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1. Introduction

We still have a lot of problems to solve even in the sim-

plest few-body systems of hypernuclei such as 3
ΛH,

4
ΛHe,

and 4
ΛH.

Measurements to date revealed the existence of a large

effect of charge symmetry breaking (CSB) in the four-

body system of 4
ΛHe and 4

ΛH. Our group measured the

gamma-ray of the 4
ΛHe(1

+ → 0+) transition with good

statistics and high resolution[1]. In contrast, the data of
4
ΛH measured in the 1970s and 1990s are poor in statistics

and resolution. Thus, we plan to precisely measure the

gamma-ray energy of the 4
ΛH(1

+ → 0+) transition using a

high-resolution Ge detector array, Hyperball-J (J-PARC

E63 experiment). Any theoretical calculation cannot re-

produce the large CSB effect. The mechanism is still un-

clear and the next measurement will provide a clue to

a deeper understanding of the origin of the CSB which

might be related with ΛN-ΣN coupling interaction.

Excited states of 3
ΛH are probably unbound, but there

is a possibility to observe gamma-rays from them. The

energy of the 3
ΛH excited states with spin (isospin) of

1/2+(T = 1) and 3/2+(T = 0) can be close to their par-

ticle emission thresholds. In such cases, these states are

expected to deexcite partly with gamma emission. The

gamma-rays give us helpful information on the 3
ΛH(T = 1)

and nnΛ states and consequently the ΛNN (T=1) three-

body force as well as the ΛN-ΣN coupling interaction.

With these motivations in mind, we plan to measure

the gamma-rays from these lightest hypernuclei of 3ΛH and
4
ΛH in the E63 experiment to be performed at the J-PARC

K1.1 beamline.

2. J-PARC E63

We cannot produce 4
ΛH and 3

ΛH directly from the

(K−, π−) and (π+, K+) reactions, and therefore, we

adopt the 7Li (K−, π−) reaction for the production of
4
ΛH and 3

ΛH as hyperfragments. The beam K− and scat-

tered π− are identified and momentum-measured by the

K1.1 spectrometer and the SKS spectrometer, respec-

tively. The gamma-ray from 4
ΛH or 3

ΛH are measured by

a germanium (Ge) detector array, Hyperball-J, installed

around the target, which can be operated under high-

intensity high-energy hadron beam conditions.

3. Triple Coincidence Method using Range
Counters and Position Detectors

The 7Li (K−, π−) reaction produces many kinds of hyper-

nuclei including 4
ΛH and 3

ΛH. Therefore, it might not be

possible to identify the hypernuclear nuclide, from which

the gamma-rays are measured by Hyperball-J. For iden-

tification of the hypernucleus, we will perform a triple

coincidence measurement between the reaction, gamma-

ray, and weak decay for the first time (Fig. 1). We mea-

sure the kinetic energies of pions from two-body weak

decays of hypernuclei 4
ΛH (53MeV) and 3

ΛH (40MeV)

(4ΛH → 4He+ π−, 3
ΛH → 3He+ π−) with a range counter

system, which is newly developed in the present study.

Fig. 1: Principle of the experiment for triple coinci-
dence measurement and the experimental setup.

The range counter system is composed of range coun-

ters made of multi-layered plastic scintillator slabs and

position detectors of plastic hodoscopes. The purpose of

the range counter system is to separate two monochro-

matic pion peaks in the range spectrum with a kinetic

energy resolution less than 3MeV.

According to the previous study[2], the one-layer

thickness of the range counter is optimized by a Monte

Carlo simulation taking strong and electromagnetic in-

teractions into account, which shows that 4
ΛH and 3

ΛH can

be distinguished with a range counter whose each layer is

less than 10 mm thick. In this simulation, the hadronic

reaction of π− with nuclei incorporated in the simulation

could be different from the real interaction, and there-

fore, we determined the thickness to be 6 mm by taking

a safety factor.

The range counter system is made of 24 layers of a 6

mm-thick plastic counter as shown in Fig. 2. We adopted

a readout method using wavelength-shifting fibers and

SiPMs. In front of the range counter, plastic scintillator



hodoscopes are installed as position detectors for pions, in

order to remove angular uncertainty. The range counter

system is installed inside the Hyperball-J system.

Fig. 2: Range counter system.

4. Test Experiment with Prototype

I fabricated a prototype range counter made of 8 layers of

a 6 mm-thick plastic counter. The total thickness of the

prototype is one-third of that of the counter for the E63

experiment.

We performed an experiment at the downstream area

of the J-PARC K1.8 beam line for the purpose of test-

ing the prototype and evaluating its performance. Nega-

tive pions with a momentum of 300MeV/c were degraded

down to less than 110 MeV/c to stop them in the proto-

type (Fig. 3).

The time of flight was measured using two plastic ho-

doscopes located just before the prototype. Since the pi-

ons had various velocities, the incident energy before the

prototype was not uniform.

I selected slow pion events with the information of the

time of flight. I confirmed that about 350 pions stopped

at the prototype using the information on the energy loss

in each layer for each event. Then, I obtained range distri-

butions for two kinetic energy regions around 33MeV and

20MeV and found that the two peaks were well separated

(Fig. 4). The difference of 33MeV and 20MeV (13MeV)

is equal to the difference of kinetic energies of the pions

from 4
ΛH and 3

ΛH. Therefore, I confirmed that the proto-

type can separate the pions from 4
ΛH and 3

ΛH sufficiently

well.

Fig. 3: Experimental setup. Time-of-flight was mea-
sured with two counters T1 and T2.

Fig. 4: Top:Correlation between incident energy (I.E.)
measured by T1-T2 TOF and the measured range for
pion stop events. Bottom:measured range distributions
for the incident energy ranges of 33MeV and 20MeV.

5. Fabrication and Evaluation of Whole Set of
the Range Counter

Results of the test experiment with the prototype con-

firmed the designed range counter can separate the pions

from 4
ΛH and 3

ΛH. I fabricated a whole set of the range

counter and the position detector for the E63 experiment.

After the fabrication, I tested it with cosmic rays.

Thanks to some updates from the fabrication of the pro-

totype, I confirmed that the number of photons detected

at SiPMs of the range counter and the position detec-

tor were much more than that of the prototype. I also

confirmed the detection efficiency of all the layers of the

range counter and the segments of the position detectors

is higher than 95%.

6.Conclusion

We developed a range counter system for identification of

nuclides in a hypernuclear gamma-ray spectroscopy ex-

periment at J-PARC. Based on the results of the exper-

iment with the prototype and of the evaluation of the

whole set of the range counter system, we found that the

system can identify the weak decay pions in the E63 ex-

periment.
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Chapter 1

Introduction

The hypernucleus is a many-body system of nucleons and hyperon(s). It has been

investigated for studying baryon-baryon interactions and their unique properties

caused by hyperons free from the Pauli blocking effect. In particular, the Λ hy-

pernucleus has a much longer lifetime (≃ 10−10 sec) than the time scale of strong

interaction (≃ 10−22 sec) and its excited states can be investigated via gamma-ray

spectroscopy.

This chapter describes the significance and the purpose of hypernuclear studies,

the experimental methods particularly of gamma-ray spectroscopy, and the physics

motivations of the future experiment to be performed. Finally, the purpose of this

thesis study is described.

1.1 Purpose and Significance of the Study on Hy-

pernucleus

The significance of the study on the hypernucleus is as follows.

Nuclear or Hypernuclear Structures

Hypernuclear studies are interesting from a viewpoint of nuclear structure. Fig-

ure 1.1 shows the mass spectrum of 89
Λ Y [1]. The horizontal axis is the Λ binding

energy BΛ defined as

BΛ = Mcore +MΛ −MHY P ,

where Mcore, MΛ, and MHY P represent the mass of the core nucleus, the Λ hyperon,
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and the hypernucleus, respectively. Naively, the quantity BΛ represents “how much

lighter the hypernucleus has become after the core nucleus and the Λ are bound”.

Since the interaction of ΛN is weaker than that of NN, the spreading width

of unbound excited states of Λ hypernuclei is narrower than the Λ’s major shell

spacing, which allows us to observe the major shell structure of the Λ hyperon in

the nuclear potential. This spectrum experimentally confirms the existence of shell

structure even in heavy nuclei. This is a good example of how the structure of

ordinary nuclei can be studied by using hypernuclei, in which hyperons are free

from the Pauli effect and placed inside the nucleus as probes.

Structural changes in hypernuclei due to a hyperon are also interesting. Gamma-

ray spectroscopy is one of the best methods to study the properties of nuclei, and

it can be also applied to a Λ hypernucleus. Information on the energies and the

intensities of gamma-rays makes it possible to study the size and deformation as

well as the internal motion of nuclei and hypernuclei. Ge detectors developed by

our group enabled high-resolution measurement of energies of gamma-rays from

hypernuclei under high-rate and high energy hadron beam conditions. Then, a

precise measurement of gamma-rays from 7
ΛLi was carried out to investigate the

structural changes of the nucleus due to the attractive ΛN interaction, and it has

been found that the 6Li nucleus shrinks by about 20% due to the Λ hyperon [2].
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Figure 1.1: Hypernuclear mass spectrum of 89
Λ Y with-

out/with peak fitting [1].

Hyperon-Nucleon Interaction in Free Space and in Nuclear Medium

Until recently, information on the hyperon-nucleon (YN) interaction was extracted

from measurements of the mass or energy levels of hypernuclei. These spectroscopic
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studies have been performed using electron beams at JLab and MAMI and using

hadron beams at KEK and J-PARC.

However, the YN interaction in a nuclear medium becomes different from that

in the free space due to many-body effects in a nucleus. Recently, a Σp scattering

experiment was performed with the first great success at J-PARC [3, 4]. The next

experiment on Λp scattering has been proposed [5]. These pioneering experiments

will make it possible for us to directly determine the YN two-body interactions with

high precision.

Under this situation, it becomes more interesting than ever to study the many-

body effects in nuclear medium. One of the subjects is ΛN−ΣN coupling. Though

one pion exchange between Λ and N is forbidden because of the isospin invariance of

the strong interaction, two-pion exchange is allowed by changing Λ to Σ temporarily

as an intermediate state and returning to Λ. This ΛN − ΣN coupling gives vari-

ous effects in nuclear matter, but its property and magnitude are not determined

at all. The second subject is the three-body interaction. We do not understand

well the interaction among three nucleons, and much less the interaction among

three baryons including a hyperon. It is suggested that the contribution from ΛNN

three-body force might play a key role in a wide range of nuclear systems from light

hypernuclei to neutron stars. Now that it is possible to investigate the YN inter-

action directly from scattering experiments, we can reliably investigate many-body

effects extracted from data of hypernuclei.

As described in the following section, we still have a lot of problems to solve

even in the simplest few-body systems of hypernuclei such as 3
ΛH,

4
ΛHe, and

4
ΛH.

The problems in these lightest hypernuclei are most likely due to the lack of un-

derstanding of the YN interactions in the free space and the many-body effects in

nuclear medium described here. In recent years, new types of calculations such as

Lattice QCD, chiral EFT, and ab-initio few-body calculations have emerged. When

hyperons are included in nuclear systems, we sometimes meet unexpected problems

that were not visible in the ordinary nucleus. This indicates that our theory of

baryon-baryon forces is not perfect. The data of few-body hypernuclei are very

valuable for verification of new theoretical calculations. Therefore, it is worthwhile

to experimentally study light hypernuclei precisely.

Hypernuclei are not just nuclei with an added degree of freedom of strangeness;

they are rich objects that change our understanding of the baryon-baryon interac-

tions and give us deeper insights into the properties of baryonic matter that cannot

be obtained from ordinary nuclei alone.
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1.2 Gamma-ray Spectroscopy of 4
ΛHe (J-PARC E13)

Gamma-ray spectroscopy of Λ hypernuclei has been advanced by the Tohoku Uni-

versity group by the Proton Synchrotron at the High Energy Accelerator Research

Organization (KEK) in Tsukuba, Japan (KEK-PS) and the Alternating Gradient

Synchrotron in the Brookhaven National Laboratory (BNL) in the United States.

Then, the activity moved on to J-PARC in Tokai, Japan, and experiments have been

conducted and are currently planned there. A lot of hypernuclei have been inves-

tigated by gamma-ray spectroscopy and significant contributions have been made

to the understanding of the structure of hypernuclei and the interactions between

baryons.

In 2015, our group conducted a precision measurement of the gamma-ray energy

of the M1 transition of 4
ΛHe (1+ → 0+) using a high-resolution Ge detector array

(Hyperball-J) at J-PARC K1.8 beamline (J-PARC E13).
4
ΛHe hypernuclei were directly produced by the 4He (K−, π−) reaction and the

energy of the deexcitation gamma-ray was measured with high resolution. As a

result, the transition energy of 4
ΛH(1+ → 0+) was determined to be 1.406 ± 0.003

MeV [6] and the value is much higher than that measured in 1970s. Consequently,

the result revealed presence of a large charge symmetry breaking effect in 4
ΛHe and

4
ΛH as described in the next section.

