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ARTICLE INFO ABSTRACT
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We have developed a compact detector for measuring beam particles using plastic scintillators readout through
Multi-Pixel Photon Counters, which is employed for hypernuclear measurements in the WASA-FRS experiment
at GSI. The Time-of-Flight resolution of the newly-developed detector has been investigated in relation to
the overvoltage with respect to the breakdown voltage, a maximum counting rate of approximately 3 x 10%/s

per segment, and a maximum beam charge of Z = 6. The evaluated Time-of-Flight resolutions between the
neighboring segments of the detector range from 44.6 + 1.3 ps to 100.3 +3.6 ps (¢) depending on the segment,
overvoltage values, and beam intensity. It is also observed that the Time-of-Flight resolution is inversely
correlated to the beam atomic charge (Z).

1. Introduction

Experimental studies on hypernuclei, which are sub-atomic bound
systems containing at least one hyperon, contribute to understand the
strong interaction under the flavored-SU(3) symmetry [1,2]. Hypertri-
ton, the simplest and lightest hypernucleus consisting of a proton, a
neutron and a A hyperon, is considered as a benchmark in hypernuclear
physics. However, its lifetime still remains as a puzzle, as briefly
summarized in Ref. [3]. To precisely determine the hypertriton lifetime,
the WASA-FRS HypHI experiment [3-7] has been performed in 2022
with the Fragment Separator (FRS) [8] at the GSI facility using the
central detectors of the Wide Angle Shower Apparatus (WASA) [9]. The
WASA central detectors and their associated detectors, including a start
time counter and seven fiber tracker stations are placed in the mid-focal
plane of the FRS, indicated as F2 in Fig. 1. Fig. 2 shows a schematic
drawing of the detectors at F2. The details of the setup are described
in Section 3.1.

Light hypernuclei, including hypertritons, are produced via pro-
jectile fragmentation reactions of relativistic °Li beams at 1.96 AGeV
bombarding on a '2C target, and it is aimed to observe the two-body
mesonic decay of hypertritons, (*ZH — 3He + z7). The z~ mesons from
hypertriton decays are measured using the WASA central detectors
and associated detectors, while the decay residues, that is, *He, are
measured by the FRS. Meanwhile, various charged particles from the
projectile fragment reactions, including ==, =, K* and protons, are
also measured by the WASA central and associated detectors.

To reconstruct the invariant mass of the hypertriton events, the
identification of charged particles measured by the WASA central de-
tectors is required. Fig. 3 shows the particle identification plots with
the WASA central and associated detectors located in the FRS F2 based
on data produced using Monte Carlo simulations. A correlation between
the velocity () and momentum divided by charge of particles is used
for the identification. The momentum and the sign of the charge of
particles are determined based on their tracks in the magnetic field
using the GENFIT tracking package [10]. The velocity of particle is
deduced from the measured track length and Time-of-Flight (TOF)
between the start time counter (Timing-Zero counter, referred as a TO
counter in Figs. 1 and 2) and a plastic scintillator barrel (denoted as
PSB in Fig. 2) [11]. Figs. 3(a) and 3(b) show the particle identification
plot and the corresponding mass distribution, respectively, assuming
a TOF resolution of approximately 110 ps, i.e., a time resolution of
80 ps for the TO counter, which is similar to that of the PSB [11].
A clear separation between the different particles is observed. Similar
plots were also produced for comparison by assuming a TOF resolution
of 200 ps, as shown in Figs. 3(c) and 3(d). Consequently, a clearer

separation between identified particles was observed with a better TOF
resolution. In this study, the following were required to develop the TO
counter:

1. It is desirable for the TO counter to achieve a time resolution
(0) of less than 80 ps, which is similar to that of the PSB [11].
Therefore, a TOF resolution better than approximately 110 ps
should be achieved to ensure a reasonable particle identification.

2. Because the total beam intensity is expected to be approximately
20 MHz with a horizontal beam spot size of 6 =6 mm in the
Gaussian distribution, a stable performance of the TO counter
under high intensity heavy-ion beam is also required.

3. The TO counter was originally designed to be installed right
in front of the target, where the space is limited by the two
fiber tracker stations, UFT1 and UFT2. Therefore, the TO counter
should have a compact size that allows assembly alongside the
WASA central and their associated detectors.

