
in Fig.4. Logging is coincident with the control software of the Linac operation. It averages current per
a pulse every a minute, and saves in user pc with time stamp. It would be automatically stopped when

an operator turned off a beam. Fig.5 shows an example of the current log after Ti window.

. 100mY 100mY

Fig.4. Typical beam pulse of 50MeV operation. Channel 1: beam current at gun exit, Channel 2:
beam current after Ti window, Channel 3: RF pulse, and Channel 4: beam current after
A8.
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RI Current Monitor Log (6hour Irradiation)
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Fig.5. Current log after Ti window. Averaged (Blue) and total beam current irradiated (Red)

§2. 90 MeV Injector Linac for the 1.3 GeV Booster Synchrotron

The injector linac employs a thermionic cathode RF gun with an alpha magnet as its electron source.
It consists of two independent cavities designed to manipulate the longitudinal phase space distribution
of electron beam, named the Independently-Tunable Cells (ITC) RF gun. To obtain low emittance beam,
a LaBg single crystal cathode with a diameter of 1.78 mm had been used.

In the last year, it was observed that an emission current of the gun periodically drop during beam
operation, and it was not possible to perform a stable beam injection to the booster synchrotron. The
problem was short circuit of the cathode heater line with the ground, and it was found that temporally
revising an insulation of the cathode heater line helps to suppress this phenomena. For the best stable
operation, it was decided to replace the RF gun.

New RF gun is almost equivalent to the previous gun except it employs a CeBg single crystal cathode
with a diameter of 3.0 mm. It adopted the cathode of a size larger than the previous one. It is aim
to suppress a back-bombardment effect for a stable operation without emittance deterioration. Main

parameters of new ITC RF gun are shown in Table 1.

Table 1. Main parameters of ITC RF gun.

Design Measured
Resonant frequency [MHz] 2856 /2856  2855.9906 / 2856.0063
(cathode cell / accelerating cell)
Coupling (3) 4~5 4.185/4.4071
Quality factor (Qo) 9500 / 12500 8721 /12000

Shunt impedance (R,) [M(2] >08/>1.1 0.886/1.271
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Fig.7. Installed new ITC RF gun cavities

In new RF gun, a ceramic insulator was inserted into the cathode heater line to prevent a short
circuit. In order to absorb the extension and distortion of the cathode posts due to thermal expansion,

a metal spring was also adopted to the heater line as shown in Fig.6. In addition, a cooling efficiency
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of the RF gun cavities was improved by increasing the number of water channel to keep a constant
temperature of gun cavities for stable operation. New RF gun had been installed in the injector linac in

February, 2015 (Fig.7).

§3. 1.3 GeV Booster-storage ring (BST ring)

One of the main issues performed in FY2014 is the realignment of the synchrotron magnets. In
the early beam commissioning of the BST ring, we had encountered the problem of very large bare COD
(closed orbit distortion), and then we could not circulate the beam without the steering magnets in spite
of the proper alignment accuracy. Furthermore, there are only four steering magnets for each plane
to correct the COD, so that we were forced to move two dipole magnets (BM4 and BM5) to inside the
ring more than 15 mm to mitigate the large horizontal COD. After some study to improve the machine
performance, it was turned out that the wrong positioning in some combined function magnets caused
this large COD. In some of these combined magnets to bring the sextupole component into the ring
optics, the mechanical fiducial plate had unusually large rotation angles with respect to the beam axis,
and thus these magnets should have to be positioned with their proper rotation angles. However, those
magnets had been actually placed with wrong rotation angle due to the mishandling of the reference
coordinates based on the fiducial plate, so that it caused the large offset of magnetic center for those
combined function magnets. In order to correct such offsets realignment was performed for all magnets
in February 2015, employing a laser tracker, Leica AT401, which has excellent resolution of the order of

0.01 mm for our typical situation.