1.3 Next Hypernuclear Gamma-ray Spectroscopy

Experiment (J-PARC E63)

We plan a new experiment of hyerpnuclear gamma-ray spectroscopy (J-PARC E63)

employing the K1.1 beam line, K1.1, which is to be newly constructed at J-PARC in

near future. In this section, two of the motivations of the experiment are described.

1.3.1 Study on the Charge Symmetry Breaking in the ΛN

Interaction

One of the open, crucial problems in the strangeness nuclear physics is charge

symmetry breaking (CSB) in the strong interaction between Λ and N. This effect

is evident in the four-body hypernuclei of 4
ΛH and 4

ΛHe. In this section, studies of

the CSB are reviewed and the next approach to the problem in the E63 experiment

is described.
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Charge symmetry and its breaking in many-body-nucleon system

The strong interaction is invariant under replacement of up and down quarks. this

symmetry is called charge symmetry. The isospin T = 1/2 doublet of quarks is

composed of up (T3 = +1/2) and down (T3 = −1/2) quarks. The charge symmetry,

in other words, is the invariance under a rotation by 180◦ for the x-axis in the isospin

space. The symmetry is a special case of charge independence, the invariance under

any rotation in the isospin space.

While the charge symmetry in the hadron level is slightly broken as in the mass

difference between proton and neutron, the charge symmetry in the nuclear level,

namely, the symmetry under replacement between protons and neutrons, holds well

in ordinary nuclei (at this moment, ordinary nuclei means nuclei with no strangeness

degree of freedom). The symmetry appears in little difference in nuclear binding

energies between mirror nuclei 3H and 3He. The difference is 764 keV. About 90% of

the difference of 764 keV is explained from the static Coulomb interaction [7, 8, 9],

other electromagnetic effects [10], and n, p mass difference in the kinetic energy [11].

The rest of the difference of about 70 keV comes from charge symmetry breaking in

strong interaction.

The origin of CSB should be explained from the current mass difference be-

tween up and down quarks and the electromagnetic interaction. In the hadron

level, the CSB effect, for instance, makes the neutron approximately 0.1% heavier

than the proton, and the origin of the CSB is dominantly caused by the mass dif-

ference between the quarks, approximately twice more than their electromagnetic

repulsion [12].

The origin of the CSB between the 3H and 3He binding energies is attributed

to the neutral meson mixing effect. Neutral mesons with the same spin-parity

but with different isospins like ρ0 − ω, π0 − η, and π0 − η′ slightly mix because

of isospin breaking due to u, d quark mass difference and electromagnetic effects.

The effect of the short-range ρ0 − ω mixing dominantly contributes to the 70MeV

difference in the nuclear binding energy between 3H and 3He: ∆B3(0+g.s.) defined as

∆B3(0+g.s.) = B [3He]−B [3H], while the others of π0− η and π0− η′ make negligible

contributions [13].

Charge symmetry breaking in four-body systems of nucleons and a hy-

peron

Figure 1.2 shows the energy levels of 4
ΛHe and

4
ΛH in terms of the Λ binding energy,

excluding the difference in binding energies between the core nuclei. As described in

6



Sect. 1.2, our group precisely measured the gamma-ray energy of the M1 transition

of 4
ΛHe (1

+ → 0+). At the same time, the MAMI group successfully performed a

decay pion spectroscopy experiment and measured the Λ binding energy of the 4
ΛH

ground state [14, 15]. Since the ground state of 4
ΛH decays into two bodies of 4He and

π− via weak interaction. It is consequently possible to obtain the Λ binding energy

only by measuring the momentum of the π−, determining the Λ binding energy of

the 4
ΛH ground state as 2.157± 0.077MeV. The Λ binding energy of the 0+ ground

state of 4
ΛHe was measured to be 2.39 ± 0.05MeV by an emulsion experiment [16]

and, the STAR collaboration has recently reported a value consistent with the

emulsion value in a heavy ion experiment [17].

The gamma-ray energy of the transition 4
ΛH(1+ → 0+) was measured three

times in old experiments [18, 19, 20]. The value in Fig. 1.2 is the averaged value of

them.

These measurements revealed the existence of a large CSB effect in the ΛN

interaction. The difference in the Λ binding energy between the ground states,

∆B4
Λ(0

+
g.s.), is 233± 92 keV, which is much larger than the difference in the binding

energy between the core nuclei of ∆B3(0+g.s.) = 70 keV. Furthermore, the difference

in the Λ binding energy between the 1+ excited states is ∆B4
Λ(1

+
exc) = −83 ±

94 keV, and the large symmetry breaking in the ground states is recovered in the

excited states suggests a large spin dependence of the CSB in ΛN interaction. Here,

∆B4
Λ(0

+
g.s.) and ∆B4

Λ(1
+
exc) are defined as ∆B4

Λ(0
+
g.s.) = BΛ[

4
ΛHe(0

+)] − BΛ[
4
ΛH(0

+)],

and ∆B4
Λ(1

+
exc) = BΛ[

4
ΛHe(1

+)]− BΛ[
4
ΛH(1

+)].

In the case of the core nuclei, the binding energy difference mostly comes from

Coulomb interaction, but in the case of the Λ binding energy difference in the

A = 4 hypernuclei, its contribution is rather small [21]. The ∆B4
Λ(0

+
g.s.) should

come from charge symmetry breaking in the strong interaction, suggesting that

the Λn interaction is significantly different from the Λp interaction. A Λ hyperon

has isospin 0 and consequently, the charge symmetry should hold well between the

isospin doublet of Λn (T3 = −1/2) and Λp (T3 = +1/2) interactions. However,

this is not the reality.
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Figure 1.2: Level schemes of γ-ray transitions of 4
ΛH and

4
ΛHe. The Λ binding energy (BΛ) of 4

ΛHe (0+) was mea-
sured in emulsion experiments [16] and that of 4

ΛH (0+) in
decay pion spectroscopy [14, 15].

Theoretical studies on the CSB

Λ hyperons have a small admixture of Σ0 (T=1 component) due to a small isospin

symmetry breaking. Figure 1.3 shows the diagram for the Λ − Σ0 mixing in ΛN

interaction. One-pion exchange between Λ and N is forbidden due to isospin conser-

vation in the first approximation, but because of the mixing, the one-pion exchange

is allowed and could contribute to long-range CSB. However, the mixing can not

completely explain the observed large effect of CSB in 4
ΛH and 4

ΛHe. It predicted

only ∆B4
Λ(0

+
g.s.) ≃ 100 keV.

Studies with perturbation theory using four-body wave functions from varia-

tional Monte Carlo calculation predicted ∆B4
Λ(0

+
g.s.) ≃ 50 keV and ∆B4

Λ(1
+
exc) ≃

−60 keV [23]. On the other hand, ab-initio calculations based on the widely used

hyperon-nucleon (YN) Nijmegen soft-core meson exchange model (NSC97e) pre-

dicted ∆B4
Λ(0

+
g.s.) ≃ 70 keV and ∆B4

Λ(1
+
exc) ≃ −10 keV [24]. A precise calculation

was recently performed based on the chiral EFT interaction (the leading order) with

the Λ− Σ0 mixing effect using a four-body no-core shell model [25]. However, any

calculation has not been able to reproduce the large symmetry-breaking effect with

satisfaction. It is conjectured that the origin of the CSB is related to ΛN − ΣN

coupling and many-body effects like ΛNN three-body interaction (Fig. 1.4) but the

8



details of the mechanism are still unclear.

Figure 1.3: CSB contributions involving pion exchange due
to ΛΣ0 mixing [22]

Figure 1.4: Left: ΛN-ΣN coupling between Λ and N.
Right: ΛNN three-body interaction due to the ΛN-ΣN cou-
pling

Future measurement of the gamma-ray energy of 4
ΛH (1+ → 0+)

As mentioned before, the gamma-ray transition of 4
ΛH(1+ → 0+) was measured

three times in the past. It was measured (1) via stopped K− on 6Li and 7Li in

coincidence with pions with 48-58 MeV of kinetic energy [18], (2) via stopped K− on
7Li in coincidence with charged one or two particles [19], and (3) via stopped K− on

Li, Be, and C targets coincidently with 53MeV π− [20]. The value of 1.09±0.02MeV

in Fig. 1.2 is the averaged value of (1) 1.04 ± 0.04MeV, (2) 1.09 ± 0.03MeV, and
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(3) 1.114± 0.015± 0.015MeV. These three values measured with NaI in the 1970s

and 1990s rather diverge from each other, and all the data are poor in statistics

and resolution.

Therefore, the E63 experiment plans to measure this energy with an accuracy

of several keV, as in the E13 experiment. Although no theory has yet been able to

reproduce the magnitude of this CSB effect, ab-initio rigorous calculations of few-

body hypernuclei and updated theoretical models of baryon-baryon interactions are

being developed at present. Therefore, it is essential to provide high-precision data

from the experimental side. Our motivation is to elucidate the origin of the CSB

mechanism and contribute to understanding of the baryon-baryon interactions by

combining precise measurements of the four-body hypernuclear energies with precise

theoretical calculations. The Λp interaction is planned to be studied via a scattering

experiment being prepared now. In contrast, the Λn interaction is hard to study

directly via scattering experiments. Then, it is significant to study the CSB by

precise measurement of the hypernuclear energy levels.

1.3.2 Search for Excited States of 3
ΛH

Few-body hypernuclear systems are not yet completely understood besides the prob-

lem of CSB. In the two-body nucleon system, only deuteron belonging to the isospin

singlet (T = 0) is bound, and any two-body nucleon system belonging to the isospin

triplet (T = 1) is not bound.

When considering the three-body system with a Λ, only the ground-state hyper-

triton 3
ΛH with T = 0 and spin-parity 1/2+ is considered to be bound. However, the

HypHI experiment conducted at the Heavy Ion Institute (GSI) suggested existence

of one of the T = 1 three-body systems, nnΛ [26] as a bound state, although it was

not predicted to be bound by any calculation [27, 28, 29]. Motivated by this experi-

ment, an experiment to search for the nnΛ state [30] and the final state interaction of

nΛ [31] was performed at Thomas Jefferson National Accelerator Facility (JLab) in

the United States. The experiment did not find a statistically significant signal for

the Λnn state, but the statistics is insufficient to conclude whether the nnΛ state

exists. A plan for the next search experiment with increased accuracy is under

discussion.

The ground state binding energy of 3
ΛH was measured using nuclear emulsion

plates in the 1970s, and its value was reported to be BΛ(
3
ΛH) = 0.13±0.05MeV [16].

Because this value is small, it was naturally believed that 3
ΛH is a very loosely bound

state of a Λ and a deuteron. Therefore, the lifetime of 3
ΛH was considered to be

almost the same as the lifetime of Λ in the free space, and the old emulsion data
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with large errors were not inconsistent with this native expectation [33, 34, 35].

Recently, however, heavy ion experiments reported lifetime values inconsistent

with that of Λ in the free space (Table 1.1) [36, 37, 38, 39]. They claimed that the

lifetime of 3
ΛH is significantly shorter than that of Λ in the free space.

Table 1.1: Lifetime of 3
ΛH.

Lifetime of 3
ΛH [ps]

emulsion [33] 232+45
−34

emulsion [34] 285+127
−105

emulsion [35] 246+62
−41

STAR [36] 157± 30

HypHI [37] 183+42
−32 ± 37

ALICE [38] 181+54
−39 ± 33

STAR [39] 142+24
−21 ± 29

Λ in free space [PDG] 263.2± 2.0

In addition, the STAR group recently reported that the Λ binding energy of
3
ΛH (0.41± 0.12(stat.)± 0.11(syst.)MeV) [40] is much larger than that obtained by

nuclear emulsion experiments.

Thus, the situation is problematic because various lifetime values seem to be

significantly inconsistent with the Λ binding energies and, in addition, various ex-

perimental values do not agree with each other. This fact suggests that our under-

standing is still insufficient even for the simplest hypernucleus, 3
ΛH.

A possible solution to these two issues may be given by a measurement of the

excited state energies of 3
ΛH. Although the excited states of 3

ΛH are believed to be

unbound, they may emit de-excited gamma-rays (Fig. 1.5). According to Ref. [26],

the nnΛ state is possibly bound. Then, from the charge independence, the energy

of the 1/2+ (T=1) state of 3
ΛH may be below or very close to the threshold of

(np)T=1Λ. In such a case, since the isospin is conserved in strong interaction, the

decay of 3
ΛH(T = 1) → dΛ via the strong interaction is suppressed, and (1/2+ (T =

1) → 3/2+ (T = 0)) and/or (1/2+ (T = 1) → 1/2+ (T = 0)) gamma transitions

could be observed.

