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Sendai, Miyagi
Tohoku Univ.

Booster STorage ring (BST ring) 
at Reserch Center for ELectron PHoton Science (ELPH) 

~ 24 m

Ø Electron syncrotron
Injection Beam Energy: 90 MeV

Ring Top Energy: 0.8 ~ 1.3 GeV

< Orbiting electron beam >
• Injection cycle: ~17 sec.
• Flat top : ~10 sec.

BM4 beamline



Characteristics of ELPH photon beamline
NKS2

spectrometer

Experimental setup at ELPH BM4 beamline

BST ring

Tagger for BM4 [1][2]

1 m

collimeter

Image of the radiator

< Tagged Photon Beam >
• Size     : 𝜙 < 1 cm
• Energy: 0.73 – 1.25 GeV
• Rate    : ~MHz
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[1] H. Yamazaki et al., Nucl. Instrum. Meth. Phys. Res. A 536 (2005) 70. 
[2] T. Nishizawa et al., IEEE Trans.Nucl.Sci. 61 (2014) 1278-1283.
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< Orbiting electron beam >
• Injection cycle: ~17 sec.
• Flat top : ~10 sec.
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Development of new Beam Position Monitor

62 mm

new BPM

Previous: instant camera films

Disadvantages

• detailed beam position and size 
• in real time
• time dependence

• good position resolution
• real time monitoring
• quantitative measuring fine structure of the beam

new Beam Position Monitor (BPM) 

Requirements
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Basic design of the Beam Position Monitor

• Scintillation Fibers (φ 0.5 mm)
SCSF-78 (Kuraray)
3 fibers / 1 ch = 1.5 mm / seg

• SiPM
MPPC  S13360-1350PE

S13360-3050PE
(Hamamatsu Photonics K.K.)  

Basic Structure

Beam Position Monitor (BPM)

120 mm

MPPC board
Analog 
signal Side view

effective area: 22.5 x 22.5 mm2

event ID:   
veto ⊗ x layer ⊗ y layer ⊗ [ trig. ]

Only photon events can be extracted!

March 22, 2022 6Workshop HIEI 2022 - Ryoko Kino, Tohoku Univ.



Data acquisition system
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Hadron Universal Logic
firmware: streaming TDC [3]

FPGA
NIM IN

Ethernet

[3]R. Honda et al., Prog. Theor. Exp. Phys., Issue 12 (2021) 123H01. 

Ø Trigger less
Ø Deadtime less

LV
DS

, E
CL

 e
tc

.
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Radiator
control

32ch

FPGA

HUL

SiTCP

NIM INGate signal

32ch  LVDS

DAQ PC

streaming TDC

Amp. circuit
analog
signal

TOT circuit

BPM

To take data synchronized with the beam, 
used the radiator controller as the gate signal.

Expected event rate: ~ MHz / detector Not possible with traditional trigger type TDC 

High rate torelance !



Op-Amp: AD8000
Amplifies analog signal about 20 times

Comparator: LTC6754
TOT circuit: Output as LVDS signal

veto 1 ch
trigger 1 ch
SciFi. 30 ch
→ Read a total of 32 channels

Inv. amp. circuit

MPPC

Analog signal

500 mV/div
20 ns/div

20 ns/div
200 mV/div

80 mm
INPUT

analog signal

OUTPUT
LVDS

Readout Circuit

LVDS
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Operation check at ELPH BM4 beam line
NKS2

spectrometer

Experimental Setup at ELPH BM4 Beam line
electron syncrotron
BST ring

Tagger for BM4

1 m

collimeter
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[4] M. Nanao, T. Ishikawa, H. Shimizu, Research Report of LNS-Tohoku 36, 2003, p. 56. 
[5] T. Ishikawa, et al., Nucl. Instrum. Methods Phys. Res. A 622 (2010) 1. 

[4][5]

BPM1
BPM2

BPM3

automatic movable stage

350 mm

4x playback
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Operation check at ELPH BM4 beam line
NKS2

spectrometer

Experimental Setup at ELPH BM4 Beam line
electron syncrotron
BST ring

Tagger for BM4

1 m

collimeter

• Stable operation in a magnetic field (~ 0.3T)

• Separation of actual photon and background

• Beam fluctuation monitoring

It was confirmed that these are possible.

Ø Total count rate: ~ MHz
Ø Sampling rate: Can be monitored in 1ms
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BPM1 BPM2
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Quantitative beam profiling
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Check the time dependence of 
beam center position (𝜇) and size (𝜎).

The hit distribution(/s) is plotted on the histograms in the 
horizontal and vertical directions, and determined by fitting.
Function: gaussian + gaussian
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𝜎

Achieved accuracy ∆𝜇, ∆𝜎 < 10 µm !

