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Table 1
Time resolution in FWHM of the prototype detector obtained using proton beams at 44 and
168 MeV. Values with an asterisk (*) are deduced by comparing the timing information
measured by the prototype detector and the other plastic scintillators (CPV and SBLD).
Proton energies �y �tdif f �t (<)�t

44 MeV 53 mm 660 ps 330 ps 300 ps
168 MeV 60 mm 750 ps 370 ps 380 ps

7. Time response of the prototype detector

The y-position of the protons incident to the prototype detector was
obtained from the tracking information of BLD1 and BLD2 (ytrk). Since
the y-position is related to the timing information from the prototype
detector through Eq. (2), it serves as an accurate reference to evaluate
the time response. The position resolution of ytrk is evaluated as 9.1 and
2.6 mm (FWHM) for the 44- and 168-MeV proton beams, respectively.
The attainable resolution is dominated by the multiple scattering of the
incident proton. The influence of the 300 �m (FWHM) intrinsic position
resolution of the MWDCs is negligible in comparison to the uncertainty
of the position derived from the time information, as explained below.

Fig. 7(a) shows the correlation between ytrk and tdif f . As expected
from Eq. (2), the correlation is linear. Fig. 7(b) shows the projected
histograms after the selection of the three ytrk regions, corresponding
to the distributions of tdif f when the hit position is fixed at y = *50, 0,
and 50 mm. These distributions are well fitted with a Gaussian shape,
as shown in the panel. The fitted width is �tdif f = 660 ps (750 ps) in
FWHM for the 44-MeV (168-MeV) proton beam (Table 1).

The time spread, �tdif f , is mostly due to the time resolution of each
dynode signal of the two PMTs, �tT and �tB and can be related as

�tdif f =
t

(�tT)2 + (�tB)2, (7)

assuming the �tT and �tB are not correlated. On the other hand, with
the same assumption the resolution of TOF, �t, is related as

�t =
˘
(�tT)2 + (�tB)2

2 . (8)

Here the uncertainty in tTR of Eq. (1) is omitted to evaluate the intrinsic
resolution of the prototype detector. Using Eqs. (7) and (8), the TOF
resolution intrinsic to the prototype detector is derived as �t = 330 ps
(370 ps) in FWHM for the 44-MeV (168-MeV) protons. �t can be also
derived by comparing the timing among the three plastic scintillators,
the prototype detector, CPV, and SBLD. The obtained �t values is 300 ps
(380 ps) in FWHM at 44-MeV (168-MeV) protons, which are consistent
with the above values. Table 1 summarizes the results.

The effective light velocity is obtained as veff = 160 ± 2 mm/ns by
fitting Eq. (2) with the centroids of the three distributions in the bottom
panel and their corresponding ytrk values. The line diagonally drawn in
Fig. 7(a) is the fitting result. The slope of this line corresponds to half
of the effective velocity. The obtained veff value is 10% slower than the
velocity of 187.5 mm/ns derived from the refractive index of the fiber
(1.6). The difference of the light propagation path length due to multi-
reflection in the fibers is responsible for this behavior. Using Eq. (2)
with the calibrated veff value and the �tdif f values of 660 and 750 ps
(FWHM), the resolution of ydif f , �ytdif f , at 44 and 168 MeV is derived as
53 and 60 mm (FWHM), respectively.

8. Neutron detection efficiency

The neutron detection efficiency was obtained using the data of
the 7Li(p, n)7Be(g.s. + 0.43 MeV) and the 12C(p, n)12N(g.s.) reactions at
proton energies of 200 and 70 MeV. These reactions provide reliable
references to calibrate the absolute magnitude of the efficiency because
the differential cross sections for these reactions can be taken from
literature, as described below.