If these gamma-rays are precisely measured, we can obtain information on the

excited states of 3
ΛH (T = 1) and, at the same time, confirm that the nnΛ state can

exist either as a bound state or a resonance state. Although theoretical predictions

claim that the nnΛ state is not bound with much higher energy than the threshold,

it could be bound by an effect of the three-body interaction (especially of T = 1).
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If we measure the energy of pnΛ (T = 1), we can obtain important information

about the T = 1 three-body interaction, which is especially important in neutron

stars where many neutrons exist. On the other hand, it is possible that the excited

state energy of 3/2+ (T = 0) is lower than or very close to the threshold of dΛ. In

this case, a gamma-ray of 3/2+ (T = 0) → 1/2+ (T = 0) transition will be observed.

This measurement will reveal the magnitude of the ΣN−ΛN coupling. We plan to

measure the energies of these gamma transitions using Hyperball-J.

Figure 1.5: Energy levels of the three-body system of Λ
and nucleons and observable gamma transitions of 3

ΛH.

1.4 Purpose of this Study

The E63 experiment uses 7Li (K−, π−) reaction. 4
ΛH and 3

ΛH are produced when

unbound, highly excited states of 7
ΛLi are produced and decay via strong interaction

with emission of 3He or 4He, respectively. Hypernuclei such as 4
ΛH and 3

ΛH which

are produced after the decay of the unbound excited states hypernuclei directly

generated from the (K−, π−) or (π+, K+) reactions are called secondary hypernuclei

or hyperfragments. To measure the energy of gamma-rays from 4
ΛH and 3

ΛH, it

is necessary to identify the nuclides of secondary hypernuclei produced after the

(K−, π−) reaction. In this study, we developed a detector system for identifying

the nuclides.
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Chapter 2

J-PARC E63 Experiment

We plan to measure gamma-rays from 4
ΛH and 3

ΛH. One of the purposes is a precision

measurement of the energy difference between the ground doublet states in the 4
ΛH

for study of the origin of charge symmetry breaking in the four-body baryon system.

The other purpose is to search for excited states of 3
ΛH. This chapter describes

outline of the E63 experiment and the gamma-ray measurement method.

2.1 Experimental Methods

2.1.1 Production of Hypernuclei and Measurement of Gamma-

rays

We use 7Li target for production of 4
ΛH and 3

ΛH. Here I explain the reason for using

the target and the way of producing 4
ΛH and 3

ΛH. Reactions commonly used to create

a Λ hyperon are K−n → π−Λ and π+n → K+Λ, where a neutron is converted to

a Λ hyperon. However, 4H decays in a half-life of 1.4 × 10−22 seconds. Although
3H has a relatively long half-life of 12 years, it is not easy to prepare much of 3H.

Thus, it is hard to produce 4
ΛH or 3

ΛH directly from the reactions of (K−, π−) or

(π+, K+). Alternatively, there are (e, e′K+), (π−, K0), and (K−, π0) reactions

that change a proton to a Λ. Since both 4He and 3He are stable nuclei, direct

production is possible in these reactions. However, it is not easy to produce 4
ΛH or

3
ΛH from these reactions; in the (e, e′K+) reaction, the background is extremely high

because a primary beam is used, which makes it impossible to measure gamma-rays

coincidently. In the (π−, K0) and (K−, π0) reactions, the detection efficiency is low

because of the necessity to measure neutral particles of K0 and π0, which leads to

a low production yield.

We adopt 7Li (K−, π−) reaction for the production of 4
ΛH or 3

ΛH, where these
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hypernuclei are expected to be produced efficiently. In the 7Li (K−, π−) reaction,

various excited states of 7
ΛLi are produced, and if they have relatively high en-

ergy, they decay into two or more nuclear fragments including hypernuclei (called

hyperfragments) depending on the energy the 7
ΛLi excited state has.

The energy levels and decay channels of 7
ΛLi are shown in Fig. 2.1. Highly-excited

unbound states of 7
ΛLi decay via strong interaction into various hyperfragments. In

the region of excitation energy higher than 19.3MeV, 4
ΛH can be produced, and in

that higher than 6.9MeV, 3
ΛH can. In the experiment, the missing mass of 7

ΛLi
∗

is measured, and the production of 4
ΛH or 3

ΛH can be enhanced by selecting the

appropriate regions of the missing mass. The missing mass is obtained from the

momentum of beam K− and scattered π− as;

MHYP =

√
(Eπ +M− EK)2 − (

−→
Pπ −

−→
PK)2,

where the Eπ (EK) is the total energy of π− (K−),
−→
Pπ (

−→
PK) is the momentum of π−

(K−), and M is the mass of the target nucleus.

Figure 2.1: The energy levels and decay channels [46]

Production of 4
ΛH

We produce 4
ΛH from the in-flight 7Li (K−, π−) reaction at 0.9GeV/c. The gamma-

ray was observed in an experiment at the Alternating Gradient Synchrotron in

Brookhaven National Laboratory (BNL-AGS) in the past [41]. This experiment was
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conducted to measure the gamma-ray transition of 7
ΛLi via the (K−, π−) reaction at

PK− = 0.82GeV/c with 1010 kaons on Li target. Fig. 2.2 shows gamma-ray energy

spectra observed in coincidence with the (K−, π−) reaction. This figure is shown

separately in three excitation-energy regions of 7
ΛLi; (a) −2 to 6 MeV (b) 6 to 22

MeV, and (c) 22 to 39 MeV. In (c), we can see a peak at 1.1MeV, and the peak was

believed to be the gamma-ray from both 4
ΛH and 4

ΛHe at that time. However, the

E13 experiment recently determined the gamma-ray energy of 4
ΛHe to be 1.406 MeV.

Therefore, the peak at 1.1 MeV is considered to be only from 4
ΛH. It shows that a

large yield of gamma-rays from excited 4
ΛH is expected in this reaction. Therefore,

we decided to adopt this reaction.
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Figure 2.2: Gamma-ray energy spectra observed in coincidence
with the (K−, π−) reaction [41]. This figure is shown separately
in three excitation-energy regions of 7

ΛLi; (a) −2 to 6 MeV (b) 6 to
22 MeV, and (c) 22 to 39 MeV.

Production of 3
ΛH

In the 7Li nucleus, there is a cluster structure of 3H and 4He. Therefore, 3
ΛH is likely

to be produced when the 3H cluster in 7Li target is converted by the 7Li(K−, π−)

reaction. As Fig. 2.1 shows, the 3
ΛH production threshold is about 8 MeV in the 7

ΛLi

excitation energy. In the (K−, π−) reaction with a beam K− around 1.0GeV/c,

16



substitutional state production is favored and produced states are likely to decay

into 3
ΛH.

When the excitation energy of 7
ΛLi is over 12 MeV, the excited state with T = 1

can be produced and it is likely to decay into the excited state of 3
ΛH with isospin

T = 1 and spin-parity 1/2+ due to isospin conservation. When in the region of the

excited energy from 8 to 12 MeV, the exited 7
ΛLi state has 3/2− of spin-parity and

T = 0 isospin. The state is likely to decay into either two states of 3
ΛH with 3/2+,

T = 0 or 1/2+, T = 0.

2.2 Experimental Setup

2.2.1 J-PARC K1.1 Beamline

Japan Proton Accelerator Research Complex (J-PARC) is a group of proton accel-

erators and experimental facilities for conducting cutting-edge research in a wide

range of fields, from elementary particle physics to nuclear physics, material science,

life science, and nuclear transmutation. J-PARC’s proton accelerator group accel-

erates protons to 400 MeV with a linac, 3 GeV with a synchrotron called Rapid

Cycling Synchrotron (RCS), and 30 GeV with another synchrotron called Main

Ring (MR).

At the Hadron Experimental Facility (Fig. 2.3), primary protons extracted from

the MR and the secondary particles generated by bombarding the primary protons

to a gold target (T1 target) are used. The primary beam is extracted slowly so

that many particles are produced continuously at the T1 target, which enables a

high-intensity beam in experimental areas. It takes about 2 sec to slowly extract

protons little by little. This method is called slow extraction. Primary protons

and secondary particles are transported to the experimental areas such as K1.8,

K1.8BR, KL, and high-p beamline. In the facility, many experiments have been

ever carried out from elementary particles to hadron and nuclear physics.

The K1.1 is a new beamline that is to be constructed at the J-PARC Hadron

Experimental Facility (Fig. 2.4). It is possible to use secondary particles such as

K mesons and π mesons as high-purity beams. In using K− as beam, the beam

K− are mixed with background π− due to the decay of K0 or K−. In order to

remove these π− and increase the purity of K−, an intermediate focal slit (IF)

is installed immediately after the D2 magnet. The magnets upstream of the IF

compose an optical system that focuses the secondary particles from the T1 target

to the IF, and the impurity π− is removed from the beam. After the IF slit,
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two-stage electrostatic separators (ESS1 and ESS2) are installed, which separate

particles by their velocities with a high electric field and a perpendicular magnetic

field applied. A maximum of ±350 kV voltage is applied between the electrodes.

The upstream part of the beamline has already been successfully operated from

the T1 target to the D3 magnet including ESS1. The ESS2 will be installed after

the D3 magnet. These systems allow the use of high-purity K− beams up to the

maximum momentum 1.1 GeV/c, where the cross section of the spin-flip state of Λ

hypernuclei is maximized.

Figure 2.3: J-PARC Hadron Experimental Facility [42]

2.2.2 Spectrometers and Background Suppression Detec-

tors for Identification of the (K−, π−) Reaction

In the E63 experiment, we produce Λ hypernuclei by the (K−, π−) reaction. We

identify the reaction that occurred, through momentum measurement and particle

identification of the beam and scattered particles, using a beamline spectrometer

and SKS spectrometer, respectively. We ensure that the reaction occurred by mo-

mentum measurement and particle identification of beam and scattered particles

using a beamline spectrometer and SKS spectrometer, respectively.
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Figure 2.4: K1.1 beamline and an experimental setup for
the E63 experiment.

K1.1 beamline spectrometer

The K1.1 beamline spectrometer is used for momentum measurement and particle

identification of the beam K−. The spectrometer is composed mainly of one dipole

and two quadrupole magnets (D4, Q10, and Q11) and located at the most down-

stream of the K1.1 beamline. In addition to the magnets, we install counters: two

beam hodoscopes (BH1 and BH2) for measurement of time of flight and two aerogel

Cherenkov counters for particle identification (BAC1 and BAC2). We also install

tracking detectors: a fiber detector (beam fiber tracker, BFT) and two MWPCs

(multi-wire proportional chamber: BC1 and BC2).

Although the beam particles are separated by the electrostatic separators as

described in Sect. 2.2.1, negatively charged particles such as π−, e− and p are con-
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taminated in the K− beam and transported to the experimental target. Thus, the

beamline spectrometer has to be equipped with counters for particle identification.

Beam K−s are identified by BAC1 and BAC2 at the following trigger level.

Kin = BH2× BAC1× BAC2

Both of BAC1 and BAC2 are necessary because the beam π− misidentified as

K− increases the trigger rate.

K−s are also identified by the time-of-flight method using BH1 and BH2 in

offline analysis. We take data with a trigger of (K−, π−) and also make π− trigger

with SKS spectrometers and other detectors, as described in the following sections.

SKS spectrometer

We install a superconducting kaon spectrometer (SKS) for momentum measurement

and particle identification of scattered π−. The SKS spectrometer is composed of

the SKS magnet, four drift chambers (SDC1-4) for particle tracking, a TOF counter,

and an aerogel Cherenkov counter (SAC1).

Specification of the SKS spectrometer for the (K−, π−) reaction for kaons with

a momentum of 1.1GeV/c is as follows (Table 2.1).

Table 2.1: Specifications of the SKS spectrometer

Momentum acceptance 0.7− 1.1GeV/c
Momentum resolution < 0.2%
Bending angle 100◦

Magnet field at the center 2.5 T (400 A)
Solid angle 140 msr at maximum
Flight path about 5 m

Other trigger counters for background suppression

Only with these magnets, chambers, and counters, the background or dummy

events are expected to remain in the (K−, π−) missing mass spectrum. Possible

background events are as follows; (1) misidentified events with a beam K− going

through the target (”beam-though” events) or (K−, K−) scattering events at the

target and (2) the beam decay of (a) K− → π0 π− (BR = 21%) or (b) K− → µ− νµ

(BR = 64%). We install the following trigger counters to suppress the background

events of (1), (2a), and (2b).
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(1) Beam-thorough veto couter: SFV and SAC3

To suppress the misidentification of the beam-through or scattered K− as a

scattered π− at SAC1, we install a beam-through veto counter called Scattered

forward veto detector (SFV) and an aerogel Cherenkov counter (SAC3). SFV is a

segmented plastic scintillation counter installed at the exit of the SKS magnet. We

reject all the particles which are regarded as a beam K− when they are detected

by both SFV and SAC3 in the trigger level. The trigger logic of the beam-through

K− (K−
B.T.) is defined as

K−
B.T. = SFV × SAC3.