Hit distribution /1.0 sec

beam current: 0.2 [mA]
bias voltage: 60.0 [V]
converter: 432 [µm]

actual beam structure 

beam halo
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BPM1



Time dependence of the beam position
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Gravity direction
Horizontal direction

Photon Beam

Radiator movement
direction

BPM

Beam outer
circumference

M. Kaneta et al. Nuclear Inst. and Methods in Physics Research, A 886 (2018) 88–103

Fig. 15. Top view of the beamline setup. A lead collimator, sweep magnet, and vacuum chamber were located upstream from the target. A high-speed beam profile monitor (HSBPM)
and a lead–glass Cherenkov counter were placed downstream from the target.

scintillation counters, respectively. Scintillation light from each counter
was transported to the PMT by an optical fiber bundle.

TagF had the role to identify the energy of the recoil electron. The use
of TagB in coincidence with TagF was primarily to select recoil electrons
after photon emission at the radiator from other sources of background
such as Mø ller scattered electrons and secondary particles from the hit
of electrons on the beam duct. The timing information of TagF and TagB
was recorded by a TDCmodule (CAEN V775). The charge information of
TagB signal was recorded by a charge-to-digital converter (QDC) module
(CAEN V792) to enable time walk correction to obtain a better timing
selection. The tagger system was capable of tagged photon energies over
a range of 0.8–1.1 GeV with an accuracy of ±10 MeV on the produced
photon beam [27].

Calibration of the tagging detectors resulted in a correlation between
the tagger segment number and the energy of a photon incident on the
target; therefore, it provided information on the photon energy and
the number of photons. The photon energy is deduced from energy
conservation as follows:

E� = Ee * Ee® * Erecoil, (1)

where E� is the energy of the photon, Ee is the energy of the electron
in the STB ring, Ee® is the energy of the electron as measured in the
tagging system, and Erecoil is the recoil energy of the radiator nucleus
of bremsstrahlung. Because the recoil energy is negligibly small, we
assumed Erecoil = 0. In addition to that method, the kinematically
complete measurement of �+d ô p+p+⇡* was successfully established
as a method of calibrating the photon tagging system [28].

The lead–glass Cherenkov (LG) counter was used to measure the
number of photons that passed through the spectrometer, which is
equivalent to the approximate number that reached the target. The lead
glass was SF5, which was provided by OHARA Optical Glass Mfg. Ltd.
(now, OHARA INC.). The tagging efficiency for each TagF was evaluated
as the number of photons detected by the LG counter divided by the
number of photons detected by TagF. The photon beam intensity was
kept at a few hertz predominantly owing to the counting rate capability
of the LG counter and to reduce the probability of coincidences between
the LG counter and the tagger. In principle, this should have no effect
on the measured efficiency. The tagging efficiency was 75–80% over the
TagF counters. The LG counter was prepared for the FOREST detector,
and the performance study is described in Ref. [29].

4.2. Sweep magnet

A large number of e+e* pairs created upstream from the photon beam
was substantially reduced by the sweep magnet (B = 1.1 T at I = 300 A).
In front of the sweep magnet, there was a collimator comprised of five
lead blocks (250 mm thickness in total) to reduce the beam halo. The
collimator aperture was 10 mm ø. The sweep magnet, being located
before the main spectrometer, efficiently suppressed the background
contribution to the data and improved the DAQ rate.

However, electrons and positrons from upstream were not com-
pletely removed by the sweep magnet, and thus two sets of EV counters
were placed upstream of NKS2 at the same height of the photon beams
in order to reject them in the trigger (see Section 2.4).

4.3. Beam profile monitor

A high-speed beam profile monitor (HSBPM) was composed of two
layers of scintillating fiber bundles. Each layer had 16 scintillating fibers
(Saint-Gobain, BCF-10SC with black extra mural absorber coating) of
3-mm square cross-section and read out by a 16-ch multianode PMT
(HAMAMATSU Photonics, H6568-10). One bundle was horizontally
aligned, and the other was vertically aligned. They crossed over a
48 ù 48 mm square region to provide two-dimensional hit information
by the coincidence of the vertical and horizontal channels for charged
particles. Charged particles were provided from the photon beams by an
aluminum converter plate having a thickness of 0.1 mm (Ì1 ù 10*3X0).
It also consisted of a pair of trigger counters and a veto counter to
ensure that electrons and positrons converted from photons generated
the trigger. The beam profile was checked by HSBPM when the beam
course was tuned in the experimental period. The detailed information
can be found in Refs. [30,31].

4.4. Electron beam structure

A typical beam cycle consisted of times of waiting, beam injection,
ramping up, storage (flat top), and ramping down. During the storage
time, the radiator was inserted into an orbit of electrons, and the photon
beams were impinged on the target. The duty factor (DF) was defined
as the ratio of the flat-top time to the period of a single cycle.