The new TO counter was developed fulfilling these requirements
for the WASA-FRS HypHI experiment. The time resolution performance
of the new TO counter has been investigated using °Li beams at 1.96
AGeV with an maximum intensity of approximately 20 MHz. The beam
atomic charge (Z) dependence of the time resolution has also been
studied using a proton beam at 2.5 GeV and °Li and '’C beams at
1.96 AGeV. In this paper, the evaluated time resolution performance
of the newly-developed TO counter is reported. The structure and
configuration of the TO counter are described in Section 2, and the
configuration and setup for the WASA-FRS HypHI experiment are intro-
duced in Section 3.1. Subsequently, Section 3.3 describes the analysis
procedures, and the obtained results are discussed in Section 4.

2. Design of the TO counter

The Multi-Pixel Photon Counter (MPPC) offers excellent time res-
olution under a large photon flux, and its compact size provides op-
portunities to make a small and fast detector by combining with small
plastic scintillators. Moreover, it has become popular because of the
lower cost, immunity to a magnetic field and lower operating voltage
compared to photomultiplier tubes (PMTs). Therefore, MPPCs have
been widely used in high energy and nuclear physics experiments
for fast-timing measurements [11-18]. We have newly developed the
TO counter for the WASA-FRS HypHI experiment using MPPCs in
combination with fast-timing plastic scintillators.

A schematic view of the TO counter is shown in Fig. 4. It consists
of 28 plastic scintillators with a size of 45 mm X 1.5 mm X 1.5 mm. We
adopted the EJ-232 plastic scintillators from Eljen Technology with a
refractive index of 1.58, a rise time of 0.35 ns and a decay time of
1.6 ns. Such a small segmentation design reduces the counting rates on
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Fig. 1. A schematic overview of the FRS configuration during the WASA-FRS HypHI experiment. See the text for details.
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Fig. 2. A schematic view of the detailed setup at FRS-F2 used in the WASA-FRS HypHI experiment. See the text for details.

each segment, and thus, a stable performance can be achieved. Owing
to the small size of the scintillators and limited space between them, it
is impossible to directly collect photons from each scintillator using an
individual MPPC. Additional light guides, for example made by fibers,
were not adopted, because they will lead to a degradation of the time
resolution [19]. Therefore, we came to the unique design using the
MPPC array, Hamamatsu S13615-1025N-04 [20] coupling to four small
plastic scintillator bars. Both sides of each scintillator segment are cou-
pled to MPPCs using optical grease (TSK5353, Momentive Performance
Materials) directly.

Each MPPC array consists of 4 x 4 channels, and each channel has
as an effective photosensitive area of 1.0 mm x 1.0 mm with a 0.2 mm
pitch between the adjacent channels. Each channel has 1584 pixels with
a pixel pitch of 25 pm. The total size of each MPPC array is 4.85 mm X
4.85 mm. The breakdown voltage in the specification is ~53 V. The
MPPCs are arranged on a PCB board, as shown in Fig. 5(a). Seven
MPPCs arrays are placed into two rows in the Z direction. They are
seamlessly aligned along the X direction, while the neighboring MPPCs
are physically separated with different Z position. Bias voltage to the
MPPC is applied using a Kikusui PMX350-0.2A power supply [21]. A
schematic top view of the PCB board with the coupled scintillators
is shown in Fig. 5(b), where the gray boxes labeled with numbers
corresponding to the scintillators. Four scintillators are coupled to the
centers of four selected channels of each MPPC array, as highlighted
by the red boxes in Fig. 5(a). This arrangement physically separates
adjacent scintillators while allowing for a 0.25-0.3 mm overlap in the
X direction, ensuring that beam particles will interact with at least one
scintillator segment. The size of the scintillator with a cross section of
1.5 mm x 1.5 mm can also guarantee the mechanical strength and can
prevent deformation. The combined configuration of scintillators and
MPPCs results in an effective detection area of approximately 34 mm

in the X direction and 45 mm in the Y direction, which matches the
beam spot size.