(2) The beam decay

Two cases of K− decays of K− → π0 π− and K− → µ− νµ must surely be

suppressed because the former has the same kinematics as the (K−, π−) reaction of

hypernuclear production and the latter has a large branching ratio.

(2a) Scattered pion zero detector: SP0

There is a possibility that we misidentify the π− from the K− → π0 π− decay

as a scattered π− from the (K−, π−) reaction. To suppress the π− from the K−

decay, we detect the π0 from the K− decay by installing a π zero detector, SP0.

SP0 is an electromagnetic calorimeter made of multi-layered lead sheets and plastic

scintillators. In the lead sheets, electromagnetic showers are generated from high

energy gamma-rays of π0 → 2γ. SP0 rejects K− → π0 π− decay events by tagging

the electromagnetic showers.

(2b) Scattered muon filter: SMF

SMF is a detector for rejecting µ− from K− → µ− νµ decay. It is composed of

iron blocks and lucite Cherenkov counters (LC) behind the iron blocks. While π−

mesons induce reactions via strong interaction in the iron blocks, the µ− penetrates

the iron blocks and is detected by LC.

From the (2a) and (2b) cases above, the trigger of K decay event (π−
D.E.) is

defined as;

π−
D.E. = SP0 + SMF

(K−, π−) trigger

In the case that there are hits on BH2 and SAC1, the events are judged as scattered

π− events (πout trigger). However, there are background events from beam-through

and beam-decay events. Thus, the real scattered π− trigger event should include

neither of K−
B.T. nor π

−
D.E.. Therefore, the (K−, π−) trigger is given as
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(K−, π−) = Kin × πout ×K−
B.T. × π−

D.E..

2.2.3 Germanium Detector Array for Hypernuclear Gamma-

rays Measurement: Hyperball-J

We detect gamma-rays from hypernuclei with Hyperball-J, a large germanium de-

tector array used in hypernuclear gamma-ray spectroscopy at J-PARC. Our group

developed and constructed Hyperball-J in 2011-2014 and successfully carried out

the E13 experiment with Hyperball-J in 2015. Hyperball-J can be operated un-

der high-intensity conditions using a hadron beam, thanks to a mechanical cooling

of the Ge crystals. All the Ge crystals are surrounded by PWO scintillators for

background suppression of Compton scattering and high energy gamma-ray from

π0 decay.

Ge detector

The germanium (Ge) detector is a semiconductor detector with a diode made of

high-purity Ge crystal and used with a reverse bias applied. When a gamma-

ray hits on the Ge crystal, secondary electrons are generated via the interactions

of photoelectric effect, Compton scattering and electron-positron pair production.

In most cases, the gamma-ray energy is eventually converted to electrons, and the

electrons lose their energy while creating many electron-hole pairs in the Ge crystal.

The generated electrons and holes are respectively collected by both electrodes and

can be read out as electric signals.

Since the bandgap of the Ge crystal is as small as about 0.7 eV, the average

energy required for electron-hole pair creation is as small as 2.96 eV, which enables

the Ge detector to have a high resolution of about 2 keV for gamma-rays with an

energy of 1MeV.

Since electron-hole pairs are easily created by thermal excitation due to their

small bandgap, the current increase and the damage to Ge crystal are serious prob-

lems. The hadron beam intensity is very high at J-PARC, and we cannot overlook

radiation damage to Ge crystals. It is reported that the effect of radiation damage is

suppressed when the Ge crystal temperature is below 80K, lower than that achieved

by liquid nitrogen cooling (∼ 90K). Therefore, we need to cool the crystals below

80 K to suppress the radiation damage. We adopt a mechanical cooling method

and succeeded in cooling the crystals to 70 K in the E13 experiment.

As shown in Fig. 2.5, Hyperball-J is composed of 32 Ge detectors at maximum,
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and we can change the geometrical arrangement of the Ge detectors depending

on requirements in each experiment. In the E63 experiment, we plan to use 28

Ge crystals excluding four L-types located downstream as Fig. 2.6 shows. In this

arrangement, the Ge detector covers 24% of the total solid angle viewed from the

target center.

The photopeak efficiency of each Ge crystal for 1.33MeV gamma-ray is 60%

relatively to that for a ϕ 3 inch×3 inch NaI crystal.

PWO suppression detector

Each Ge detector is surrounded by PWO(PbWO4) scintillation counters. It is used

for suppression of background events like high energy gamma-ray events from π0

decay and Compton scattering events. It is characterized by a high density, a large

effective atomic number, and a short decay time (about 10 ns). This decay time is

much shorter than that of BGO (Bi4Ge3O12) (about 300 ns), which enables us to

operate the Ge detector array under the high-intensity beam condition at J-PARC.

Figure 2.5: Schematic view of the lower half of the
Hyperball-J [43].
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Figure 2.6: Arrangement of the Ge detectors and the PWO
counters of Hyperball-J view from the target center to the
bottom. In the E63 experiment, we plan to use 28 Ge
crystals except for four L-types located downstream [43].
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Figure 2.7: Arrangement of the Ge detectors and the PWO
counters of Hyperball-J viewed from the beam direction.

2.3 Data Acquisition System

We use a network-based data acquisition (DAQ) system called HD-DAQ with a

DAQ software using the TCP/IP and trigger/tag distribution system which was

developed for experiments at J-PARC Hadron facility [44].

In the K1.1 and K1.8 beamlines, the Event Builder program in the main computer

collects data from each front-end computer for each detector group and integrates

the data into one-event data. In this distributed DAQ system, a trigger/tag distri-

bution module (Master Trigger Module, MTM) and a reception module (Receiver

Module, RM) play an important role (as described again in Sect. 3.3.3).
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2.4 New Detector System for Identifying Nuclides

Highly excited states of 7
ΛLi could decay with emission of hyperfragments of 3

ΛH,
4
ΛH,

4
ΛHe,

5
ΛHe,

6
ΛHe, and

6
ΛLi. By identifying the (K−, π−) reaction and measuring the

momenta of K− and π−, the missing mass gives the energy of the 7
ΛLi excited state.

By limiting the excitation energy, it becomes possible to choose the hyperfragment

production threshold. However, since this method produces all the hyperfragments

above the production threshold, it seems difficult to identify the nuclide of the

hypernucleus from which measured gamma-ray is emitted. In the case that we want

to enhance the 4
ΛH production, for example, many hypernuclei can be produced as

Fig. 2.1 showed. Therefore, we need to identify the nuclide of the hyperfragment by

installing a new detector for nuclide identification in the system in order to measure

and identify gamma-rays from the hyperfragments.
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Chapter 3

Detector System for Identification

of Secondary Hypernuclei

When the 7
ΛLi hypernuclei produced in the 7Li (K−, π−) reaction are highly excited,

they decay with production of various kinds of secondary hypernuclei (hyperfrag-

ments) via strong interaction. In order to identify 4
ΛH and 3

ΛH among them, we plan

to install a new detector system. In this chapter, I describe a nuclide identification

method using the detector system, requirement for the detector and the detector

configuration.

3.1 Triple Coincidence Method for Identification

of Secondary Hypernuclei

In the 7Li (K−, π−) reaction, various kinds of secondary hypernuclei are produced,

and gamma-rays from those hypernuclei can be detected. We should determine

which hypernucleus emitted the gamma-ray observed by the Hyperball-J. By se-

lecting an optimum region of the excitation energy of 7
ΛLi, we can enhance the yield

of a certain nuclide of secondary hypernucleus, which helps us to identify which

hypernucleus emits the observed gamma-ray. Only by selecting the energy region,

however, we cannot unambiguously identify the nuclide as explained in Sect. 2.4.

We focus on monochromatic pions emitted when 4
ΛH or 3

ΛH decay via weak interac-

tion. Since these pions have a characteristic kinetic energy, we can unambiguously

identify the hypernucleus which emitted the gamma-ray.

We identify the (K−, π−) reaction by momentum measurement and particle

identification of the beam particles and the scattered particles using spectroeters in

front of and behind the target, and we accurately measure gamma-ray energy by
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the Hyperball-J array. Simultaneously, we plan to measure the kinetic energy of π−

from the weakly decaying hypernucleus by using a detector that is newly installed.

In this way, in the E63 experiment, we identify the nuclide of secondary hypernuclei

via a triple coincidence measurement of the (K−, π−) reaction for the hypernuclear

production, gamma-rays from the hypernucleus, and π− from the weak decay of

the hypernucleus. This triple coincidence method has never been performed yet.

If we establish this method, we can conduct gamma-ray spectroscopy experiments

of various hyperfragments which cannot be directly produced by the (K−, π−) or

(π+, K+) reactions.

3.2 Requirement for the Range Counter System

Highly-excited states of 7ΛLi produced in the 7Li (K−, π−) reaction decay by emitting

a hyperfragment, for instance, such as 7
ΛLi

∗ → 4
ΛH + 3He and 7

ΛLi
∗ → 3

ΛH + 4He.

The 4
ΛH and 3

ΛH emit a monochromatic π− via the weak decay; 4
ΛH → 4He + π−

and 3
ΛH → 3He+π−. In order to identify the hypernucleus, we measure the kinetic

energies of these pions by installing a new detector system.

Detection method

It is difficult to install a magnetic spectrometer for momentum measurement of the

π− due to spatial limitations around the target where the Hyperball-J covering a

large solid angle is installed. Although it is also possible to install a calorimeter to

measure the kinetic energy of π−, the π− reacts with nucleons within the calorime-

ter via strong interaction, which leads to nuclear destruction. The total energy

measured by the calorimeter could be larger than the kinetic energy of π−, which is

unsuitable for our purpose. Therefore, we decided to install a multi-layered plastic

scintillator and measure the range of π− to determine their kinetic energy.

Spatial limitation and signal readout

Hyperball-J and other trigger counters are installed around the target, and the

range counter system needs to be compact due to spatial constraints. Also, since

the SKS spectrometer is nearby, it is necessary to adopt a readout method that is

not affected by the magnetic field. That is why we use not a photomultiplier tube

(PMT) but a semiconductor photosensor called SiPM (silicon photomultiplier). We

also use wavelength-shifting fibers by embedding them into a plastic scintillator slab

for efficiently collecting photons and guiding them to the small number of SiPMs.
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Pion separation

The kinetic energies of the monochromatic pions from the weak decay of 4
ΛH and

3
ΛH are 53 MeV and 40 MeV, respectively. The branching ratios of these two-body

weak decays are 50% and 27%, respectively. In addition to 4
ΛH and 3

ΛH,
6
ΛHe also

decays into two bodies with an emission of π− with 37MeV. This pion should be

separated from the pions from 4
ΛH and 3

ΛH:π
−(4ΛH) and π−(3ΛH). Other fragments

decay into three bodies with an emission of a pion, but these pions do not matter

here; these pions have a kinetic energy less than that of the pion from 6
ΛHe. The

requirement for the range counter system is to separate two peaks from π−(4ΛH) and

π−(3ΛH) in the range spectrum with a confidence level of more than 3σ.

By selecting the missing mass of 7
ΛLi

∗, we can enhance the production of 4
ΛH and

3
ΛH and obtain gamma-ray energy spectra. In the gamma-ray spectra, we select

the peak regions of the gamma-rays from 4
ΛH and 3

ΛH, and additionally, among the

gamma-ray peak events, we choose the events for which we measured a weak-decay

pion in coincidence. For the coincidence events, if the kinetic energy matches those

of the pions from 4
ΛH or 3

ΛH, the nuclide of the hypernucleus is identified. We identify

the hypernucleus according to the following criteria: (1) A mean value of the kinetic

energy of pions measured by the detector matches the expected kinetic energy of the

pions from 4
ΛH or 3

ΛH within an error and (2) the pion kinetic energy from the other

hypernucleus is away from the mean value by more than 3σ. When the measured

energy value for pions from one of the hypernucleus is obtained within 1σ from the

kinetic energy, we can identify the nuclide if the value is away more than 3σ from

kinetic energy of pions from another hypernucleus. Therefore, the energy resolution

of the detector is required to be (53− 40)/4 ≃ 3MeV, or the range resolution to be

5.8mm.

In this estimation of the required energy resolution, the pions from 6
ΛHe are

not included because even if the excited state could deexcite with a gamma-ray

emission, the energy is small, and therefore we can identify the hypernucleus.