The flat-top and waiting times could be changed upon user request
and were limited by power consumption. The time for ramping both up
and down was established at 1.4 s. Typically, the DF was approximately
75% at the period of 53 s and the flat top of 40 s.

96

Ø can be understood from the characteristics of 
the radiator and the electron synchrotron[6][7]

BPM1 (direction from radiator: 3 m) BPM2 (direction from radiator: 5.9 m) BPM3 (direction from radiator: 10.5 m)

Gravity direction

Horizontal direction

[6] T. Ishikawa, et al., Nucl. Instr. and Meth. A 811 (2016) 124–132 
[7] F. Hinode, et al., in: Proc. of 2005 PAC 2458;

beam distribution

angular distribution

radiator position

x-x’ phase space
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Fine measurement of beam size
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Horizontal direction
Vertical direction

Ø Beam size of each point:
Approximately reproduces the theoretical value[8].

Ø Beam size increases significantly within a spill.

[8] T. Muto, PASJ2015 WEP003 

 
Figure 5: Number of turns for coming to the radiator again 
after scattering.  

Figure 5 からわかるように一度ラジエータでクー
ロン散乱した電子はその多くは 200 ターン以内に再
度ラジエータを通過する。Figure 4 の分布を持つ電
子が制動放射を起こして GeV 領域のガンマ線を生成
すると仮定するとガンマ線のビームサイズはラジ
エータの下流で Figure 6 のようになる。 

 
Figure 6: Gamma ray beam envelope after radiator. The 
red: horizontal size, the blue: vertical size. 

ラジエータから 20 m の地点でのプロファイルを
Figure 7 に示す。Figure 7 からガンマ線のビームサイ
ズは水平 10.59 mm、垂直 12.67 mm と計算された。
これは Figure 2に示した実際の測定結果 10.78 mm (水
平)、12.64 mm (垂直)とよく一致している。このこと
からも生成されるガンマ線はラジエータでクーロン
散乱した電子からの制動放射によって作られると考
えられる。 

 
Figure 7: Calculated gamma ray profile at 20 m 
downstream from the radiator. 

6. まとめ 
電子蓄積リング内に挿入されたガンマ線生成のた

めのラジエータがガンマ線プロファイルにあたえる
影響についての考察を行った。ラジエータを挿入す
ることによって起きるラジエータと電子ビームの
クーロン散乱の影響が大きく、制動放射ガンマ線の
プロファイルは蓄積リング固有の電子ビームエミッ
タンスでは決まらずに、一度クーロン散乱した電子
の性質で決まることが分かった。クーロン散乱を考
慮して計算されたガンマ線のプロファイルは実際の
測定結果とよく一致していることが分かった。 

参考文献 
[1] H. Yamazaki et al.., Nucl. Instr. and Meth. A 536,  (2010) 70. 
[2] T. Ishikawa et al.., Nucl. Instr. and Meth. A 622,  (2010) 1. 
[3] L.I. Schiff, Phys. Rev. 83,252(1951). 
[4] 日出富士雄他、THP005“東北大学 1.3 GeV BST リング

におけるビーム性能の改善” in this proceedings. 
[5] N.F. Mott, Proc. R. Soc. Lond. A 127,658-665(1930). 
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Summary and conclusion
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Ø Developed photon Beam Position Monitor (BPM) for ELPH BM4 photon beam.

Ø Photon Beam Position Monitor (BPM)

Ø Test experiment using tagged photon beam at ELPH in March 2022

• Basic design: Plastic scintillation fiber (kuraray SCSF-78)
Hamamatsu Photonics SiPM (MPPC S13360-1350PE, S13360-3050PE)

• Readout: TOT circuit based on Op-Amp (AD8000) and comparator (LTC6754)
• DAQ: Streaming TDC (FPGA module (HUL))

• Beam profiling can be done with position accuracy: 
Δ𝜇 ≤ 10 µm, Δ 𝜎 ≤ 10 µm for 1 second measurement

Workshop HIEI 2022 - Ryoko Kino, Tohoku Univ.
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Booster STorage Ring at ELPH
M. Kaneta et al. Nuclear Inst. and Methods in Physics Research, A 886 (2018) 88–103

Fig. 1. Floor plan in the second experimental hall at LNS-Tohoku. The electron
synchrotron STB-ring, a photon-tagger system, a sweep magnet, and NKS2 are placed.

had no detectors on the beamline to reduce the material thickness,
and thus it had less sensitivity in the forward region. Based on the
experience of the NKS experiments, the second-generation neutral kaon
spectrometer (NKS2) was newly constructed to have a larger acceptance
and better spatial resolution. Established technologies were fully utilized
for construction of NKS2.