e 3 -
E. , hefore realignment : %g?nzcoarlltal
g 1 o ue LI
=t . .O' '™ 7 s, e
.—4(“ 0 Lol | l. mme .: " Sm =m i n u g * L o ‘s BB
g_, s e L 1] bl = w L - g Emg mg .=. l= mg Em mm § : ::: L
-1 ad
-2
""""""" semment e e Henrantal
5% after realignment = ‘Jgrl:ihzcoarll
Lo L ]
E 0.1 & ] . i --: - - i- 5 5 . u = n "
E. 0 .' e " :- ¢ 1 . - . fug .'. ” -. _— " :' & *
= e - a n® - L] g & mg* m . s
§ 01 l® o i = . ] ! T n -l = - . “ .. . "
o L LX)
=
35 -0z
-0.3 | PP P Y P P I P I P Y I P Y P Y I P P P P I P P P P P TP I I P I P A P P Y P I P Y P P P I I TP P I P Y P P Y PR P P e

Uit oty Mot L e rere T vt o o L s s Mo e P o o Pt s Lo B g oo e R e e 0 P e et I St M b SRRt o v e o ot W
FArdrd rdrd e men ey e e ddd e ] e dd wmam wes mo

CL o5 5% oo [ope [=5] [=1=) E 0 S5 gEf DO 282 L2 EE =1 (o] [=1=]
S0 oo EEE OO0 BEE oo OO OU oo EEE OO BEE oo OO OO oo BES OO BS8F oo OO OO oo 588 OO E8E oo OO

magnet

Fig.8. Displacements of the magnetic center in the reference coordinate system before (upper)
and after realignment work (lower). Red and blue plot show horizontal and vertical
displacement, respectively. Note that the vertical scale is ten times magnified in lower
graph.
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Fig. 8 shows displacements of the magnetic center with respect to the reference position, which were
obtained by using the reflector target mounted on the fiducial plate of each magnet. All the positions
of the magnets were carefully measured before moving those magnets for the realignment, and then it
was confirmed that some combined function magnets had actually large horizontal offsets more than
1 mm, which were consistent with the estimated values to explain the measured bare COD. It can be
also seen in the figure that the vertical displacement shows a sinusoidal behavior due to a slight tilt
of the reference median plane. After the realignment work, displacements of the magnetic center were
corrected fairly well as shown in Fig. 8. Note that the vertical scale is ten times magnified in lower
graph.

Fig. 9 shows bare CODs before and after the realignment. As a result of the realignment, the large
bare COD more than 20 mm in horizontal plane was improved drastically. Vertical bare COD was also
improved, and thus it became possible to accelerate some fraction of the injected beam to the maximum
energy without steering magnets. Two dipole magnets had been moved so far, however, those could go
back to their original positions by the realignment. After the tuning work such as correction of COD,
phase-space matching for injection beam and modification of ramp-up patterns of synchrotron magnets
etc., the ring current more than 20 mA has been obtained with the maximum energy, which is almost

the same as the operated current before the disaster in spite of the much lower injection energy.
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Fig.9. Measured bare CODs before (blue) and after realignment work (red). Upper and lower
graph show horizontal and vertical CODs, respectively.
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§4. Improvements of control system and other infrastructure
4.1 Control system

Because of the limited human resources, we employed LabVIEW and EPICS for the control system
with CA-lab to minimize the workload for developing the control software. The CA-lab was written by
Carsten Winkler and Tobias Hoff at BESSY and which can connect between LabVIEW and EPICS with-
out any complicated procedure. Since all control and monitoring information of accelerators is shared
on the control system via the EPICS, our control system has a high extensibility for beam diagnosis,
data logging etc. Subcomponents of control system are roughly classified into the 90MeV injector, the
beam transport line, the BST-ring and the utility. Figure 10 shows schematic block diagram of the con-
trol system. It is easy to find the failure component in the accelerator by the logged data of about 2000
items of accelerator components. A snapshot of the parameter and status of the accelerators are saved
at intervals of every five minute, so that the condition of accelerator is easily understood. Since the
maintenance of beam and the simple operation, such as beam on/off and change of duty cycle, have to
be also done by certified beam user in addition to the accelerator stuff in our facility, it is also important
to prepare a safe and simple program as a user interface for the less matured operator. Some tentative
programs for the beam commissioning still survive presently, and then further development for stable,

easier and reliable operation of the accelerator is ongoing.