The number of triple coincidence events is expected to be 30 and 55 in 6 days

beamtime, respectively [45], on the assumption that the efficiency of the gamma-ray

measurement is 6% for 4
ΛH, and 3% for 3

ΛH, and the efficiency of the weak-decay pion

measurement is 10%. Table 3.1 shows the number of expected triple coincidences

for 4
ΛH and 3

ΛH.
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Table 3.1: Summary of monochromatic pions from 4
ΛH,

3
ΛH,

and 6
ΛHe

π−(4ΛH) π−(3ΛH) π−(6ΛHe)

Kinetic energy [MeV] 53 40 37
Range in plastic counter [mm] 99.5 64.6 55.2
Number of expected triple coincidences 30 55

Tracking pions

By employing a range counter made of a multi-layered plastic scintillator slab, we

can obtain information only information on the depth where the π− stopped within

the detector. However, if the incident angle of π− is unknown, the range along the

track is not accurately obtained. Therefore, we have to install a position detector

that determines entering positions of π− in front of the range counter, so as to

obtain the incident angle of π− with respect to the range counter. Since the π−

emission point (weak decay point) can be assumed to be the same as the (K−, π−)

reaction point, we can obtain the incident angle by additionally measuring the

entering position of π−.

Previous study by a Monte Carlo simulation

In a previous research [46], the thickness of one layer of the range counter is op-

timized by a Monte Carlo simulation. In the simulation, the detector system for

nuclide identification consists of a range counter of a multi-layered plastic scintilla-

tor and a position detector, and it was examined whether we can distinguish π−s

from weak decays of 4
ΛH and 3

ΛH.

The pions interact with nuclei in the detector via strong as well as electromag-

netic interactions, and the distribution of the last layer where it has energy deposit

becomes more complicated with hadronic interaction than without it as shown in

Fig. 3.1. The optimum thickness of one layer was found to be 10 mm in a Monte

Carlo simulation [46]. With the strong interaction, various particles are produced

from a nuclear reaction after π− stops and the produced particles give their energy

to the layers deeper than the layer where the π− stops, which results in misidenti-

fication of the π− stop layer.

Figure 3.2 shows typical π− stop events obtained in the simulations with/without

the hadronic interaction [46]. Without the hadronic interaction, the energy loss in

each layer should draw a Bragg curve calculated with the assumption that particles

lose their energy only via the electromagnetic interaction like Fig. 3.2 (1) As seen

in Fig. 3.2 (2), the energy loss in some layers with the hadronic interaction is likely
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to be much higher than that without the hadronic interaction. It is difficult to

determine the stop layer in real experiments.

Figure 3.1: Simulated distribution of the last layer with energy deposit
in the range counter (one layer thickness: 10 mm) [46] (1) only with the
electromagnetic interaction and (2) with the electromagnetic and hadronic
interactions.

Figure 3.2: Energy loss in each layer of the range counter
for a typical event simulated (1) only with the electro-
magnetic interaction and (2) with the electromagnetic and
hadronic interactions [46]. Energy loss in some layers with
the hadronic interaction is often much higher than without
the hadronic interaction.

31



Figure 3.3 shows the relation between the energy resolution (simga) and the

thickness of each layer of the range counter. The sigma is the standard deviation

of the π− energy distribution. The simulation also shows that 4
ΛH and 3

ΛH can

be distinguished with a range counter whose each layer is less than 10 mm thick,

by taking into account the energy deposit in the target and the position detector,

as well as the incident angle of π− obtained from hit information of the position

detector and the weak-decay π− emission point obtained as the reaction point of

(K−, π−) (See Sect. 3.3.2 for details). In the simulation, the hadronic interaction

is taken into account, but the hadronic reaction process with nuclei incorporated

in the simulation could be different from the real interaction, and therefore, we

determined the thickness to be 6 mm by taking a safety factor.

Figure 3.3: The relation between the energy resolution
(simga) and the thickness of each layer of the range counter
estimated in a simulation [46]. The sigma is the standard
deviation of the π− energy distribution.

3.3 Detector Design

In a previous study, a one-layer prototype was built for testing the performance. The

prototype adopted a signal readout using wavelength-shifting fiber and SiPMs. Scin-

tillation photons with wavelength of 400− 500 nm are converted in the wavelength-

shifting fiber embedded in the plastic scintillator to green photons with a wavelength
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of 476 nm at the emission peak, and the photons are transported along the fiber

to the SiPM at the end of the fiber. The wavelength of photons emitted from the

wavelength-shifting fiber matches a peak sensitivity wavelength of SiPM.

As the result of the test using plastic scintillator slabs of 5, 10, and 15 mm

thick with two, four, and six wavelength-shifting fibers, they found that there is no

significant difference in the light yield among the three thicknesses and the energy

resolution around 2 MeV (better than the range straggling limit) was achieved in

any of the thicknesses. They found any of the thicknesses to be good and any of

the numbers of fibers to be good. Therefore, the thickness was determined to be

6mm and the number of fibers to be two.

The detector design was determined as shown in Fig. 3.4. It is made of 24

layers of 6 mm-thick plastic scintillator slabs. Scintillation photons are converted

and transported in the wavelength-shifting fibers embedded in the two sides of the

scintillator, and read out with SiPMs attached to each of the fibers. In front of the

range counter (RC), a plastic scintillator hodoscope as a position detector for pions

(PD) is installed. Thanks to the position detector, the ambiguity of the range due

to angular uncertainty is removed.
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Figure 3.4: Range Counter and Position Detector. The
range counter is made of 24 layers of 6 mm-thick plastic
scintillator slabs. We adopted the readout method using
wavelength-shifting fibers and SiPMs. In front of the range
counter, a plastic scintillator hodoscope as a position de-
tector for pions is installed. PD is composed of PD-Y (6
segments of plastic hodoscope) and PD-Z (16 segments of
plastic hodoscope).

Figure 3.5 shows two sets of the range counter systems installed inside the

Hyperball-J Ge detector array. They are installed on the left and right side of

the target when viewed from the beam direction. The overall dimensions of the

system were determined to be 155x × 125y × 295z mm3 so that the system would

just fit into the available room in the Hyperball-J. The distance to the target cen-

ter was determined to be 85mm so as not to affect the measurement efficiency by

Hyperball-J by a relative value higher than 4%. The total solid angle is 10% from

the target center.

Many types of range counters have been used so far in nuclear physics, and sig-

nals are read with PMTs commonly in those range counters. In this range counter,

the signals are read out using WLSF and SiPM, which makes the detector compact.

It is a unique feature of this range counter system.
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Figure 3.5: Two sets of range counter systems installed
inside the Hyperball-J. They are installed on the left and
right side of the target when viewed from the beam direc-
tion. The total solid angle is 10%.

3.3.1 Range Counter

As shown in Fig. 3.4, semi-cylindrical grooves are dug on the surface of the top and

bottom sides of each scintillator slab and wavelength-shifting fibers are embedded.

The light from each fiber is read out by a SiPM(MPPC) developed by Hamamatsu.

Twenty-four layers of 6mm scintillator slabs are stacked. The total thickness is

144mm, which is enough for stopping the pion from 4
ΛH decay with a range of

99.5mm.

The scintillator slabs are fixed with an aluminum frame with a thickness of

3mm. Although this aluminum frame should affect the efficiency of Hyperball-J

around the range counter due to interaction with gamma-rays, it turns out that the

effect is negligibly small; The efficiency is reduced by a relative value of 4% with
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the range counter installed, according to a calculation taking the photon absorption

coefficient of aluminum into account.

Details of the plastic scintillator, the wavelength-shifting fiber, and the SiPM

are described below.

Plastic scintillator

We fabricated the range counter using plastic scintillator EJ-200, of which properties

are shown in Table 3.2. The dimensions of one layer slab of the range counter are

275mm× 110mm× 6mm.

We dug semi-cylindrical grooves for embedding fibers on the surface of the top

and bottom sides of the scintillator slab and polished the entire surface of the

scintillator slab well. We wrapped each scintillator slab with polytetrafluoroethylene

(PTFE) sheet that diffusely reflects scintillation photons with high reflectance. We

used raw PTFE sheet (Teflon) made by Chukoh. This 0.1mm thick Teflon sheet

reflects the photon with 400 nm wavelength at 100% reflectance compared to BaSO4,

which enables scintillation photons not to leak from the scintillator slab.

Table 3.2: Specifications of the plastic scintillator EJ-200

PROPERTIES EJ-200

Scintillation Efficiency (Photons/1 MeV e−) 10,000

The wavelength of Maximum Emission [nm] 425

Light Attenuation Length [cm] 380

Rise Time [ns] 0.9

Decay Time [ns] 2.1

Pulse Width, FWHM [ns] 2.5

No. of H [1022/cm3] 5.17

No. of C [1022/cm3] 4.69

No. of e− [1022/cm3] 3.33

Density [g/cm3] 1.023

Polymer Base Polyvinyltoluene

Refractive Index 1.58

Wavelength-shifting fiberes

Wavelength-shifting fiber (WLSF) is a type of plastic scintillation fiber (PSF). The

core (inside) is made of polystyrene resin containing a fluorescent agent, and the

clad (outside) is made of one or two layers of methacrylic resin. The photon that
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enters the optical fiber from the side normally goes out because it cannot satisfy

the conditions for total reflection, and the photon cannot be transmitted by the

fiber. However, by mixing the wavelength-shifting material in the core, the fiber

core absorbs the entered blue photon and isotropically emits a photon with a green

wavelength, which is then transmitted along the fiber with a high probability.

In the range counter, we used a single-clad type WLSF, Kuraray-Y11. It emits

green light (emission peak: 476 nm) when scintillation photons enter. The proper-

ties of Y-11 with a diameter of 1.0 mm used this time are shown in table 3.3. The

absorption peak matches the emission peak of EJ-200.

Table 3.3: Properties of Kuraray Y11 wavelength-shifting
fiber

PROPERTIES Y-11

Diameter [mm] 1.0

Emission color green

Emission peak [nm] 476

Absorption peak [nm] 430

Attenuation length [m] > 3.5

Multi-Pixel Photon Counter, MPPC

To detect photons transmitted through the WLSF, we use a semiconductor photon

sensor called SiPM. It is a photon-counting device composed of a multi-pixel Geiger

mode Avalanche Photo Diode (APD). We use SiPMs named as Multi-Pixel Photon

Counter (MPPC) developed by Hamamatsu. By operating an APD with a reverse

voltage higher than the breakdown voltage, avalanche amplification occurs after a

photon enters and an electron-hole pair is created, generating a device-specific satu-

rated output that does not depend on the number of incident photons. This process

is called Geiger discharge because it is similar to the Geiger mode in gas counters.

Once a Geiger discharge occurs, it continues to discharge as long as the electric

field inside the device is maintained. Thus, it is necessary to stop the discharge to

detect successive photons. In MPPC, a method of connecting a quenching resistor

in series with the APD is adopted to stop the avalanche amplification in a short

time. A basic unit (pixel) consists of an APD and a quenching resistor. Several

tens or hundreds pixels are combined and arranged two-dimensionally, and a signal

proportional to the number of pixels which receive photons is emitted; when the

number of incoming photons is much smaller than the number of pixels, photon

counting is possible (Figure 3.6).
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Figure 3.6: Conceptual diagram of photon counting in
MPPC. A basic unit (pixel) is arranged two-dimensionally
and each pixel emits a signal when a photon enters. The
sum of the signals is proportional to the number of hit
pixels, which is almost proportional to the number of in-
coming photons on the MPPC [47].

MPPC is characterized by a small afterpulse, low crosstalk, low dark counts,

a high multiplication factor, and good time resolution. In addition, because of its

small size, it is suitable for reading out detectors installed around targets with space

constraints. Since it is a semiconductor detector not affected by magnetic fields, and

then it is also suitable for reading out near the SKS spectrometer. For the above

reasons, I adopted MPPCs for reading the signals of the range detector system.

The model number of the MPPC used for the range detector is S13360-1325PE.

The size of the light receiving window is 1.3×1.3mm2. The number of pixels is 2668
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and the pixel pitch is 25 µm. The fill factor (the fraction of the photon-sensitive area

over the MPPC window area) is 47%. Details of the specifications are summarized

in Table 3.4.

The longer the pixel pitch is, the larger the fill factor is, but the worse the

linearity between the photon number and signal height becomes at the same time.

For use with the range counter, we do not need to accurately measure the energy

loss in the counter like a calorimeter, but we need to acquire an ADC value of the

MPPC signal to know the energy loss information in each layer. Therefore, we

chose the type of MPPC with a relatively small fill factor so that the linearity is

sustained over a wide range of light amounts.

The MPPC has a large temperature dependence. According to the specification

sheet, the recommended operation voltage changes 54mV per 1K (∆TVop in Table

3.4).

This MPPC is also used in a position detector described later.

Table 3.4: Spectifications of MPPC (S13360-1325PE). The
detection efficiency is for the wavelength with the peak
sensitivity, 450 nm.