The following are the requirements of the NKS2 experiment: The
relative momentum resolutions (�p_p) for pions and protons are better
than 5% in 1 GeV/c region to describe differential cross-section as
a function of momentum. The invariant mass width is better than
5 MeV/c2 for the K0 and ⇤ measurements. We also require clean
⇡_p separation as a part of our particle identification capabilities to
reconstruct K0

S from ⇡+⇡* decay and ⇤ from p⇡* decay. The decay
vertex resolution should be good enough to determine the target region.

Strangeness photoproduction data were taken with a liquid deu-
terium target from 2006 to 2007. The number of tagged photons on the
target was 4.0 ù 1012 in that experimental run period. The data analysis
was already completed, and NKS2 showed the expected performance.
The results of the experiment were reported in Refs. [8,9]

We upgraded the inner detectors from 2007 to 2008 and commis-
sioned them in 2009. We gathered data in 2010 using liquid hydrogen
and deuterium targets. The recorded numbers of tagged photons on the
target were 3.1ù1011 and 8.9ù1011 for the liquid hydrogen and deuterium
targets, respectively. From the analysis performed on those data sets,
we reported the ⇤ photoproduction measurements in the � + d reaction
in Refs. [10,11]. In the following sections, we describe the structural
details and performance of NKS2.

2. Specification of NKS2

NKS was replaced by NKS2 at LNS-Tohoku11 in 2004. NKS2 was
placed in the second experimental hall at LNS-Tohoku (see Fig. 1). NKS2
consisted of a dipole magnet, two types of drift chambers: vertex drift
chamber (VDC) and cylindrical drift chamber (CDC), two sets of plastic
scintillation hodoscopes: inner hodoscope (IH) and outer hodoscope
(OH), and electron veto (EV) counters.

Fig. 2 shows the schematic view of the detector alignment. The target
was surrounded by these NKS2 detectors. The detectors were inserted
between the poles of a dipole magnet with an aperture of 680 mm.
Descriptions of the magnet, the drift chambers, the hodoscopes, the EV
counters, and the target are shown in Sections 2.1, 2.2, 2.3, 2.4, and 3,
respectively.

11 Present Name: Research Center of Electron Photon Science, Tohoku University
(ELPH).

Fig. 2. Schematic view of NKS2. Inner detectors are shown in the zoomed image. NKS2
consisted of the 680 dipole magnet, the drift chambers (VDC and CDC), the hodoscopes
(IH and OH), the EV counters, and the target.

Table 1
Specification and operation condition of the 680 dipole magnet.

Pole gap 680 mm
Pole radius 800 mm
Number of coil units 10
Number of turns in a coil unit 25
Yoke size 3720W mm ù1700D mm ù2784H mm
Total weight 110 t
Operation current 1000 A
Magnetic field at the center 0.42 T

2.1. 680 dipole magnet

The 680magnet was named by its gap size of 680 mm. The schematic
view of the 680 magnet is shown in Fig. 3. Table 1 is a summary of the
specifications and operation conditions of the magnet.

The 680 magnet was previously used as a cyclotron magnet at the
Cyclotron Radioisotope Center (CYRIC), Tohoku University. Additional
iron pieces were added to extend its pole gap. The height of the gap
was determined by optimization of the maximum acceptance and a
sufficiently strong magnetic field to achieve the required momentum
resolution.

We used a 3D finite-element-method calculation (OPERA-3d/TOSCA
[12,13]) to obtain a magnetic field map. The 3D magnetic field map
with a 2 cm mesh size was constructed from the TOSCA calculation
result in order to track charged particles in NKS2. The results are shown
in Fig. 4. The strength of the magnetic field was 0.42 T at the center.
We measured the field strength along the beamline to calibrate the
calculated magnetic field.

We checked the stability of the magnetic field at the center of the
magnet with a Hall probe (Panasonic Semiconductor OH10008). After
ten minutes from excitation of the magnet, the relative field fluctuation
was less than 10*5.

The dipole magnet had two holes of 162 mm ø at the center of the
top and bottom of the yoke. The top-side hole was used for the target
insertion. We set a web camera to monitor the target cell position from
the bottom-side hole (see Section 3).

2.2. Drift chambers

The track of a charged particle was determined with the combined
information from a pair of drift chambers, the Vertex Drift Chamber
(VDC) and the Cylindrical Drift Chamber (CDC). They were placed in
the gap of the 680 magnet. The premixed gas of argon (50%) and ethane
(50%) was used at the atmospheric pressure. The sense wires were made
of gold plated tungsten–rhenium with 20 �m ø. The shield and field
wires are 100 �m ø and made of gold-plated copper–beryllium.