3. Measurements and analysis
3.1. Experimental setup

Fig. 1 represents an overview of the configuration used in the
WASA-FRS HypHI experiment. The TO counter, the WASA central
detector, additional detectors and a diamond target (!2C) are installed
at the central focal plane of the FRS (F2). Beams extracted from the
SIS-18 synchrotron bombard on the diamond target. Light hypernuclei
produced in nuclear reactions can fly forward and decay in-flight
behind the target since they were boosted. Light charged particles from
the decay and beam reactions at the target are detected by the WASA
central detectors and associated detectors, while particles emitted to
the forward direction around at 0° are transported through the second
half of the FRS (F2-F4) and are measured by plastic scintillators SC31
in F3, SC41, SC42 and SC43 in F4, as well as two multi-wire drift
chambers (MWDCs) at F4.

The detailed setup at F2 is illustrated in Fig. 2. The TO counter is
placed at the entrance of FRS-F2 in front of the other all detectors
to measure beams particles, and it defines the start timing of the
TOF measurements. The WASA central detector consists of a mini-drift
chamber (MDC), a plastic scintillator barrel (PSB), a forward end-
cap (PSFE), a backward end-cap (PSBE), a superconducting solenoid
magnet [22,23] as well as a scintillator electromagnetic calorimeter
(SEC). Additional fiber trackers (UFTs, MFTs and DFTs) are installed to
measure trajectories of charged particles. They are used for determining
primary and decay vertices, which are essential to deduce the lifetime
of hypernuclei.
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Fig. 3. Particle identification plots using the Monte Carlo simulation: (a) with a TOF resolution of approximately 110 ps, that is, a TO counter time resolution of 80 ps, which is
similar to that of the PSB. The abscissa shows the momentum divided by the charge, and the ordinate shows the velocity normalized to the speed of light (8). (b) The distribution
of deduced masses from (a), the abscissa shows the mass divided by charge. (c) Same plot as (a), with an assumed TOF resolution of 200 ps, that is, a TO counter time resolution
of 183 ps. (d) The distribution of deduced masses from (b), the abscissa shows the mass divided by charge.
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Fig. 4. The schematic view of the TO counter. It consists of 28 plastic scintillators
with a size of 45 mmx 1.5 mmx 1.5 mm. Every 4 adjacent segments are coupled to one
MPPC. Both sides of each segment were readout.

The experiment was commissioned with proton beams at 2.5 GeV,
and the hypernuclear production measurement was performed with
SLi and '>C beams at 1.96 AGeV. A total spill length of beam is
approximately 12 s. To monitor the beam intensity during the exper-
iment, counting rates of a secondary electron transmission monitor
(SEETRAM) [24], SC41 and four selected segments (6, 14, 15 and 22)
of the TO counter are recorded by using a CAEN V830 module.

For the TO counter, analogue signals from both sides of each seg-
ment are amplified by using the amplifiers that had been developed

Table 1

The parameters applied to the MCFD-16 modules for the TO counter.
Parameter Gain Fraction Delay
Value 3 20% 2 ns

in Ref. [18]. The analogue signals after amplification are converted to
logic signals by using the Mesytec MCFD-16 modules [25]. Therefore,
the dependence of the timing on the amplitude is removed. The CFD
parameters used in the experiment are listed in Table 1. The hit timing
information is then recorded by using CAEN V1290 Time-to-Digital
Converter (TDC) modules. In addition, the charge information from
each MPPC channel is also recorded by CAEN V792 Charge-to-Digital
Converter (QDC) modules, which allows for the identification of beam
particles. Analyses of recorded data are described in Section 3.3.

3.2. Intensity analysis

The °Li beam counting rate on the segment 14 is estimated to inves-
tigate the intensity dependence of the time resolution of the TO counter
for °Li beams, because the segment 14 is at the center of the beam spot
and a higher intensity is measured at this point. We have recorded the
counting rate on the segment 14 using a CAEN V830 scaler. However,
owing to the effects of noise and 6 rays, it was higher than the actual
counting rate on it. Therefore, the actual counting rate of °Li on it is
estimated using two steps. First, the total beam intensity delivered to
FRS-F2 is estimated. Subsequently, the beam profile at the TO counter
position is estimated based on the measured track information using the
two fiber tracker stations, UFT1 and UFT2. Consequently, it is estimated
that 9.3%=0.1% of the total beam intensity would hit the segment 14.
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Fig. 5. (a) A photo of the PCB board for the MPPC array readout of the TO counter.
Four channels marked in red in each MPPC array are selected to read out the signals
from the scintillators, as highlighted with the red boxes. All the other channels are not
biased. (b) A schematic top view of the TO counter installed in the experiment.