Fig. 8(a–b) show the neutron spectra measured with the prototype
detector for the Li and C targets using the proton beam at 200 MeV

Fig. 8. TOF spectra for (a) the natLi(p, n) and (b) natC(p, n) reactions at 200 MeV. Threshold
is set to lth = 4.2 MeVee. Black dotted lines denote neutrons from 7Li(p, n)7Be(g.s. +
0.43 MeV) and 12C(p, n)12N(g.s.) reactions. Two peaks at 296 and 298 ns correspond to
the 13C(p, n)13N(g.s.) and 13C(p, n)13N(3.502 MeV), respectively.

at the RCNP. The peaks sandwiched between the vertical lines are
due to events where neutrons are produced from the above two re-
actions and detected with the prototype detector. Upon considering
the energy losses in the target and the reaction Q-value, the kinetic
energies of the neutrons produced from the 7Li(p, n)7Be(g.s.+ 0.43 MeV)
and 12C(p, n)12N(g.s.) reactions are 199 and 181 MeV for the RCNP
experiment and 68 and 50 MeV for the CYRIC experiment, respectively.
The number of detected neutrons included in the peaks was counted
by fitting the peaks with a Gaussian distribution after subtracting the
constant background in the TOF region shorter than 290 ns.

The differential cross section for the 7Li(p, n)7Be(g.s.+0.43 MeV) reac-
tion is 27.0 ± 0.8 mb/sr, and is almost constant for proton energies from
80 to 795 MeV [20]. On the other hand, that for the 12C(p, n)12N(g.s.)
reaction ranges from 3.25 ± 0.26 to 7.64 ± 0.76 mb/sr for the proton
energies from 62 to 400 MeV [21]. The values at 70 MeV (200 MeV)
is 4.0±0.3 mb/sr (7.1±0.6 mb/sr). These values of the differential cross
sections in the center of mass system are converted to the values in the
laboratory frame.

The number of detected neutrons, Nn, is related to the laboratory
differential cross section, d�lab_d⌦, as

Nn = Np ⇢
d�lab
d⌦ �⌦ ✏Tflive (9)

where Np is the number of incident protons, ⇢ is the target density,
✏ is the neutron detection efficiency, �⌦ is the solid angle, T is the
neutron transmission factor along the flight path in the air, and flive is
the experimental live time.

HereinNp and ⇢ are derived from the integrated charge of the proton
beams measured by the FC and the target thicknesses described in
Section 3. The solid angle, �⌦ is 1.2 ù 10*5 sr in the RCNP experiment.
For the CYRIC experiment, the �⌦ value is 3.9 ù 10*4 sr, considering
that only part of the vertical direction of the detector was covered by
the neutron flux in the CYRIC experiment, as explained in Section 3.
The transmission factor, T , is evaluated as 97% (91%) for the data in
the CYRIC (RCNP) experiment, using the total cross sections of 14N, 16O
and 40Ar for neutrons [22].

Fig. 9 shows the obtained ✏ values as a function of the neutron
kinetic energy. Here the threshold lth is set to 4.2 MeVee. The error
bars represent both statistical and systematic errors, while the statistical
uncertainties are smaller than the symbols. The systematic errors are due
to the uncertainties in the target thicknesses (10% and 1% for the Li and
C targets), differential cross sections (3–8.5%), solid angle (0.3% for the
CYRIC experiment), and FC calibration (10%).

The detection efficiency ✏ is almost constant for neutrons with
energies from 50 to 200 MeV. The result is explained by the fact that the
cross sections of the n + p elastic scattering and the 12C(n, np) reaction,
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Fig. 9. Neutron detection efficiencies ✏ as a function of the neutron kinetic energy. The
threshold is set to lth = 4.2 MeVee. Open and closed marks correspond to the data taken at
CYRIC and RCNP, respectively. Error bars represent statistical and systematic errors. The
horizontal dashed line shows the nominal value of 2%.