Control Network Physical machine
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Fig.10. Servers are operated on the virtual machine using Hyper-V. Network-attached storage
(NAS) is used for backup of control system. The Database server is built using MySQL.
The Web server has distributed the information of accelerator status for users. To pro-
vide a secure operation of the accelerators, the control system accepts commands from
specific consoles.



155

4.2 Substation

There were some old substations and switchboards in the facility which were used exceeding their
service lives, and thus it was difficult to keep the required functions with such old equipment. These
substations and switchboards provide the electric power for accelerators, experimental systems and air
handling units. Therefore there will be significant impacts on a controlled area for radiation in the
facility, if the power is cut off by failure of substation and switchboard. To avoid these potential risks
on safety management, we decide to replace the substation and the switchboard. However, due to the
limited budget for the replacement of such old equipment, we replaced the switchboard as a first step,
because the old protection relays were severely deteriorated. Next, the old substations will be replaced
as soon as possible for providing the stable electric power safely. Figure 11 shows the photograph of the

new switchboard.

S ~
TR N
" e S

Fig.11. (left) Old switchboards, (right) new switchboards include vacuum circuit breakers (VCB)
and protection relays. An automatic power factor controller is also installed in the new
switchboard for proper control of the power system.

$5. Summary and prospect

Since the restart of user machine time on late in 2013, the approved beam time have been consumed
smoothly as scheduled. There were some improvements in FY2014, i.e. improvement of monitor system,
installation of new RF gun, realignment of synchrotron magnets, etc., which brought more reliable and
stable operation for user. However there are still many instruments to be replaced or updated especially
for 60 MeV linac and BST ring, and thus it is important to pursue such improvement work continuously

not only to provide the regular user time but also to realize the higher performance of accelerator.



156 ELPH Annual Report, Tohoku University (2014)

User Support Office Report in FY2014

T. Ishikawa on behalf of the user support office!

1Research Center for Electron Photon Science (ELPH), Tohoku University, Sendai 982-0826,
Japan

The User Support Office coordinates communication between the users and scientists at ELPH and
management of the beamtime. The bremsstrahlung photon beam came back in the end of December 2013
after the recovery of the 2011 Earthquake, and the experiments using electron/positron beams for testing
detectors started. The high intense low energy electron beam also came back, and the experiments using

it started in the end of February 2014.

§1. Introduction
Our facility has a 70 MeV electron linear accelerator (linac), a 1.3 GeV electron scynchrotron called
BooSTer (BST) ring with a 93 MeV injector. The two accelerator complexes providing electron and photon
beams are open to all the users in Physics and Chemistry. The beams utilized by the experimentalists
can be classified into three:
1. high intense low energy electrons (~ 100u A and 30 MeV, ~ 120u A and 50 MeV at maximum) for
producing radio active sources (Radiochemistry),
2. high energy tagged photons for meson photoproduction experiments (Hadron Physics), and
3. positrons (electrons) with the variable energy for testing detectors (Particle Physics, Nuclear Physics,
and so on).

There was basically no difference between the latter two in the operation of the accelerator complex.

§2. Beamtime operated

The radiation time was 124.2 hours for the RI linac operation and 1130.9 hours for the BST oper-
ation, and it was 1255.1 hours in total. The beam provided time (user beamtime) was 154.0 and 822.4
hours for the RI linac and BST operations, and it was 976.4 hours in total. When the several experimen-
tal groups use the beamtime, the user beamtime is doubly counted. Table 1 summarizes the radiation
times, and user beamtimes in FY2014.