89

Injection Beam Energy Injection Repetition Ring Top Energy Storage Beam Current

90 MeV ~0.05 Hz (typ.) 0.8~1.3 GeV ~30 mA

M. Kaneta, et al.,Nuclear Inst. and Methods in Physics Research, A 886 (2018) 88–103
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Scaling of BM4 Beam Line and NKS2M. Kaneta et al. Nuclear Inst. and Methods in Physics Research, A 886 (2018) 88–103

Fig. 15. Top view of the beamline setup. A lead collimator, sweep magnet, and vacuum chamber were located upstream from the target. A high-speed beam profile monitor (HSBPM)
and a lead–glass Cherenkov counter were placed downstream from the target.

scintillation counters, respectively. Scintillation light from each counter
was transported to the PMT by an optical fiber bundle.

TagF had the role to identify the energy of the recoil electron. The use
of TagB in coincidence with TagF was primarily to select recoil electrons
after photon emission at the radiator from other sources of background
such as Mø ller scattered electrons and secondary particles from the hit
of electrons on the beam duct. The timing information of TagF and TagB
was recorded by a TDCmodule (CAEN V775). The charge information of
TagB signal was recorded by a charge-to-digital converter (QDC) module
(CAEN V792) to enable time walk correction to obtain a better timing
selection. The tagger system was capable of tagged photon energies over
a range of 0.8–1.1 GeV with an accuracy of ±10 MeV on the produced
photon beam [27].

Calibration of the tagging detectors resulted in a correlation between
the tagger segment number and the energy of a photon incident on the
target; therefore, it provided information on the photon energy and
the number of photons. The photon energy is deduced from energy
conservation as follows:

E� = Ee * Ee® * Erecoil, (1)

where E� is the energy of the photon, Ee is the energy of the electron
in the STB ring, Ee® is the energy of the electron as measured in the
tagging system, and Erecoil is the recoil energy of the radiator nucleus
of bremsstrahlung. Because the recoil energy is negligibly small, we
assumed Erecoil = 0. In addition to that method, the kinematically
complete measurement of �+d ô p+p+⇡* was successfully established
as a method of calibrating the photon tagging system [28].

The lead–glass Cherenkov (LG) counter was used to measure the
number of photons that passed through the spectrometer, which is
equivalent to the approximate number that reached the target. The lead
glass was SF5, which was provided by OHARA Optical Glass Mfg. Ltd.
(now, OHARA INC.). The tagging efficiency for each TagF was evaluated
as the number of photons detected by the LG counter divided by the
number of photons detected by TagF. The photon beam intensity was
kept at a few hertz predominantly owing to the counting rate capability
of the LG counter and to reduce the probability of coincidences between
the LG counter and the tagger. In principle, this should have no effect
on the measured efficiency. The tagging efficiency was 75–80% over the
TagF counters. The LG counter was prepared for the FOREST detector,
and the performance study is described in Ref. [29].

4.2. Sweep magnet

A large number of e+e* pairs created upstream from the photon beam
was substantially reduced by the sweep magnet (B = 1.1 T at I = 300 A).
In front of the sweep magnet, there was a collimator comprised of five
lead blocks (250 mm thickness in total) to reduce the beam halo. The
collimator aperture was 10 mm ø. The sweep magnet, being located
before the main spectrometer, efficiently suppressed the background
contribution to the data and improved the DAQ rate.

However, electrons and positrons from upstream were not com-
pletely removed by the sweep magnet, and thus two sets of EV counters
were placed upstream of NKS2 at the same height of the photon beams
in order to reject them in the trigger (see Section 2.4).

4.3. Beam profile monitor

A high-speed beam profile monitor (HSBPM) was composed of two
layers of scintillating fiber bundles. Each layer had 16 scintillating fibers
(Saint-Gobain, BCF-10SC with black extra mural absorber coating) of
3-mm square cross-section and read out by a 16-ch multianode PMT
(HAMAMATSU Photonics, H6568-10). One bundle was horizontally
aligned, and the other was vertically aligned. They crossed over a
48 ù 48 mm square region to provide two-dimensional hit information
by the coincidence of the vertical and horizontal channels for charged
particles. Charged particles were provided from the photon beams by an
aluminum converter plate having a thickness of 0.1 mm (Ì1 ù 10*3X0).
It also consisted of a pair of trigger counters and a veto counter to
ensure that electrons and positrons converted from photons generated
the trigger. The beam profile was checked by HSBPM when the beam
course was tuned in the experimental period. The detailed information
can be found in Refs. [30,31].

4.4. Electron beam structure

A typical beam cycle consisted of times of waiting, beam injection,
ramping up, storage (flat top), and ramping down. During the storage
time, the radiator was inserted into an orbit of electrons, and the photon
beams were impinged on the target. The duty factor (DF) was defined
as the ratio of the flat-top time to the period of a single cycle.