Fig. 10. The diagram exemplifying the hit patterns of neutron-detection events in the
RCNP experiment. The grid indicates an array of 8 ù 8 segments in the cross-sectional
plane of the prototype detector. The number shown in each square is the light output value
read out from the segment in the unit of the QDC channel. Shaded segments are regarded
as ‘‘hits’’, which means that the light output of the segment is larger than 100 in the
unit of the QDC channel, corresponding to a light output of about 0.3 MeVee. The segment
emphasized with a square drawn with a thick line is recognized as a ‘‘hit’’, according to the
method described in the text. The arrow drawn with a vertical dashed line represents the
incoming neutron and its direction, while the arrow with a solid line denotes the trajectory
of the recoil proton expected from the hit pattern. The other arrow shows a path of the
recoil neutron expected from the incoming neutron and the recoil proton paths assuming
the kinematics of n + p elastic scattering in the cross-sectional plane.

the dominant processes in the neutron detection, have moderate energy
dependence in this region [23]. As mentioned above, in the future (p, pn)
measurements in RIBF, it is required to cover neutron kinetic energies
from 50 to 250 MeV. The almost constant behavior of the detection
efficiency can be used to simplify the data analysis, and to minimize
systematic uncertainties due to neutron-detection efficiency correction.

9. Hit pattern analysis

Among the ‘‘hit’’ segments, the segment where the neutron-induced
reactions occur (i.e., the ‘‘neutron hit’’ segment) was assigned using the
following classification. If the first layer has several hit segments, the
segment with the largest light output is selected as the ‘‘hit’’ segment.
If the first layer does not have a hit, the segment with the largest light
output in the second layer is selected and this procedure is repeated.

Fig. 11. Intensity plots of the hit numbers for an array of 8 ù 8 segments for events with
a fixed neutron hit segment shown at four different detector orientations of ✓det = 0˝ (a),
15˝ (b), 30˝ (c), and 45˝ (d). In each panel, the emphasized square indicates the neutron
hit segment. The arrow shows the direction of the neutron beam.

Fig. 10 illustrates the hit pattern measured in a typical neutron-
detection event in the RCNP experiment at 199MeV. The number shown
in each square is the light output value from the segment in the unit of
the QDC channel. The hit pattern clearly shows that the charged particle
recoil is forward with respect to the direction of the incoming neutron.
According to the aforementioned hit pattern analysis the segment with
the number 333 is selected as ‘‘neutron hit’’ one. Some segments have
light outputs with a finite value but are negligibly small compared with
the threshold lanodeth of 0.3 MeVee, which corresponds to 100 in the unit
of the QDC channel. These small values are attributed to the cross talk
effect caused by the ‘‘hit’’ segments.

Fig. 11(a–d) plot the intensity of the hit segments for ✓det = 0˝–45˝.
Tails are observed just downstream of the ‘‘neutron hit’’ segment. The
direction of the tail changes with the detector rotation and always aligns
with the direction of the neutron beam shown with the arrows.

According to Ref. [23], the n + p elastic scattering and the (n, np)
knockout reaction contribute 85%–95% to the neutron detection effi-
ciency in the energy domain from 50 to 250 MeV. The behavior of
the tails indicates that the charged particle flies towards the forward
scattering angles, as expected from the reaction kinematics. Therefore,
the most upstream ‘‘hit’’ segment as the ‘‘neutron hit’’ segment seems
valid.

It is noteworthy that the method also works for large incident angles
up to 45˝. This will be important when using a neutron detector based
on the prototype detector to measure the (p, pn) reaction. In actual (p, pn)
measurements, a neutron detector array with a large total effective
area (e.g., 1 ù 1 m2) that packs many segmented detectors into one
rectangular shape is necessary. Since such a setup will be placed 1 m
away, the incident angle of neutrons can significantly vary with the
scattering angle.

10. Non-scintillating portion of the neutron detection part

To investigate the non-scintillating portion, Fig. 12 plots the distri-
bution of the x-position of protons derived from BLD1 and BLD2 when
the positions are given for the first layer (i.e., z = *15 mm) (xtrk).
Similar to ytrk , xtrk has a resolution of 9.1 and 2.6 mm (FWHM) for 44-
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Fig. 2. (a) Photograph of the prototype detector. Arrows denote the neutron detection part, light guide, and PMT. (b) Schematic layout of the detector, showing the neutron detection
part comprised of 64 plastic scintillating fibers, two multi-anode PMTs (Hamamatsu H7546B) attached at both ends, and light guides made of optical fibers without scintillation abilities.
(c) Cross sectional view of the neutron detection part, consisting of an array of 8 ù 8 segments. (d) Layout of the photo-cathode plane of the multi-anode PMT, consisting of an array of
8 ù 8 pads. Each pad is connected to the end of the corresponding segment in the neutron detection part through the optical fibers as shown in (b).