PROPERTIES MPPC S13360-1325PE

Pixel pitch [µm] 25
Effective photosensitive area [mm2] 1.3×1.3
Number of pixels 2668
Fill factor [%] 47
Spectral response range wavelength [nm] 320 to 900
Peak sensitivity wavelength [nm] 450
Gain 7.0×105

Breakdown voltage [V] 53±5
Crosstalk probability [%] 1
Temperature coefficient
at a recommended operating voltage ∆TVop [mV/K] 54
Detection efficiency [%] 25

3.3.2 Position Detector

It is impossible to obtain the incident angle of π− only with the range counter.

Therefore, we install a position detector (PD) in front of the range counter. A

highly excited state of 7
ΛLi is produced from the (K−, π−) reaction in the target.

The secondary hypernucleus is emitted and stopped in the target, and then it decays

weakly by releasing π−. If we know a point where the π− is released in the target and

the position where the π− passes on the position detector, we can obtain the angle
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of incidence on the range counter. However, we can measure not the emission point

of π− but the reaction point of the (K−, π−), that is, the production point of 7
ΛLi

∗.

Therefore, we can obtain the angle of incidence on the range counter only under the

assumption that the π− is emitted from the reaction point of the (K−, π−) reaction.

This assumption does not matter because the momentum transfer is rather small

(70 − 160MeV/c) in the (K−, π−) reaction at 0.9 − 1.1GeV/c (scattering angle:

0◦ − 10◦). Assuming that produced hypernuclei of 4
ΛH and 3

ΛH have momenta of

160MeV/c at maximum, their ranges in the 7Li target are estimated to be less

than 2mm, where the value is much less than the σz of the spatial resolution of

(K−, π−) reaction point: (σx, σy, σz) = (1.2, 2.6, 22) [mm] in the previous gamma-

ray spectroscopic experiment of 4
ΛHe (E13). The same resolution as the E13 is

expected in the E63. From the information on the angle and the stop layer in RC,

the range is obtained. In addition, we also obtain the path length of the weak decay

π− in the target and estimate the energy loss in the target.

The spatial resolution of the (K−, π−) reaction point is expected to be (σx, σy, σz) =

(1.2, 2.6, 22) [mm] also in the E63 experiment. Thus, it is not necessary to place

a detector with positional accuracy of less than 1 mm, such as a drift chamber.

Therefore, we adopted two layers of plastic hodoscopes as the position detector and

measure the incident point of the π− to the range counter. PD is composed of two

layers of a hodoscope for measuring the y and z positions (PD-Y and PD-Z). We

determined the width of one strip from estimation of PD width dependence on the

position resolution of the range counter. The range resolution is determined by

the position resolutions of the reaction vertex, the range counter, and the position

detector. We examined relationship between the range resolution and PD-Y resolu-

tion (σ
PDY

) and between the range resolution and PD-Z resolution (σ
PDZ

), assuming

the resolutions of the vertex to be the same as those in E13. The required range

resolution for separating 4
ΛH and 3

ΛH is:

σπ−(4ΛH) + σπ−(3ΛH) < (range difference of pions)/3 := ∆R/3,

where the range difference ∆R is 34.9mm. The estimation is done for the case

where pions enter the range counter with the largest angle, which corresponds to

the worst resolution (Fig. 3.7). There is no σ
PDY

dependence in the range resolution

with a fixed σ
PDZ

to 10mm (Fig. 3.8). This is well understood considering that the

position resolution of the vertex z is the worst and all the y components of the

position resolutions including σ
PDY

have almost no effect on the range resolution.

On the contrary, the range resolution is dependent on σ
PDZ

(Fig. 3.9). Here, σ
PDY
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is fixed to 10mm. It can be seen that the range resolution converges to a certain

value in the regions smaller than around σ
PDZ

= 10mm. Therefore, we determined

the width of both PD-Y and PD-Z to be 15 mm corresponding to σ
PDY

and σ
PDZ

of

less than 5mm.

Figure 3.7: A pion track (red line) used for estimating the
range resolution, where pions enter the range counter with
the largest angle, which corresponds to the worst resolu-
tion.
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Figure 3.8: Calculated σ
PDY

dependence of the range reso-
lution, showing no σ

PDY
dependence in the range resolution

with a fixed σ
PDZ

to 10mm.

Figure 3.9: Calculated σ
PDZ

dependence of the range reso-
lution. σ

PDY
is fixed to 10mm.

The dimensions of the one segment and the number of segments are 15mm ×
275mm × 3mm and 6 segments for PD-Y and 15mm × 110mm × 3mm and 16

segments for PD-Z. Each segment is wrapped with Teflon sheet for light reflection

in the same way as the range counter.
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Unlike the range counter, in the PD, scintillation photons are read out by a

MPPC directly attached to one end of the scintillator slab without WLSFs, because

we just need to know the hit information on the PD and we do not need so many

photon counts. As described in Sect. 5.1, more than about 10 photons are obtained

using a 90Sr source, of which photon yield is sufficient for our purpose.

Triple coincidence measurement with the range counter system

We identify the (K−, π−) reaction by momentum measurement and particle identifi-

cation of the beam particles and the scattered particles using the K1.8 spectrometer

installed upstream of the target and the SKS spectrometer installed downstream

of the target, respectively. We accurately measure energies of gamma-rays emitted

from excited hypernuclei by the Hyperball-J. Simultaneously, we measure the ki-

netic energy of π− from the weakly decaying hypernucleus with the range counter

system, focusing on monochromatic pions emitted from 4
ΛH or 3

ΛH decay via weak

interaction. Employing the range counter system, we identify the nuclide of the sec-

ondary hypernuclei by performing a triple coincidence measurement of the (K−, π−)

reaction, gamma-rays from the hypernucleus, and a π− from the weak decay of the

hypernucleus.
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Figure 3.10: Schematic illustration showing triple coinci-
dence measurement of (K−, π−) reaction and gamma-ray,
as well as weak-decay π− for the identification of secondary
hypernuclei.

3.3.3 Data Acquisition

In this section, I explain the data acquisition system mainly related to the range

counter system. Scintillation photons are read out at MPPCs both in TD and RC.

As briefly summarized in section 2.3, the data acquisition system is network-

based (HD-DAQ) [44]. As data-taking Front-ends are distributed in the experi-

mental area, information on a trigger or an event tag should be distributed to each

Front-end. The Master Trigger Module (MTM) manages the trigger and the event

tag. The Receiver Modules (RM) on each Front-end accept the information from

MTM. The RM also transfers its Busy signal, and the MTM manages the Busy

from all of the Front-ends. In each Front-end, the RM connects to all the modules

for TDC or ADC on the same crate and distributes the trigger and the event tag to

them via the crate bus, and RM also sends the sum of the Busy of all the modules

to the MTM. The Event Builder (EB) collects the data taken in each Front-end,

and it also collects the event tag and reconstructs the event.

In the circuit for data taking of the range counter system, an ASIC module for

multi-channel MPPC readout (EASIROC) [48] is used. An ASIC board for the
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EASIROC should be adapted to the HDDAQ system, that is, it is required that the

board can receive the trigger and send the event tag or the Busy via the network.

EASIROC

Since the number of MPPCs used in the range counter system is large, we use

the EASIROC board developed for MPPC multi-channel readout. EASIROC (Ex-

tended Analogue Silicon PM Integrated Read-Out Chip) is a multi-channel ana-

log frontend ASIC for reading PPD (Pixelated Photon Detector) developed by

OMEGA/IN2P3 [48]. One EASIROC chip can read 32 MPPCs and the EASIROC

has basic functions such as a bias adjustment, a shaping amplifier, and a discrim-

inator for each of 32 MPPCs. Figure 3.11 shows the overview of the EASIROC

internal circuit.

⋄ MPPC bias adjusment

The gain of the MPPC is sensitive even to fine bias differences. Therefore, although

we apply the same bias of each MPPC to all the MPPCs, we need to adjust the bias

on the lower voltage side using an input 8-bit DAC (InputDAC) on the EASIROC

chip. Thanks to the InputDAC placed at the beginning of the input line, we can

regulate the MPPC gain by changing the bias of each MPPC in the range from 0

to 4.5V channel by channel.

⋄ High gain and low gain

The input line is connected to two capacitors and the signal is divided into two

parts; the high gain (HG) signal and the low gain (LG) signal. The capacitance

ratio determines the amplification ratio of HG and LG, and the charge is divided

with a ratio of 10:1 between HG and LG. PreAmp is placed after the capacitor, and

the signal is amplified. Both low-gain and high-gain preamplifiers can be changed

on 4 bits, allowing a voltage gain from 1 to 15 for LG and from 10 to 150 for HG.

This is achieved by changing the capacitance of each PreAmp capacitor. EASIROC

has a dynamic range from 160 fC to 320 pC, which corresponds to 1 p.e. to 2000 p.e.

⋄ Fast shaper and slow shaper

The shapers follow the PreAmp sections. EASIROC has two built-in shapers: a

fast shaper for time measurement and a slow shaper for charge measurement. The

fast shaper is located only on the high-gain side and the slow shaper is on both the

high gain and low gain.
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⋄ Time measurement

The signal is shaped with a peaking time (time from signal rise to peak) of about

15 ns with the fast shaper and becomes an input to the discriminator. The signal for

time measurement and trigger is obtained from the discriminator. The threshold is

common for all the 32 channels and is set by a 10-bit DAC which allows threshold

tuning from 1.1V to 2.4V. The signal output after the discriminator is sent to TDC

outside of EASIROC or used for a trigger of data taking.

⋄ Charge measurement

In the slow shaper, the signal is shaped with a peaking time of about 50 ns. The

peaking time is variable and can be set between 25 ns and 180 ns.

In order to help us to obtain ADC information, the EASIROC has a function for

memorizing the wave height, not integrating total charge. One capacitor is placed

after the slow shaper and holds the voltage at the time when the pulse reaches the

peak. Since the maximum wave height is not automatically detected, EASIROC

must be informed of the timing of the maximum wave height from outside. The logic

signal to inform EASIROC of the timing is called a HOLD signal. The HOLD signal

disconnects the switch, which is conductive when the logic is high and disconnected

when the logic is low. The recorded analog voltage can be serially output from the

analog output pin using a read register, and by connecting the pin to an external

ADC (Analog to Digital Converter), we can measure the charge by EASIROC.

⋄ Slow Control

InputDAC value, PreAmp gain, Slow Shaper time constant, and discriminator

threshold setting can be rewritten externally by SlowControl.
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Figure 3.11: Overview of the EASIROC internal
circuit[48].

EASIROC boards

The VME-EASIROC board is developed mainly for the Time-Digital-Convertor

and the Analog-Digital-Convertor of MPPC signals, as well as data acquisition or

transfer to the Receiver Module (Fig. 3.12). Since a EASIROC can read 32 MPPCs

with one chip, the VME-EASIROC board is equipped with two chips, and then

the board can read 64 MPPCs. The EASIROC chip is connected to FPGA. The

FPGA is responsible for controlling the ASIC and taking the ADC or TDC data.

The board can accept the trigger and the hold timing via KEK-VME J0 bus and

transfer the data to the Front-end with the SiTCP protocol via the Ethernet. All the

VME-EASIROC boards are connected to a Receiver Module, GP-IO, which accepts

the trigger and the event tag from MTM and distributes them to the EASIROC

boards on the local network via the J0 bus.
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Figure 3.12: VME-EASIROC board developed mainly
for the Time-Digital-Convertor and the Analog-Digital-
Convertor of MPPC signals, as well as data acquisition
and their transfer to the Receiver Module. The board can
accept the trigger and the hold timing via KEK-VME J0
bus and transfer the data to the Front-end with the SiTCP
protocol via the Ethernet. All the VME-EASIROC boards
are connected to a Receiver Module.
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Chapter 4

Evaluation Experiment of

Prototype Range Counter

I fabricated a prototype range counter made of 8 layers of a 6 mm-thick plastic scin-

tillator slab. The total thickness of the prototype is one-third of that of the range

counter used for the E63 experiment. I conducted an experiment at the downstream

end of the J-PARC K1.8 beam line to test the prototype and evaluate its perfor-

mance. As a result, I confirmed that the prototype satisfies the requirements to

separate the pions in the E63 experiment. In this chapter, I explain the details of

the prototype and the experiment.

4.1 Configuration of Prototype

I fabricated a prototype composed only of a range counter except for a tracking

detector. The components of the prototype range counter (the model number of

plastic scintillators, wavelength-shifting fibers, and MPPC) are the same as the

range counter for the E63 experiment (henceforth, called E63 Range Counter) de-

scribed in Sect. 3.3. The only difference from the full size of the range counter is

the total thickness of the prototype; the number of layers in the prototype is only

one-third of that of the E63 Range Counter.

4.2 Fabrication of Prototype

The method and process of the fabrication are summarized in this section.