The flat-top and waiting times could be changed upon user request
and were limited by power consumption. The time for ramping both up
and down was established at 1.4 s. Typically, the DF was approximately
75% at the period of 53 s and the flat top of 40 s.

96

M. Kaneta, et al.,Nuclear Inst. and Methods in Physics Research, A 886 (2018) 88–103
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Plastic scintillation fibers kuraray SCSF-78
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Ø Luminous

Ø Absorption peak: 2.8 nm

Ø Attenuation length: > 4.0 m

Ø Feature

• color: blue
• peak: 450 nm

• High emission
• High damping length



MPPC
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S13360-1350PE

S13360-3050PE

pixel pitch
(µm)

25

50

Effective light receiving 
surface size (mm)

1.3 × 1.3

3.0 × 3.0

Aperture ratio
(%)

47

74



MPPC
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Hamamatsu Photonics K.K.



LTC6754
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Ø 短い伝播遅延時間:1.8n(s標準) 
Ø 低いオーバードライブ分散:1n(s標準)

(オーバードライブは 10mV ~ 125mV) 
Ø 切り替え速度が⾼速:890Mbp(s標準) 
Ø LVDS 互換の出⼒段
Ø レール・トゥ・レール⼊⼒を両⽅のレールを
超えて拡張

Ø 低静⽌電流:13.4mA
Ø 電源電圧範囲:2.4V ~ 5.25V
Ø LTC6754ファミリ共通の特⻑: 
Ø ⼊⼒電源と出⼒電源が別個
Ø 消費電⼒低減のためのシャットダウン・ピン
Ø 出⼒ラッチと調整可能なヒステリシス
Ø SC70パッケージおよび3mm×3mm QFNパッ
ケージ

LINEAR Technology

Workshop HIEI 2022 - Ryoko Kino, Tohoku Univ.



Trigger counter
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Plastic scintillator

Acrylic plate

Acrylic plate

Wave length sift fiber
kuraray, Y-11,  φ1 mm

thickness: 2 mm

25 mm



BPM3
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GeV-γビームラインの最下流、標的から2,230 mの距離に設置.
隙間無く並べられた3 mm角のシンチレーションファイバー15本
が水平方向と垂直方向の 2層に重ねられたものである。
BPMの上流には 5 mm厚のプラスチックシンチレータが荷電粒子
除去用に１枚とトリガー生成用に2枚設置されている。

[4][5][9]

[4] M. Nanao, T. Ishikawa, H. Shimizu, Research Report of LNS-Tohoku 36, 2003, p. 56. 
[5] T. Ishikawa, et al., Nucl. Instrum. Methods Phys. Res. A 622 (2010) 1. 
[9] ⼤串尚永 修⼠論⽂ (平成 21年)

Workshop HIEI 2022 - Ryoko Kino, Tohoku Univ.



BPM3
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[4][5][9]

[4] M. Nanao, T. Ishikawa, H. Shimizu, Research Report of LNS-Tohoku 36, 2003, p. 56. 
[5] T. Ishikawa, et al., Nucl. Instrum. Methods Phys. Res. A 622 (2010) 1. 
[9] ⼤串尚永 修⼠論⽂ (平成 21年)

Workshop HIEI 2022 - Ryoko Kino, Tohoku Univ.



BPM3
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[4][5][9]

[4] M. Nanao, T. Ishikawa, H. Shimizu, Research Report of LNS-Tohoku 36, 2003, p. 56. 
[5] T. Ishikawa, et al., Nucl. Instrum. Methods Phys. Res. A 622 (2010) 1. 
[9] ⼤串尚永 修⼠論⽂ (平成 21年)
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Data acquisition system

DAQ PC

Radiator control

HUL 0

Streaming TDC

HUL 2 HUL 3

Detector 0

HUL 1

Gate signal

SiTCP

Data signal(32 ch)

To take data synchronized with the beam, 
used the radiator controller as the gate signal.
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Hadron Universal Logic
firmware: streaming TDC [3]

FPGA
NIM IN

Ethernet

[3]R. Honda et al., Prog. Theor. Exp. Phys., Issue 12 (2021) 123H01. 

Ø Trigger less
Ø Deadtime less

Detector 1 Detector 2 Detector 3
BPM1 BPM2 BPM3 Tagger

LV
DS

, E
CL

 e
tc

.
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Operation check at ELPH BM4 beam line
NKS2

spectrometer

Experimental Setup at ELPH BM4 Beam line
electron syncrotron
BST ring

Tagger for BM4

1 m

collimeter

• Stable operation in a magnetic field (~ 0.3T)

• Separation of actual photon and background

• Beam fluctuation monitoring

It was confirmed that these are possible.