Fig. 3. (a) Schematic drawing of the detector configuration for the neutron beam
measurements. Arrow indicates the direction of the incident beam. Shown from the
upstream are the charged particle veto (CPV) detector, the prototype detector, two multi-
wire drift chambers (BLD2 and BLD1), and a plastic scintillator (SBLD). (b) Same as (a)
but for the proton beam measurements where the order of the detectors differs. From the
upstream, the CPV, SBLD, BLD1 and BLD2, and the prototype detector are shown.

detector, were used to obtain the image of the proton flux towards the
prototype detector. A plastic scintillator (SBLD) was placed next to BLD1
to measure the start of the drift time of MWDCs by detecting the incident
protons. Due to the interactions with the air in front of the prototype
detector, the kinetic energies of the protons were degraded to 44 and
168MeV for the original beam energies of 70 and 200MeV, respectively.
A 44-MeV proton deposits the total kinetic energy and stops inside the
prototype detector, while a 168-MeV proton deposits 16 MeV and passes
through the detector.

By default, the prototype detector faced the beam direction (i.e.,
✓det = 0˝) [Fig. 3(a) and (b)]. In addition, the detector was rotated in the
(x, z) plane to change the incident angle of the neutrons or the protons
to the prototype detector (see Section 6). In total, four configurations
with the orientation angles of ✓det = 0˝, 15˝, 30˝, and 45˝ were used.

4. Data acquisition system

Fig. 4 depicts the circuit used to digitize the signals from the
prototype detector. The timing information of the amplified signals was
digitized by two CAEN V1190 time-to-digital converters (TDCs), and
the charge information by five CAEN V792 analog-to-digital converters
(QDCs). The resolution of the TDC module was set to 100 ps. The full
range of the QDC module is from 0 to 400 pC.

The high voltage biases of the PMTs were provided by REPIC RPH-
033. The typical operation voltage was *950 V. A PMT amplifier with a
gain of 10 (Technoland N-RL) amplified each of 128 anode signals from
the two PMTs to have a sufficiently large charge within the dynamic
range of the QDC module. The dynode signals were polarity inverted
and amplified by a fast timing amplifier with a gain of 200 (ORTEC
820B) to obtain their timing information precisely.

The amplified signals were each split into two. After a cable delay
of 200 ns, the split signals were inputted into the QDC modules to
digitize the charge. The other split signals were sent to the discrim-
inator modules to generate logic signals. For the anode and dynode
split signals, eight leading edge discriminators (LeCroy 4413) and one
constant fraction discriminator (ORTEC 935) were used, respectively.
The thresholds of the leading edge discriminators were set to *15 mV.
The logic signals were sent to the TDC modules to record their timing.

The two dynode logic signals were used in coincidence to trigger the
data acquisition. The time width of the coincidence window was set to
100 ns. For the neutron beam measurements, the anode signals from
the CPV PMTs, after being converted to a coincidence signal between
the top and bottom PMTs, were used to veto the dynode coincidence
signal in order to reject events where charged particles fly into the
prototype detector. After being vetoed by the DAQ busy signal, the
accepted signals were provided to record their corresponding events.
The accepted trigger signal was given to the QDC modules as a gate
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Fig. 9. Neutron detection efficiencies ✏ as a function of the neutron kinetic energy. The
threshold is set to lth = 4.2 MeVee. Open and closed marks correspond to the data taken at
CYRIC and RCNP, respectively. Error bars represent statistical and systematic errors. The
horizontal dashed line shows the nominal value of 2%.