Therefore, the actual counting rate on the segment 14 is deduced by
scaling the total beam intensity by 0.093.

The total beam intensity is analyzed using three different methods
depending on the intensity range. Firstly, the total beam intensity is
estimated using the SEETRAM detector, which was calibrated to the
absolute °Li intensity. Secondly, the SC41 counting rate is used to
measure the total beam intensity lower than 10 MHz, because the
SEETRAM detector is only sensitive to ®Li beams at 1.96 AGeV with an
intensity larger than 10 MHz. While, the SC41 counting rate is much
lower and sensitive to a lower total beam intensities, it maintains a
linear correlation to the high total beam intensity owing to the limited
FRS acceptance and low production rate of the 3He. Therefore, it can
cover a wide range of the intensity measurement. A correlation between
the SC41 counting rate and the total beam intensity measured using the
SEETRAM detector is shown in Fig. 6. The correlation is fitted with a
linear function, as shown by the red line in the plot. In this manner,
the SC41 counting rate is calibrated to the total beam intensity, i.e., the
total beam intensity could be estimated using the SC41 counting rate.
Lastly, the scaler-recorded counting rate of the segment 14 is used to
measure the total beam intensity when the counting rate on segment
14 is lower than 100 kHz, because the SC41 counting rate is lower than
10 per 10 ms in this case, and the total beam intensity estimated via
SC41 has a large uncertainty. It is noticed that although it is higher
than the actual counting rate, the scaler-recorded segment 14 counting
rate is linear to the SC41 counting rate when the actual counting rate
on the segment 14 is lower than 100 kHz. Therefore, the total beam
intensity could be estimated using the scaler-recorded counting rate on
the segment 14.

The counting rate is measured over a time interval of approximately
10 ms, and the time information is obtained from a 100 kHz clock that
was recorded using the same CAEN V830 module. For each intensity
point, if the estimated intensities in a period longer than 30 ms are
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Fig. 6. Correlation between the total beam intensity and SC41 counting rate for a time
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detector, which is calibrated for the WASA-FRS HypHI experiment. The correlation is
also fitted with a linear function, as denoted by the red line.

within +30% of the selected intensity, the events during this period are
used to estimate the time resolution of the TO counter.

3.3. Estimation of the time resolution

Owing to the overlap of approximately 0.25 to 0.3 mm in the X
direction between neighboring segments of the TO counter, a certain
portion of the beams can traverse through both segments. Therefore,
the Time-of-Flight resolution between them can be estimated via the
distribution, as shown in Fig. 8.

For segment i and its neighboring segment i + 1, the Time-of-Flight
between them is calculated with
A A

2 2
where ¢/ and ¢ are the hit timings of the upper and bottom side
of segment i in the Y direction, respectively. The TOF distribution is
then fitted with a Gaussian function within a 3¢ range, and the TOF
resolution O-”il"OF is then estimated using the standard deviation of the
fitting result.

Fig. 7 represents a typical QDC spectrum for one side of the segment
14, which is positioned at the center of the beam spot, under a low-
intensity °Li beam of ~kHz. The events are selected when both sides
of the segment 14 have TDC values in proper range. Therefore, the
peak corresponding to pedestal is invisible in the plot. In addition to
the prominent peak corresponding to °Li beam, a smaller peak on the
left side is observed. This peak is caused by 6 rays produced by beams
interacting with the materials surrounding the TO counter. It appears on
the spectra for both sides of all the segments and leads to a degradation
of the time resolution in the case with °Li beams. To exclude the &
ray events, the events with appropriate QDC values are selected, as
indicated by the red shadowed region in Fig. 7. The TOF distribution
for selected ®Li beam events and § ray events are shown in Fig. 8 in
magenta and cyan lines, respectively. The °Li beam events refer to the
events in which both the segment 14 and the segment 15 are hit by the
SLi beams. The § ray events are the events in which at least one of the
segment 14 and the segment 15 is hit by § rays. Both distributions are
fitted by using a Gaussian function within a 3¢ range and the fit results
are shown in the same figure. It is observed that the TOF resolution is
much better for selected °Li beam events with appropriate QDC values.
Similar selections are applied for all the channels when investigating
the overvoltage dependence and geometrical dependence of the TOF
resolution.