Ø Sampling rate: Can be monitored in 1ms
Ø Total count rate: ~ MHz
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Time dependence of the beam size
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Gravity direction
Horizontal direction

BPM1 (direction from radiator: 3 m) BPM2 (direction from radiator: 5.9 m) BPM3 (direction from radiator: 10.5 m)

Ø Beam size (avg):
Gravity direction σ = 1.70 mm 
Horizontal direction σ = 1.56 mm

Beam size increases significantly within a spill.

Ø Beam size increases significantly within a spill.

[8] T. Muto, PASJ2015 WEP003 

due to the characteristics of Coulomb scattering of 
the radiator and electron beam[8]
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Radiator and phase space of the beam

Radiator carbon wire (φ11 µm)

orbiting electron
⨀

move direction

x – x’ phase space

Electron beam distribution
= Photon intensity at wire position

Photon beam direction: ∆𝑥! = −
𝛼
𝛽
∆𝑥

determined by ring parameters

Twiss Parameter @Radiator: 𝛼, 𝛽 = (3.69,1.59 ) ⇒ "
#
= 0.43

[2] F. Hinode, et al., in: Proc. of 2005 PAC 2458;
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Figure 5: Number of turns for coming to the radiator again 
after scattering.  

Figure 5 からわかるように一度ラジエータでクー
ロン散乱した電子はその多くは 200 ターン以内に再
度ラジエータを通過する。Figure 4 の分布を持つ電
子が制動放射を起こして GeV 領域のガンマ線を生成
すると仮定するとガンマ線のビームサイズはラジ
エータの下流で Figure 6 のようになる。 

 
Figure 6: Gamma ray beam envelope after radiator. The 
red: horizontal size, the blue: vertical size. 

ラジエータから 20 m の地点でのプロファイルを
Figure 7 に示す。Figure 7 からガンマ線のビームサイ
ズは水平 10.59 mm、垂直 12.67 mm と計算された。
これは Figure 2に示した実際の測定結果 10.78 mm (水
平)、12.64 mm (垂直)とよく一致している。このこと
からも生成されるガンマ線はラジエータでクーロン
散乱した電子からの制動放射によって作られると考
えられる。 

 
Figure 7: Calculated gamma ray profile at 20 m 
downstream from the radiator. 

6. まとめ 
電子蓄積リング内に挿入されたガンマ線生成のた

めのラジエータがガンマ線プロファイルにあたえる
影響についての考察を行った。ラジエータを挿入す
ることによって起きるラジエータと電子ビームの
クーロン散乱の影響が大きく、制動放射ガンマ線の
プロファイルは蓄積リング固有の電子ビームエミッ
タンスでは決まらずに、一度クーロン散乱した電子
の性質で決まることが分かった。クーロン散乱を考
慮して計算されたガンマ線のプロファイルは実際の
測定結果とよく一致していることが分かった。 

参考文献 
[1] H. Yamazaki et al.., Nucl. Instr. and Meth. A 536,  (2010) 70. 
[2] T. Ishikawa et al.., Nucl. Instr. and Meth. A 622,  (2010) 1. 
[3] L.I. Schiff, Phys. Rev. 83,252(1951). 
[4] 日出富士雄他、THP005“東北大学 1.3 GeV BST リング

におけるビーム性能の改善” in this proceedings. 
[5] N.F. Mott, Proc. R. Soc. Lond. A 127,658-665(1930). 
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Gamma ray beam envelope after radiator. 
The red: horizontal size, the blue: vertical 
size. 

Photon beam size
Ring-specific emiAance is not determined, once or many Emes
Coulomb Depends on the nature of scaAered electrons.

 
Figure 3: Survival ratio of scattering electrons in a turn. 

θs を決める方法はいくつか考えられるがここでは
散乱電子が元の電子ビームと区別できる閾値を採用
する。つまり 

124.0=> yyεγθ mrad (6) 

であり、θs=0.124 mrad をとるとする。したがって式
(5)より電子ビームに影響するクーロン散乱の全断面
積 σ=3.53x10-26 m2となる。 

4. クーロン散乱した電子数 
今、ラジエータを通過する電子の数 Neとすると通

過 1 回あたりのルミノシティ L は 

A
tNNL Ae ρ=  (7) 

と表せる。ここで NA はアボガドロ数、ρ はターゲッ
トの密度(~2.0 g/cm3)、t はターゲットの厚さ、A は
ターゲットの質量数(=12)である。ターゲットは直径
11 μm のカーボンワイヤであるがここでは簡単のた
め 11 μm(幅) x 8.64 μm(厚さ)の四角形で近似する。
クーロン散乱する数 NCoulombとすると 
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となる。以上の結果から通過した電子のうち 3 %程
度が大きな角度のクーロン散乱をすることがわかる。
今、リングの横方向減衰時間は 5.7x10-3 s であり横方
向減衰時間程度には NCoulombは保存すると考えられる
のでその時間での衝突回数 34337 回分程度クーロン