Fig. 10. The diagram exemplifying the hit patterns of neutron-detection events in the
RCNP experiment. The grid indicates an array of 8 ù 8 segments in the cross-sectional
plane of the prototype detector. The number shown in each square is the light output value
read out from the segment in the unit of the QDC channel. Shaded segments are regarded
as ‘‘hits’’, which means that the light output of the segment is larger than 100 in the
unit of the QDC channel, corresponding to a light output of about 0.3 MeVee. The segment
emphasized with a square drawn with a thick line is recognized as a ‘‘hit’’, according to the
method described in the text. The arrow drawn with a vertical dashed line represents the
incoming neutron and its direction, while the arrow with a solid line denotes the trajectory
of the recoil proton expected from the hit pattern. The other arrow shows a path of the
recoil neutron expected from the incoming neutron and the recoil proton paths assuming
the kinematics of n + p elastic scattering in the cross-sectional plane.

the dominant processes in the neutron detection, have moderate energy
dependence in this region [23]. As mentioned above, in the future (p, pn)
measurements in RIBF, it is required to cover neutron kinetic energies
from 50 to 250 MeV. The almost constant behavior of the detection
efficiency can be used to simplify the data analysis, and to minimize
systematic uncertainties due to neutron-detection efficiency correction.

9. Hit pattern analysis

Among the ‘‘hit’’ segments, the segment where the neutron-induced
reactions occur (i.e., the ‘‘neutron hit’’ segment) was assigned using the
following classification. If the first layer has several hit segments, the
segment with the largest light output is selected as the ‘‘hit’’ segment.
If the first layer does not have a hit, the segment with the largest light
output in the second layer is selected and this procedure is repeated.

Fig. 11. Intensity plots of the hit numbers for an array of 8 ù 8 segments for events with
a fixed neutron hit segment shown at four different detector orientations of ✓det = 0˝ (a),
15˝ (b), 30˝ (c), and 45˝ (d). In each panel, the emphasized square indicates the neutron
hit segment. The arrow shows the direction of the neutron beam.

Fig. 10 illustrates the hit pattern measured in a typical neutron-
detection event in the RCNP experiment at 199MeV. The number shown
in each square is the light output value from the segment in the unit of
the QDC channel. The hit pattern clearly shows that the charged particle
recoil is forward with respect to the direction of the incoming neutron.
According to the aforementioned hit pattern analysis the segment with
the number 333 is selected as ‘‘neutron hit’’ one. Some segments have
light outputs with a finite value but are negligibly small compared with
the threshold lanodeth of 0.3 MeVee, which corresponds to 100 in the unit
of the QDC channel. These small values are attributed to the cross talk
effect caused by the ‘‘hit’’ segments.

Fig. 11(a–d) plot the intensity of the hit segments for ✓det = 0˝–45˝.
Tails are observed just downstream of the ‘‘neutron hit’’ segment. The
direction of the tail changes with the detector rotation and always aligns
with the direction of the neutron beam shown with the arrows.

According to Ref. [23], the n + p elastic scattering and the (n, np)
knockout reaction contribute 85%–95% to the neutron detection effi-
ciency in the energy domain from 50 to 250 MeV. The behavior of
the tails indicates that the charged particle flies towards the forward
scattering angles, as expected from the reaction kinematics. Therefore,
the most upstream ‘‘hit’’ segment as the ‘‘neutron hit’’ segment seems
valid.

It is noteworthy that the method also works for large incident angles
up to 45˝. This will be important when using a neutron detector based
on the prototype detector to measure the (p, pn) reaction. In actual (p, pn)
measurements, a neutron detector array with a large total effective
area (e.g., 1 ù 1 m2) that packs many segmented detectors into one
rectangular shape is necessary. Since such a setup will be placed 1 m
away, the incident angle of neutrons can significantly vary with the
scattering angle.

10. Non-scintillating portion of the neutron detection part

To investigate the non-scintillating portion, Fig. 12 plots the distri-
bution of the x-position of protons derived from BLD1 and BLD2 when
the positions are given for the first layer (i.e., z = *15 mm) (xtrk).
Similar to ytrk , xtrk has a resolution of 9.1 and 2.6 mm (FWHM) for 44-
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Fig. 12. Distributions of lateral positions for protons, obtained from the tracking informa-
tion of BLD1 and BLD2 placed upstream, in the RCNP experiment. The solid line shows the
distribution for all the incident protons (i.e., including events where the prototype detector
was not hit). Dashed lines correspond to events where each of the eight segments in the
first layer (i.e., the segments i = 1, 2, . . . , and 8) is assigned as a ‘‘hit’’. The magenta shaded
area corresponds to the events where the most upstream layer of the prototype detector
is not hit. The prototype detector is in the region between the two dotted lines. Events
between the two dash-dotted lines are used to evaluate the non-scintillating portion.