⋄ Embed fibers in plastic scintillator

The plastic scintillator slab, cut to the size needed for the range detector, had its
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surface polished and grooves dug on the top and bottom surfaces of it. The grooves

are semi-cylindrical with a diameter of 1mm. I embedded a wavelength-shifting

fiber in the groove carved into the scintillator slab and fixed it with optical cement

(EJ-500)(Fig. 4.1). I wiped off the excess cement, being careful not to let any dirt

or dust adhere to the cement. In spite of careful work, the surface became a little

dirty. After the optical cement hardened, I wrapped the slab with Teflon sheet all

over the scintillator slab, carefully not to tear or wrinkle the Teflon. I fabricated

8 layers of that and the total thickness of the Teflon sheets of 8 layers is less than

1.6mm.

Figure 4.1: Process of embedding wavelength shifting
fibers in a groove on the scintillator slab, fixing them with
optical cement (top) and wrapping the slab with Teflon
sheet (bottom).

⋄ Fix scintillator slabs with aluminum frame

I fixed eight scintillator slabs together with an aluminum frame (Fig. 4.2). I also

installed an aluminum board for mounting a circuit board with MPPCs (MPPC

readout board) and guiding the fibers to the MPPCs. At that time, the design was

such that there was almost no extra space in the holes for the fibers to pass through

smoothly, and I worked for a long time to pass a total of 16 fibers through the holes

on the aluminum board little by little, taking great care not to crack or damage the
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fibers.

Figure 4.2: Fixing scintillators with aluminum frame.

⋄ Polish the readout surface of fibers

After threading the fibers through the holes and fixing the aluminum board, I fixed

the fibers with optical cement. As shown in Fig. 4.3, the fiber was further fixed

with epoxy resin in order to polish the cut end of the fibers without breaking and

damaging them. Then, I sanded the cut end of the fiber and polished it. I put a

black rubber sheet on the aluminum board to prevent crosstalk between the fibers

as shown in Fig.4.4 and installed the MPPC readout board (Fig. 4.5) on it.

⋄ MPPC readout board for the prototype

I designed the MPPC readout board. The circuit is shown in Fig. 4.6 and the board

design is shown in Fig. 4.7. It is made of a two-layered circuit, with layer 1 (front

side), L1, used for mounting components of cable connectors as well as capacitors

and resistors and for mounting HV lines, and with layer 2 (back side), L2, used for

mounting SiPMs and the signal lines.

The fabrication of the prototype range counter was completed as shown in Fig.4.8.
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Figure 4.3: Polish the readout surface of fibers.

Figure 4.4: Black rubber sheet put on the aluminum board
to prevent crosstalk between the fibers
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Figure 4.5: MPPC readout board for the prototype. It is
made of a two-layered circuit, with layer 1 (front side), L1,
used for mounting components of cable connectors as well
as capacitors and resistors and for mounting HV lines and
layer 2 (back side), L2, used for mounting SiPM and the
signal lines.
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Figure 4.6: Circuit of the MPPC readout board for the
prototype. This circuit is made of 16 channels of MPPC.
Each channel is composed of MPPC (S13360-1325PE), ca-
pacitor (0.1µF), and resistor (1 kΩ).
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Figure 4.7: Board design of the MPPC readout board for
the prototype. Left: L1 (front side) used for mounting
components of cable connectors, capacitors, and resistors
and for mounting HV lines. The red line represents the
HV line, and the green area represents the ground. Right:
L2 (back side) is used for mounting SiPMs and the signal
lines.
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Figure 4.8: Prototype range counter

4.3 Evaluation Experiment

I conducted an experiment to evaluate the prototype range counter. The purposes

of the experiment are: (1) to check if the signal is read out correctly and the number
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of photons is sufficient, (2) to confirm it possible to identify the pion stop events in

the prototype, and finally (3) to test if the prototype can separate the pions from
3
ΛH and 4

ΛH.

1.Check the operation of the readout

I adopted the readout method using wavelength-shifting fibers and MPPCs as de-

scribed in Sect. 3.3. Scintillation photons are converted and transported in the

wavelength-shifting fibers embedded in the two sides of the scintillator slab, and

read out with SiPMs. First of all, it is necessary to confirm whether this reading

method is properly working without any defects. As described in Sect. 3.3.1, I take

the data not only of hit information but also of the ADC information from each

MPPC, and if I acquire enough photons with MPPC when pions are injected and

stop in the range counter, I should observe the energy loss in each layer follows a

Bragg curve.

2. Identify the pion stop events in the prototype and investigate effects

of the pion interaction

As a Monte Carlo simulation suggests in Sect. 3.2, pions stop in the range counter

with larger energy loss than the cases without hadronic interaction with some prob-

ability. The strong interaction effect is hard to calculate precisely in a low energy

region and experimental data is limited, and therefore, the interaction in simula-

tions could be different from the real interaction. Therefore, I should study whether

the energy loss in each layer of the range counter agrees with the simulated one or

not because, if not, it becomes difficult to determine the stop layer. In addition, I

should also confirm how often pions lose their energy via strong interaction in the

range counter.

3. Test if the prototype can separate the pions from 3
ΛH and 4

ΛH

In order to identify the hypernuclei of 4
ΛH and 3

ΛH, the range counter should have

a kinetic energy resolution less than 3MeV as explained in Sect. 3.2. In the test

experiment, the resolution should be also investigated.

4.3.1 J-PARC K1.8 Beamline

I conducted the experiment at the J-PARC K1.8 beamline where pions were avail-

able as a beam. The K1.8 beamline is optimized for Ξ hyperon production. The

maximum momentum of the supplied K− beam is 2.0GeV/c. The production cross

section of Ξ hyperons is largest at 1.8GeV/c [51]. By using the produced hyper-
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ons, it is possible to study hypernuclei with S = −2 such as double Λ hypernuclei

and Ξ hypernuclei, in addition to single Λ/Σ hypernuclei. The K1.8 beamline is

equipped with two stages of electrostatic separator (ESS) that separates particles

according to their velocity among various secondary beam particles produced at an

upstream production target and selected for their momenta with bending magnets.

Since the world-highest intensity of K− beam with up to around 5M/spill (spill =

2.0 seconds) is available, I use it for systematic research of hypernuclei via missing-

mass spectroscopy and gamma-ray spectroscopy, and of YN two-body interaction

via hyperon-nucleon scattering with high statistics.

As the J-PARC can provide us with a high-intensity hadron beam, it is a suitable

place to test the prototype using a pion beam. However, as the beamtime in J-

PARC is very limited, I cannot obtain a beam time only for testing a detector. In

this situation, a prototype test experiment was conducted in the most downstream

part of the K1.8 experimental area in parallel with an experiment for searching for

H-dibaryon (J-PARC E42). In this experiment, H-dibaryon is produced via the

(K−, K+) reaction on a carbon (diamond) target. Momentum measurement and

particle identification of the beam K− and the scattered K+ are performed by K1.8

beamline spectrometer and a spectrometer for scattered particle (KURAMA) as

shown in Fig. 4.9.

4.3.2 Experimental Setup

In the downstream part of the E42 setup, I installed detectors and took data with

an independent data acquisition system of the E42 experiment. Pions with a mo-

mentum of 0.33GeV/c decay in 20m, and a particle at the downstream may be

different from the original particle at the upstream. Even though I could monitor

what particles were transported to the downstream part, I could not identify each

particle entering the prototype. I should identify the particles and measure their

velocity with my detectors just before the prototype.

The experimental setup is given in Fig. 4.9, 4.10, 4.11, and 4.12. I measured

the time-of-flight with TOF counters (T1 and T2) because particles fly with var-

ious velocities. Both T1 and T2 are plastic hodoscopes of 5 segments. From the

time of flight, I obtained the velocity of the particle before entering the prototype

range counter. The segment number assignment in Fig. 4.10 is used in the following

analysis and discussion. The basic information on T1 and T2 is summarized in

Table 4.1.

I took data with three conditions: (1) 1.8GeV/c π− beam run, (2) 300MeV/c π−

beam run, and (3) scattered proton run as summarized in Table 4.2. In the runs
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(1) and (2), there was no target in the E42 experiment, and the KURAMA magnet

was turned off. Therefore, the incident particle was mainly a negatively-charged

pion coming directly through the K1.8 spectrometer as the dotted arrow shown

in Fig. 4.9. These pion beams in (1) and (2) had a momentum of 1.8GeV/c and

300MeV/c, respectively. The former was used for the calibration of the prototype

and the latter was for the study of the performance of the prototype with low

momentum pions stopped inside.

While beam particles were used in the runs (1) and (2), scattered particles were

used in the run (3). There was a diamond target for the E42 experiment, and the

KURAMA magnet was turned on. Positively-charged particles like protons and

pions (and muons) were produced in the reaction between the diamond and K−

beams, and they were bent by the KURAMA magnet to the downstream part. I

mainly used the scattered protons with momenta around 600MeV/c. The setup

was changed from the runs (1) and (2) as shown in Fig. 4.9.

Figure 4.9: Setup of the H dibaryon search experiment at
K1.8 beam line (J-PARC E42), with which a test exper-
iment for the prototype was performed in parallel. The
setup for the prototype was changed two ways for beam
pion runs and a scattered proton run.
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Figure 4.10: Experimental setup. The time-of-flight was
measured with a TOF counter (T1 and T2). Both T1 and
T2 are plastic hodoscopes of 5 segments. From the time of
flight, I obtained the kinetic energy of the particle before
entering the prototype range counter (Incident energy). I
used a degrader for stopping pions in the prototype, and
the distance between T1 and T2 was about 1.5m. This
figure shows the setup for the pion runs, (1) and (2). In
the scattered proton run (3), I did not use the degrader,
and the distance between T1 and T2 was about 1.0m.
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Figure 4.11: Experimental setup of the prototype and T2
counter viewed from the upstream. The position of the
prototype and TOF counters was determined by using
cross line laser levels.
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Figure 4.12: Experimental setup of the prototype and TOF
counters viewed from the side for the beam pion run.

Table 4.1: Information on T1 and T2

T1 T2

Number of segments 5 5

segment size (H×W × T [mm3]) 20× 50× 5 50× 20× 5

readout MPPC PMT

both-side one-side

Table 4.2: Data summary

(1) (2) (3)

Particle beam π− beam π− scattered proton

Momentum 1.8GeV/c 0.3GeV/c ∼ 0.6GeV/c

E42 target no target no target Diamond

Degrader With degrader With degrader Without degrader

Material Iron Iron

Thickness [g/cm2] 19, 24, 28 19, 24, 28

KURAMA magnet OFF OFF ON

Number of

triggered events 80K 400K 18M

Distance b/w T1 and T2 1.4 - 1.5m 1.4 - 1.5m 1.0 - 1.1m
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In the experiment (2), the pions of about 300MeV/c were degraded into less

than about 110MeV/c in a degrader so that the pion would stop in the prototype.

Three iron blocks with different thicknesses of 19, 24, and 28 g/cm2 were placed

next to each other as the degrader. The pion flies with various velocities before the

degrader and also between T1 and T2.

4.3.3 Data Acquisition

The data acquisition system is independent of the one for the main experiment, E42.

The data-acquisition circuit is given in Fig. 4.13. I took data with a coincidence

trigger of both T1 and T2 (L1 trigger). Fan In/Fan Out (FI/FO) separated the L1

trigger into three signals for the EASIROC: Trigger, HOLD, and Common stop.

Figure 4.13: Data acquisition circuit in the test experiment
for the prototype. The data was taken with the T1-T2
coincidence trigger (L1 trigger). The L1 trigger was sep-
arated into three signals: Trigger, HOLD, and Common
stop (STOP) for data taking in the EASIROC.
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4.4 Analysis

4.4.1 Beam Particle

The momentum of the beam particle was measured by the K1.8 spectrometer

(Fig. 4.14) event by event, but I cannot use the information because the data acquisi-

tion system is separated from the DAQ system for testing the prototype. Therefore,

the information was used just for monitoring the beam. The momentum spread in

Fig. 4.14 is not caused by the detector resolution in the K1.8 beam spectrometer

but by momentum distribution determined by the K1.8 beam line (the momentum

bite). Figure 4.15 shows the Time-Of-Flight measured by two hodoscopes BH1 and

BH2 (called BTOF) for electron, µ−, and π−. The flight path was 10.044m. The

total number of electrons and that of pions in the (2) run were both 3.3× 107, and

that of muons was 3.7 × 106. These numbers were counted by BH1 and BH2, but

all the particles did not reach the prototype. The momentum of electrons, muons,

and pions was 0.303GeV/c from the BTOF.

Assuming that the lifetimes of pion and muon are 22 nsec and 2.2µsec, re-

spectively, and both momentuma are 0.303GeV/c, the decay rate of pions in the

distance of 5m from BH2 to the prototype is estimated to be 23%. Assuming that

only 23% of the total number of pions decayed to muons at BH2 (3.3×107 in total),

the number of pions which reached the prototype is extimated to be 2.5× 107 and

that of muons is 1.1 × 107. In this analysis, the fraction of muons mixed with the

pion beam is less than 31% because the TOF selection was applied and the event

selection was also performed.
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Figure 4.14: Distribution of beam momentum measured by
the K1.8 beam spectrometer in the low momentum pion
run.