散乱した電子はリングに蓄積される(クーロン散乱し
た総電子数 Nall=34337 NCoulomb)。一度クーロン散乱し
た電子はすべて大きなベータトロン振幅を持ってい
るのでそのすべてが再度ラジエータを通過すること
ができる。一方、蓄積電子ビームの場合、ラジエー
タがある位置よりも大きなベータトロン振幅を持っ
ていなければラジエータを通過できない。ラジエー
タはビームの 4σ程度の位置を掃引されるので、ビー
ムの 4σよりも大きなベータトロン振幅を持つ電子数
Nlarge beta は蓄積ビームの電子数を１とすると Nlarge beta 

= 6.1x10-5 electrons となる。またラジエータを通過す
る電子数 Neはラジエータが 4σ - 0.01σ < x < 4σ + 0.01σ
の範囲を覆うのでその電子数 Ne=2.6x10-6 と求まる。
したがって、ワイヤでの元のビームの通過量と一度
クーロン散乱した電子の通過量の比 Nall/Nlarge beta=45
となりラジエータを通過する電子のほとんどが一度
クーロン散乱した粒子であることと考えることがで
きる。 

5. ガンマ線プロファイル 
これまでの議論から生成される GeV 領域の制動放

射ガンマ線は一度クーロン散乱された電子によって
生成される可能性が高いことが分かった。そこで一
度ラジエータでクーロン散乱した電子が再びラジ
エータを通過するときの電子ビームの分布を Figure 
4、再通過するまでのターン数を Figure 5 に示す。 

 

Figure 4: Profile and phase spaces of recirculating electron 
at the radiator position after Coulomb scattering. (a) profile, 
(b) vertical phase space, (c) horizontal phase space. 
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About the Photon Beam Size

[3]T. Muto, PASJ2015 WEP003 
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Beam size measurement
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Figure 5: Number of turns for coming to the radiator again 
after scattering.  

Figure 5 からわかるように一度ラジエータでクー
ロン散乱した電子はその多くは 200 ターン以内に再
度ラジエータを通過する。Figure 4 の分布を持つ電
子が制動放射を起こして GeV 領域のガンマ線を生成
すると仮定するとガンマ線のビームサイズはラジ
エータの下流で Figure 6 のようになる。 

 
Figure 6: Gamma ray beam envelope after radiator. The 
red: horizontal size, the blue: vertical size. 

ラジエータから 20 m の地点でのプロファイルを
Figure 7 に示す。Figure 7 からガンマ線のビームサイ
ズは水平 10.59 mm、垂直 12.67 mm と計算された。
これは Figure 2に示した実際の測定結果 10.78 mm (水
平)、12.64 mm (垂直)とよく一致している。このこと
からも生成されるガンマ線はラジエータでクーロン
散乱した電子からの制動放射によって作られると考
えられる。 

 
Figure 7: Calculated gamma ray profile at 20 m 
downstream from the radiator. 

6. まとめ 
電子蓄積リング内に挿入されたガンマ線生成のた

めのラジエータがガンマ線プロファイルにあたえる
影響についての考察を行った。ラジエータを挿入す
ることによって起きるラジエータと電子ビームの
クーロン散乱の影響が大きく、制動放射ガンマ線の
プロファイルは蓄積リング固有の電子ビームエミッ
タンスでは決まらずに、一度クーロン散乱した電子
の性質で決まることが分かった。クーロン散乱を考
慮して計算されたガンマ線のプロファイルは実際の
測定結果とよく一致していることが分かった。 
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horizontal size
vertical size
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GeV gamma ray beam envelope[6]
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Ø Consistent with the theoretical beam size [8] predicted
Ø time dependence was also measured

Gravity direction
Horizontal direction
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∆𝑥! = −
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Radiator and phase space of the beam

[4]T. Ishikawa, et al., ELPH Experiment : #2815 Annual Report 2015

Photon beam direction[4]

∆𝑥! = −
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𝛽 ∆𝑥 = −0.41∆𝑥
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Rate Study

MPPC bias voltage：56 V
Fit function：𝑦 = !!"

#$!!!""

Fit parameter：

(χ2/NDF = 0.48)

The fitting of the non-paralyzed counting correction function was performed in consideration of the dead time.

• Rate at beam current 6 mA: ~ 23 MHz

• Saturation is visible in the beam current region 
above 4 mA, however, beam profiling is possible.

（※MPPC operation voltage = 54.4 V）

Now, designing the new BPM…
→ Plan to reduce the material thickness

and reduce the rate0 2 4 6
Beam Current [mA]
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Graph

Beam current dependence of the total rate

𝑝# = (8.5 ± 3.0)×10$
𝑝% = (2.4 ± 0.9)×10&'
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