Fig. 13. Block heights indicate the number of neutron-hits obtained for an array of 8 ù 8
segments. Same data set of 199-MeV neutrons is analyzed with different threshold settings
of lth = 2.5 (a), 5.0 (b), 7.5 (c), and 10.0 MeVee (d). Neutron beams traveled from the top
left to the bottom right in each panel and is incident to the right angle on the first layer.

and 168-MeV protons, respectively, due to the angular straggling effect.
Because the resolution is comparable to or larger than the thickness
of the scintillating fibers (d = 3.75 mm), the images of the fibers are
smeared.

The thick line in Fig. 12 shows the beam profile of the incident proton
as a function of xtrk . The beam is well spread over the region where the
prototype detector is placed (i.e., *15 mm < xtrk < 15 mm). The eight
dashed lines show the beam profiles where a segment in the first layer
is assigned as a ‘‘hit’’. Each profile has a centroid corresponding to the
lateral position where the center of the segment is located (i.e., x =
±13.125, ±9.375, ±5.625, and ±1.875 mm). The eight profiles overlap
due to the smearing effect. The shaded area represents the events where
the first layer does not have a ‘‘hit’’ segment, but has seven bumps in
the region of *15 mm < xtrk < 15 mm. These bumps are due to the
non-scintillating portion between neighboring segments.

The fraction of such portions is evaluated as 14%–16%, 15%, on
average, from the data of 168- and 44-MeV protons by integrating the

Table 2
Performance of the prototype detector. Resolution values are written at FWHM.
Item Required Obtained

TOF resolution 350 ps 330–370 ps
Lateral (x) position resolution 3.0 mm 2.5 mm
Longitudinal (y) position resolution 50 mm 50–60 mm
Neutron-detection efficiency A few percents Ì2.0%

number of the ‘‘un-hit’’ events included in the spike structures and
comparing this number to the integrated number of the incident protons.
The integration is done for the events in the lateral position region of
*12.5 mm < xtrk < 12.5 mm, to avoid the counting of protons flying
outside the prototype detector. The value of 15% is partially explained
by the thickness of the cladding surface of the fibers without scintillating
ability (8%) for the two side walls of each fiber. The remaining value
of 7% corresponds to 200 or 300 �m of the fiber’s thickness (3.75 mm),
and is attributed to the thicknesses of the light shielding paint or air
gaps.

11. Discussion

Fig. 13(a–d) show the distributions of the neutron hit numbers for
different threshold levels on the total light output. The neutron hit
numbers are enhanced for the most upstream layer and the two layers on
the left and right sides with respect to the beam direction. We speculate
this enhancement is due to the charged particles converted in the CPV;
incoming neutrons can be converted to a proton via nuclear reactions. If
the reactions occur very close the downstream surface of the CPV, they
deposit only a small amount of energy and their signals are not correctly
discretized by the CPV circuit. Consequently, such charged particles
can hit the prototype detector and are recognized as ‘‘neutron hit’’
events. For the inner segments, because the outer layers work as charged
particle vetoes, enhancement occurs only at the surface of the detector.
In other words, this problem caused by charged particles coming from
the environment can be solved by rejecting events with a neutron hit on
the surface. In this prototype detector, the ratio of the surface volume
to the total volume is about 40%. Enlarging the neutron detector can
reduce this ratio. For example, the fraction becomes less than 0.4% for a
detector measuring 1000h ù 900w ù 300t mm3. The fraction is negligible
compared to other uncertainties in the neutron detection efficiency and
will not be a problem.