TOF, = )
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Fig. 8. Distribution of the TOF between the segment 14 and the segment 15. The
histogram drawn with magenta lines is the distribution for selected events in which
SLi beam particles hit both the segment 14 and the segment 15. The histogram drawn
with cyan lines is the distribution for events in which at least one of the segments is
hit by 6 ray. Both distributions are fitted with a Gaussian function within a 3¢ range. It
is observed that the TOF resolution becomes better after selecting the °Li beam events.

In the case with proton beams, a single peak is observed in the QDC
spectrum. It remains uncertain if § ray events were included. When
studying the beam charge dependence of the time resolution, proper
selections with QDC values are implemented for °Li and '2C beam
data, while no selection is applied to the proton beam data. It is worth
nothing that the TOF resolutions with proton beams may be affected
by the 6 rays.

As the beam intensity on each segment increases higher than ap-
proximately 19 kHz, the observed °Li beam peak in the QDC spectrum
is gradually displaced towards the § ray peak, caused by the gain degra-
dation of the MPPCs [26-28]. Consequently, it becomes impossible to
separate them via a QDC selection. The expected horizontal distribution
of § ray events is considered to be more flat and wider than that of
beam particles, since the 6 rays are scattered from the surrounding
materials, while the horizontal beam spot size is ~6 mm (¢). Thank
to the segmented design, the impacted TO segment could provide a
coarse X position of the particles including beam particles and §-rays.
Meanwhile, the tracks of the beam particles could be reconstructed and
their X positions at the location of the TO counter could be extrapolated
from the hit positions of the UFT1 and UFT2. We selected events in
which the absolute value of the residuals between the X positions
obtained from these two different approaches is smaller than ~3 mm. In
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Fig. 9. The TOF resolutions of several neighboring segment combinations of the TO
counter under different overvoltages with respect to the breakdown voltage reported
in the specification [20].

addition, the events in which the multiplicity of the TO counter equals
to two are selected to further exclude the § ray events. For the analysis
of the intensity dependence of the TOF resolutions, no QDC selection
but the combination of these two selections are applied for the entire
intensity range to ensure equal treatment for all of the data sets.

4. Results and discussion

The TOF resolutions between the neighboring segments of the TO
counter are estimated, and its dependence on the operation over-
voltage, segment combinations, beam intensity, beam charge Z are
presented.

4.1. Overvoltage dependence and segment dependence

The influence of the operation overvoltage on the TOF resolutions
has been studied using °Li beams at 1.96 AGeV with a total beam
intensity lower than 100 kHz. The overvoltage values with respect to
the breakdown voltage reported in the specification [20] were varied
from 2 Vto 7 V at a step of 1 V. The results are shown in Fig. 9. The four
segments that were read out using one MPPC array at the center of the
beam profile are shown in the plot for representation, and the others
have similar results. The observed differences between TOF resolutions
with different operation overvoltage values are less than 26.3 + 1.6 ps.
Additionally, the dependence varies between different combinations of
the neighboring segments.

The TOF resolutions for different neighboring segment combina-
tions under varying operation overvoltage values are shown in Fig. 10.
The results for 12 neighboring segment combinations at the center of
the beam profile are shown. The others segments at the edge of the
TO counter are not shown owing to their low statistics, even though
they have better TOF resolutions but with larger uncertainties. The TOF
resolution also varies with different neighboring segment combinations,
ranging from 44.6 + 1.3 ps to 86.0 + 1.4 ps, and the dependence is similar
under different operation overvoltage values.