The 70 MeV electron linear accelerator was used for the Radiochemistry experiments. In November,
producing extraordinary low energy beam down to 10 MeV was succeeded, and 10 MeV electrons were
provided to users. The high voltage supply controller for the 70 MeV electron linear accelerator was
out of order on 22nd in December. Low energy electron beams also came back in February after It was

repaired.
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Table 1. Radiation times, and user beamtimes in FY2014. They are given by the sum of the times
that the beam is coming to the beamline, and that the beam is provided to the users. The
beamtimes are classified to RI linac and BST used ones.

RI linac BST
month radiation (h) wuser (h) | radiation (h) wuser (h)
April 13.7 6.9 113.7 73.8
May 3.0 7.2 141.4 91.6
June 22.1 29.1 121.7 112.2
July 0.0 0.0 21.6 0.0
August 0.0 0.0 29.5 0.0
September 0.0 0.0 207.4 173.1
October 25.0 21.0 3.7 0.0
November 22.2 40.3 182.9 146.2
December 7.2 7.4 213.6 204.3
January 0.0 0.0 3.5 0.0
February 3.2 2.8 14.2 0.0
March 27.8 39.3 77.8 21.2
sum 124.2 154.0 \ 1130.9 822.4

Many experiments for testing detectors (mainly tracking devices, and particle identification coun-
ters) were made by using bremsstrahlung photon beams from the synchrotron. Although these photon
beams were provided in the parallel direction with respect to the temporary beamline (dx/dz = +0.14
mrad and dy/dz = +0.01 mrad) by moving the RTAGX magnet and the beam dump [1], the photon
beam intensity as a function of the spent time in a spill was different for different spills, namely the
intensity of the provided positron beams was unstable. An increase of the intensity and an improvement
of the profile of the positron beams especially for the low energy ones were made due to the installation
of the vacuum chamber in March 2014 [2].

The meson photoproduction experiments did not start after the earthquake since the photon tag-
ging counter was not ready for the photon beam course I and since a stable operation of the electron
synchrotron was not available for the photon course II. The unstable operation was thought to come
from the mis-alignment of the magnets for the synchrotron. The rotation of the quadrupole magnets
were made step by step over this fiscal year to obtain a stable operation. The alignment of the magnets
was adjusted from the beginning in February and the BM4 and BM5 magnets (20—30 mm shift for the
temporary operation) became to the nominal position. The corresponding machine study was made in
March, and also will be made in coming April of the next fiscal year. The injector linac was unstable
in June, and it did not produce electrons for a while out of several minutes. It was replaced and this
phenomenon disappeared after the summer shutdown. The R&D works were still on-going for the new
tagging counters for the two photon beam courses. The modification of the control system of the booster
ring was still continued.

Two experiments were proposed, and carried out for the undergraduate students. The first one
(#2794: T. Ishikawa, ELPH, Tohoku University) is for the third school for giving an opportunity using
an accelerator to young undergraduate students (Y. Sakemi) [3], which was supported by High Energy
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Accelerator Research Organization (KEK) for the corporations between Tohoku University and KEK (H.
Tamura). The second one (#2796: M. Miyabe, ELPH, Tohoku University) is for the education of the
undergraduate students in ELPH.

$3. ELPH workshops and ELPH seminars

In this fiscal year, ELPH supported three ELPH workshops: the first on hadron physics (C009:
H. Fujioka, Kyoto University), the second on an electromagnetic calorimeter for particle, hadron, nu-
clear, and cosmic ray physics (C010: K. Miyabayashi, Nara Woman University), and the third on an
application of the high intense low energy electrons (C010: Y. Oura, Tokyo Metropolitan University).
Three ELPH seminars were held at ELPH: the first one on the development of a silica-aerogel (H. Kawali,
Chiba University, and M. Tabata, JAXA and Chiba University), the second one on the J-PARC hadron
experiments (K. Ozawa, KEK), the third one on the exotic hadrons from the point of the lattice QCD
(T. Hatsuda, RIKEN).

References

[1] T Ishikawa et al.: Commissioning of the photon beamline II after the recovery of the earthquake
in FY2013, ELPH annual report 2011-2013, 28 (2014).
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of the earthquake in FY2013, ELPH annual report 2011-2013, 33 (2014).
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