On other hand, the most downstream layer always has a smaller
amount of events than the other parts of the detector. As mentioned
above, the recoil protons produced in the detector mostly fly forward.
Therefore, when they are made in the last layer, they deposit only
small energies for the depth of the scintillating fiber where the reaction
occurs (i.e., Ì3.75 mm at maximum). For the same reason, when a
higher threshold is used, a longer path is required for the protons to
create a sufficient amount of deposited energy. Consequently, detection
in the downstream layers can be suppressed. Actually, the numbers
for the downstream layers seem to drop more quickly than those for
the upstream ones as the threshold level increases [Fig. 13(a–d)].
In particular, at lth = 10.0 MeVee, the neutron hit numbers almost
monotonically decrease from the upstream to the downstream layers.
With a threshold of 2.5 or 5.0 MeVee, the array of the inner 6 ù 6
segments has a uniform distribution within a 10% fluctuation. To realize
a uniform neutron hit distribution for the inner 6 ù 6 segments, the
threshold must be approximately 5.0 MeVee or less. Increasing the
volume of the detector, especially the depth of the detector, can also
mitigate the effect of the threshold producing the non-uniformity of the
neutron detection efficiency.
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Fig. 2. (a) Photograph of the prototype detector. Arrows denote the neutron detection part, light guide, and PMT. (b) Schematic layout of the detector, showing the neutron detection
part comprised of 64 plastic scintillating fibers, two multi-anode PMTs (Hamamatsu H7546B) attached at both ends, and light guides made of optical fibers without scintillation abilities.
(c) Cross sectional view of the neutron detection part, consisting of an array of 8 ù 8 segments. (d) Layout of the photo-cathode plane of the multi-anode PMT, consisting of an array of
8 ù 8 pads. Each pad is connected to the end of the corresponding segment in the neutron detection part through the optical fibers as shown in (b).

Fig. 3. (a) Schematic drawing of the detector configuration for the neutron beam
measurements. Arrow indicates the direction of the incident beam. Shown from the
upstream are the charged particle veto (CPV) detector, the prototype detector, two multi-
wire drift chambers (BLD2 and BLD1), and a plastic scintillator (SBLD). (b) Same as (a)
but for the proton beam measurements where the order of the detectors differs. From the
upstream, the CPV, SBLD, BLD1 and BLD2, and the prototype detector are shown.

detector, were used to obtain the image of the proton flux towards the
prototype detector. A plastic scintillator (SBLD) was placed next to BLD1
to measure the start of the drift time of MWDCs by detecting the incident
protons. Due to the interactions with the air in front of the prototype
detector, the kinetic energies of the protons were degraded to 44 and
168MeV for the original beam energies of 70 and 200MeV, respectively.
A 44-MeV proton deposits the total kinetic energy and stops inside the
prototype detector, while a 168-MeV proton deposits 16 MeV and passes
through the detector.

By default, the prototype detector faced the beam direction (i.e.,
✓det = 0˝) [Fig. 3(a) and (b)]. In addition, the detector was rotated in the
(x, z) plane to change the incident angle of the neutrons or the protons
to the prototype detector (see Section 6). In total, four configurations
with the orientation angles of ✓det = 0˝, 15˝, 30˝, and 45˝ were used.

4. Data acquisition system

Fig. 4 depicts the circuit used to digitize the signals from the
prototype detector. The timing information of the amplified signals was
digitized by two CAEN V1190 time-to-digital converters (TDCs), and
the charge information by five CAEN V792 analog-to-digital converters
(QDCs). The resolution of the TDC module was set to 100 ps. The full
range of the QDC module is from 0 to 400 pC.

The high voltage biases of the PMTs were provided by REPIC RPH-
033. The typical operation voltage was *950 V. A PMT amplifier with a
gain of 10 (Technoland N-RL) amplified each of 128 anode signals from
the two PMTs to have a sufficiently large charge within the dynamic
range of the QDC module. The dynode signals were polarity inverted
and amplified by a fast timing amplifier with a gain of 200 (ORTEC
820B) to obtain their timing information precisely.

The amplified signals were each split into two. After a cable delay
of 200 ns, the split signals were inputted into the QDC modules to
digitize the charge. The other split signals were sent to the discrim-
inator modules to generate logic signals. For the anode and dynode
split signals, eight leading edge discriminators (LeCroy 4413) and one
constant fraction discriminator (ORTEC 935) were used, respectively.
The thresholds of the leading edge discriminators were set to *15 mV.
The logic signals were sent to the TDC modules to record their timing.