The TOF resolution is related to the time resolutions of both seg-
ments with

ohor = \/ 0% + 0141 ()]

where the ¢; and o, ; are the time resolutions of the segment i and i+1,
respectively, which can be estimated with G,}OF = \/Ea,-, if 6, = 0;41.
Therefore, the time resolution of each segment can be evaluated as
o, = O',i[,OF /\/5. However, the segment combination dependence of the
TOF resolutions indicates that the assumption o; = 6,,; does not hold.
Therefore, the time resolution of individual segments is not evaluated
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small statistics owing to the beam profile.

using this method. Nevertheless, the presence of TOF resolutions better
than 86.0 + 1.4 ps indicates time resolution could be better than 80 ps.
Owing to the structure of the TO Counter, some beam particles
cross only one segment, while others cross two segments, and therefore
have different energy loss. However, considering a flight length of
approximately 1.3 m, the Time-of-Flight difference caused by this effect
is smaller than 1 ps for 1.96 GeV/u °Li beam particles. Therefore, it is
negligible since it is smaller than the measured TOF resolutions.

4.2. Intensity dependence

Fig. 11 represents the TOF resolution between segment 14 and 15
as a function of the counting rate on segment 14. The TO counter is
irradiated with °Li beams and the bias voltage applied to the TO counter
is 55 V. The observed TOF resolution gradually deteriorates as the beam
intensity increases. This tendency in the dependence is consistent with
the observation in Ref. [11]. Notably, segment 14 occupies the central
position of the beam spot during the WASA-FRS HypHI experiment
and consequently experiences the highest beam intensity among the TO
counter segments. Additionally, the maximum beam intensity observed
in segment 14 reaches approximately 3 MHz, and the corresponding
TOF resolution remains better than 100.3 + 3.6 ps even though it is
affected owing to the §-rays. Considering the excellent time resolution
of the PSB, this performance meets the requirement for the WASA-FRS
HypHI experiment.

4.3. Beam charge dependence

The TOF resolutions of different neighboring segment combinations
are investigated considering the beam charge Z and an overvoltage
of 2 V using proton beams, °Li and '?C. The results for four segment
combinations are shown in Fig. 12 as a representation, and the other
combinations have a similar dependence. It is observed that the esti-
mated TOF resolution of the TO counter is inversely related to the beam
charge Z. The TOF resolution in the case of °Li beams is drastically
better than that in the case of proton beams, but similar to that in '2C
beam case. It has been reported in Refs. [11,18] that the time resolution
is inversely proportional to the squared root of the energy loss \/E
in the plastic scintillator. Since \/E is approximately proportional to
the beam charge Z, the time resolution is expected to be inversely
related to the beam charge Z for the minimum ionization particles.
However, as we have discussed in Section 3.3, it remains uncertain if
the 6 rays are included or not in the case of proton beams, resulting
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in some deviation from the estimated TOF resolution. Therefore, The
tendency of the observed dependence is similar to the results reported
in Refs. [11,18].

5. Summary

A compact and uniquely-designed start time counter for the hy-
pernuclear measurements in the WASA-FRS HypHI experiment was
developed in this study using plastic scintillators and MPPC arrays.
The TOF resolutions between the neighboring segments of the TO
counter have been investigated with respect to different operation
overvoltage, counting rates and beam atomic charges. The results show
that the observed TOF resolutions of different neighboring segment
combinations of the TO counter are better than 86.0 + 1.4 ps under °Li
beams with a beam intensity lower than 100 kHz. The estimated TOF
resolutions of different segment combinations vary with a difference of
less than 41.4 + 1.9 ps. Additionally, the dependence under an applied
overvoltage range from 2 V to 7 V is similar, and the difference in
the TOF resolutions under different overvoltages is also smaller than
26.3 + 1.6 ps. The observed TOF resolution between segment 14 and 15
of the TO counter gradually deteriorates as the beam intensity increases.
Nevertheless, the observed TOF resolution between segment 14 and
15 is better than 100.3 + 3.6 ps during hypernuclear production mea-
surement in the WASA-FRS HypHI experiment, even though segment
14 was irradiated by °Li beams with the highest intensity in all TO
counter segments of up to approximately 3 MHz. Moreover, the TOF
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resolution of the TO counter is inversely correlated to the beam charge
Z, and the observed tendency is similar to the observations reported in
Refs. [11,18].
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