The two dynode logic signals were used in coincidence to trigger the
data acquisition. The time width of the coincidence window was set to
100 ns. For the neutron beam measurements, the anode signals from
the CPV PMTs, after being converted to a coincidence signal between
the top and bottom PMTs, were used to veto the dynode coincidence
signal in order to reject events where charged particles fly into the
prototype detector. After being vetoed by the DAQ busy signal, the
accepted signals were provided to record their corresponding events.
The accepted trigger signal was given to the QDC modules as a gate
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→ マッチング・開口率の良いMPPCに

3 cm x 3 cm x 1 m 128chの検出器に
19”ラック3+台

→
• 関屋さん開発の読み出し回路

• GIS-MPPC



GIS-MPPC
MPPCアレイ検出器リードアウトシステム

光半導体素子
MPPC

浜松ホトニクス社製 8x8アレイ
S13361-350Ax-08

シンチレータ LYSO 3 x 3 x 20 mm2

線源 22Na

ASIC PETsys Electronics社製TOFPET2 ASIC

オペレーティング
システム

Linux CentOS 7
画像解像度：HD（1366ｘ768）以上推奨

データ収集
ソフトウェア

プラットフォーム：Python、C++
サンプルソースコード提供可能

計測モード QDCモード
TOTモード選択によるリストデータ出力

通信I/F イーサネット TCP/IP 1000Base-T
最大出力データレート：3.2Gb/s

消費電力 +12V、最大4.0A

温度補償
プログラム内蔵

弊社は国内で唯一PETsys Electronics社製品を
販売できる会社として独占契約を結ぶことがで
き低コスト、多チャンネル、省スペースで計測
システムを構築されたい方にこの製品をご紹介
しております。

シンチレータ + MPPC (8x8)

ASIC
※シンチレータは変更可能です。

ブロックダイアグラム

MPPCアレイ読み出し用のASICチップにはの64ch.のDISCRI、QDC、TDCを
搭載し、最大491,520ch.のイメージングシステムを構築することが可能です。
極めて高い時間分解能と高計数率特性、圧倒的なコストパフォーマンスで高
エネルギー物理、天体物理、核医学、物質生命科学、非破壊検査等のあらゆ
るアプリケーションにイノベーションをもたらします。

最大 491,520 CH
システム構築可能

◼ システム構成例

20220509

GIS-MPPC SYSTEM
低コスト・多チャンネル・省スペース

DAQボード

FEM128

Clock&Trigger
ボード

FEB/D1k

Optical cable 1024ch.システム
8x8 MPPC (16)

※写真はイメージです。
※記載内容は予告なく変更することがあります。

株式会社テクノエーピー
〒312-0012茨城県ひたちなか市馬渡2976-15
TEL:029-350-8011 FAX:029-352-9013
info@techno-ap.com

http://www.techno-ap.com

#ch 価格 kJPY/ch

256 269万円 11

640 481万円 7.5
1280  732万円 5.7

• 64ch MPPCの読み出し

• 受光面 3 mm x 3 mm



• SAMURAIスペクトロメータ（RIBF）用
のファイバートラッカー


• 0.7 mm角ファイバー


• 三面構成：X, Y, U


• 有感領域240 mmw x 168 mmh


• Hamamatsu MPPC 1x8 array


• GIS-MPPCでのテスト？


• 保証外だが、コネクタさえ作れば異
なるジオメトリのMPPCでもGIS-
MPPCにつなげられるとのことだっ
た。

ビームライン用トラッカー試験機



• ビームを用いた評価


• 6月にRIBF → SRCトラブルで（早くても）11月以降に延期   
→ 冷却系トラブルで2024年4月に再延期。4月の実験でパラサ
イト予定。


• 夏~秋にHIMAC@千葉? → 燃料費高騰で今年度マシンタイムな
し


• 7月2–8日 RCNP@大阪 … 急遽決まって準備出来ず

Agenda