Figure 4.15: Time of flight between BH1 and BH2 in the
K1.8 beamline. The TOF was a relative value with respect
to the pions. Kaon and antiprotons were too slow and
cannot be seen in this figure.
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4.4.2 Energy Calibration

I do not have to accurately measure the energy loss in the counter but need to

acquire the pulse height information from each MPPC in order to know the energy

loss in each layer. Minimum-ionizing particles (MIP) lose an energy of 2MeV per

10mm in plastic scintillator until the particle was degraded to a velocity much

slower than the speed of light and regarded as not a MIP.

The ADC data of the prototype range counter was calibrated using the data of

1.8GeV/c π− run. Two values in the ADC distribution of each layer were used for

the enegy calibration. One is a MIP peak whose most probable value corresponds

to the energy loss of 1.2MeV as shown in Fig. 4.16. The other is a pedestal peak

(zero energy peak). Hereafter, “mip” is used as a unit of energy corresponding to

1.2MeV. The MIP peak appeared when the data was taken by the trigger of T1 and

T2 coincidence and the pedestal peak appeared when the data was taken mainly

by other triggers.

As a result of the calibration using these two values, the two-dimensional distri-

bution as shown in Fig. 4.17 was obtained. The typical photon number was about

15 photons for one mip.

Figure 4.16: ADC distribution of layer number #2. The
horizontal axis shows the ADC value and the vertical one
shows the counts. The most probable value of the MIP
peak corresponds to 1.2MeV energy deposit.
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Figure 4.17: Two-dimensional distribution of layer number
and energy loss. The energy is calibrated by the ADC
values obtained in the 1.8GeV/c π− run.

4.4.3 Slewing Correction of TDC

In this section, I explain the analysis of the time of flight. Information on the

timing when a particle enters a counter is obtained naively from the time when

the pulse crosses a certain threshold. However, the pulse height fluctuates for each

event depending on the energy loss of the particle loses in the counter as well as the

fluctuation of the number of photons detected by the photo sensor, and a difference

in the pulse height leads to a difference in the rise time of the signal, and finally

leads to a difference in the TDC data. In other words, even if two particles entered a

counter at the same time, we would obtain different timings when the two particles

give different pulse heights. Therefore, it is necessary to correct the timing obtained

directly from the TDC module into the true timing. This correction is called slewing

correction and is usually done using TDC values and either ADC (pulse height) or
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QDC (total charge) values.

Figure 4.18 shows an example of the slewing correction for the 1.8GeV/c π−

run for the combination of T1 seg. 5 and T2 seg. 2. I took QDC values of the TOF

counters called QT1, QT2 and TDC values TT1, TT2, where the QT1 and the TT1 are

mean values of the left and right readouts of the T1 segment. The time difference

(∆T ) in Fig. 4.18 is defined as C2·TT2−C1·TT1, where C1 and C2 are TDC calibration

parameters. The parameters C1 and C2 were obtained channel by channel with a

Time Calibrator module, CAEN V775. The C1 and C2 values determined for each

TDC channel were distributed in 0.032− 0.035 nsec. The corrected Time difference

(∆Tcorr) in Fig. 4.18 is defined as

∆Tcorr = C2 · TT2 − C1 · TT1 − P1/
√

QT1 − P2/
√

QT2 − T0,

where the P1, P2, and T0 are correction parameters. Figure 4.18 left shows a two-

dimensional distribution of 1/
√
QT1 (horizontal) and Time difference ∆T (vertical)

with a fitted function (red line). As a result of the fitting, the P1 value was obtained.

After the correction with respect to the QT2 in the same way as QT1, the P2 and

T0 values were obtained. Figure 4.18 right shows a distribution of 1/
√
QT1 and the

time difference ∆Tcorr after the corrections concerning QT1 and QT2.

Figure 4.19 shows the TOF distribution before and after the slewing correction

for the combination of T1 seg. 5 and T2 seg. 2 obtained by projecting the distribu-

tions to the vertical axis in Fig. 4.18. The horizontal axis in Fig. 4.19 represents the

TOF difference from the β = 1 particle, and the peak is located at 0 nsec because

1.8GeV/c π− is regarded as a β = 1 particle. By the slewing correction, the TOF

resolution was improved from 250 ps to 160 ps. The improved TOF resolutions for

all the combinations of the segments of T1 and T2 are summarized in Table 4.3.

The slewing corrections for 300MeV/c π− and scattered protons were done also

using the parameters obtained in the correction for 1.8GeV/c π−.
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Figure 4.18: Time difference distribution with respect to
1/
√
QT1 before/after slewing correction for the combina-

tion of T1 seg.1 and T2 seg.2. Left: Two-dimensional
distribution of 1/

√
QT1 (horizontal) and Time difference

∆T (vertical) with a fitted function (red line). Right: Dis-
tribution ∆Tcorr after the corrections concerning QT1 and
QT2.

Figure 4.19: TOF difference from β = 1 particles before
and after the slewing correction for the combination of
T1 seg. 5 and T2 seg. 2 in the run of 1.8GeV/c π−. The
horizontal axis represents the TOF difference from β = 1
particles.
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Table 4.3: The TOF resolution after the slewing correction
for all the combinations of the segments of T1 and T2 [psec]

segments
T1

1 2 3 4 5

T2 1 143 132 169 167 197

2 164 116 120 154 160

3 116 121 105 134 203

4 151 136 116 140 225

5 177 161 131 140 209

4.4.4 Stop Event Selection

In this section and the following sections, results are shown and considerations of

them are given.

Low momentum pions are selected by applying a cut to the obtained TOF

difference distribution in Fig. 4.20. The origin of the horizontal axis was adjusted

so that the peak made of the distribution of β = 1 electrons is located at 0 nsec.

The distribution is simulated with Monte Carlo method taking into account strong

interaction of pion in matter. In this simulation, muons and pions with a ratio of

1 : 10 are injected with a momentum of 0.290GeV/c into a setup consisting of the

WC as well as the degrader, the TOF counters, and the prototype as in the test

experiment. Particles are injected into the setup just before the WC which mainly

affects the number and velocity of the particles. As a result, the ratio of the number

of muons and pions reaching the prototype is estimated to be 10 : 1, and, in other

words, the number of pions decreases to 1/100 of the initial number. Assuming

the same time resolution as that of the TOF counters, muons are distributed about

1 nsec slower than the β = 1 particles, and pions are distributed in the region slower

than 2 nsec, which is consistent with the distribution shown in Fig. 4.20.

I selected slower particles than the β = 1 peak, and the selected area is shown

as a red band, where pions can be stopped at the prototype range counter, corre-

sponding to less than 38MeV in terms of kinetic energy, 0.62 in terms of beta, and

109MeV/c in terms of momentum. When I plotted the energy deposit in each layer

of the range counter for the selected events, I observed Bragg curves as shown in

Fig. 4.21. These events are defined as stop events in the following discussion. In the

events selected by the TOF cut, a particle continues losing the energy to the Nth

layer, where N is less than 8, and the energy loss is less than 0.5 mip in each layer

from (N+1)th to the 8th. Such an event is defined as the event where the particle
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stopped in the Nth layer. I confirmed that 350 pions stopped in the prototype.

For the case of the scattered proton run, Fig. 4.22 and Fig. 4.23 show the TOF

difference distribution and the energy deposit in each layer of the range counter for

selected events.

Figure 4.20: Distribution of the TOF(T1-T2) (difference
from β = 1 particles) for pions for all the combinations of
T1 and T2. The peak located at 0 nsec is the distribution
of β = 1 electrons. The red band shows the region for low
momentum pions selected as the stopping events in the
prototype.
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Figure 4.21: Energy deposit in each layer for typical stop
events of pions.

Figure 4.22: Distribution of the TOF(T1-T2) (difference
from MIP) for protons. The red band shows the region for
selection.
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Figure 4.23: Energy loss in each layer for typical stop
events of protons

4.4.5 Comparison of Experimental Data with SRIM

I compared the energy deposit in the prototype obtained in the low momentum

pion run with the calculation by the SRIM (Stopping and Range of Ions in Matter)

code [53, 54] in order to verify the validity of the data and investigate effects of pion

interaction on identification of stop layer.

Energy Deposit Difference

The comparison of energy deposit in the prototype between data and the SRIM

calculation for typical events satisfying β < 0.7 is shown in Fig. 4.24. The calcula-

tion of SRIM was performed using the β from the data, where I defined the initial

β as βinit. I used the ranges and dE/dx for each kinetic energy of a particle in a

plastic scintillator predicted by the SRIM code. The particle was set as a positively

charged particle with the pion mass, and the density of the plastic scintillator was

set the same as that of EJ200.

As shown in Fig. 4.24, there are no large differences between the data and the

SRIM calculation for particles with a large βinit penetrating the prototype like the

event 170 and the event 171. For stop events like the event 163, 176, and 177, the

stop layers are different between the data and the SRIM, and for these events, it

can be observed that the energy deposits in the stop layer calculated by the SRIM
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are larger than those of the data.

Figure 4.24: Comparison of energy deposit in the proto-
type between the data and the SRIM calculation for typical
events satisfying β < 0.7 in data (Data: red, SRIM: blue)

Beta Dependence of Energy Deposit Difference

The stop layer differs between the data and the SRIM as shown in Fig. 4.25. One

possible reason for this is that the measured βinit is larger than the true β value.

Secondly, the large difference of the data from the SRIM in small βinit may suggest

a difference of the interaction in the SRIM from the real interaction in lower energy

regions. The third one is that muons were mixed in with the pions.

However, the second reason is not likely considering the accuracy of the SRIM

calculation. The SRIM code is based on real data measured in many experiments

so far. In the regions of the energy of Bragg peaks and less than the energy, the

error of the stopping power in the SRIM is as large as 5 − 10%. As a particle with

a kinetic energy of less than 10MeV has a range shorter than one layer thickness

of the prototype, the measured range is determined by the accuracy in the kinetic

energy region larger than 10MeV. The accuracy of dE/dx is less than 2% in this

region [53, 54], which means there is no possibility of misidentifying the stop layer
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more than one layer due to difference of the SRIM from the real interaction.

The third reason should be also considered. I calculated the same way as in the

case of pions assuming the particles as muons. However, the stop layers differ very

much between data and SRIM also with the assumption.

Therefore, I consider the difference of the measured βinit values from the true

ones as the first reason why the stop layers of the data and the SRIM are different

as mentioned at the beginning of this section.

Figure 4.25: Correlation of stop layer between the data
and the SRIM. It is observed that the stop layers are dif-
ferent between both for many events and also that many
particles stopped in shallower layers than the SRIM cal-
culation, which results in the ∆ED being much less than
zero.

I changed the measured β values by changing the factor C as βinit → C · βinit

so that stop layers in data and the SRIM become the same. Figure 4.26 shows the

result. When the factor of C was adjusted to 0.9022, the stop layer correlation

between the data and the SRIM was changed as shown in Fig. 4.26 top. Figure 4.26

bottom shows a projected distribution of the stop layer in the SRIM for the events

in which particles stop in the 7th layer in the data and the fitted gaussian function,

where the mean stop layer is 7.00 and the σ is 1.07. I changed the C so that the
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mean value of the stop layer becomes seven, and I obtained this result. I use this

factor C = 0.9022 in the following discussions. As shown in Fig. 4.26 top, for all the

stop layers from 1st to 6th, the stop layers in the data and the SRIM calculation

agree with each other. Figure 4.27 shows energy deposits in each layer for typical

events with the adjusted βinit. These events are selected randomly. The data and

the SRIM are much more consistent than in Fig. 4.24. In addition, I confirmed that

the possibility of misidentification of stop layer by more than one layer is less than

10%. This suggests that effects of pion interaction is small enough.

Although the stop layers differ between the data and the SRIM under the as-

sumption that the particles are muons as referred to at the beginning of this section,

the possibility that the particles are muons should be mentioned a little more. I

performed the same analysis under the assumption that the particles are muons,

but I need the same adjustment in that case. The βinit should be also made about

5% slower. Therefore, I conclude that the βinit is estimated to be larger than the

true value.
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Figure 4.26: Top shows a correlation of stop layer between
the data and the SRIM after adjustment of the βinit as
βinit → C · βinit. The bottom shows a projected distribu-
tion of the stop layer in the SRIM for the events in which
particles stop in the 7th layer in the data and the fitted
gaussian function, where the mean stop layer is 7.00 and
the σ is 1.07.

77



Figure 4.27: Energy deposits in each layer for typical
events with the adjusted βinit.

Figure 4.28 and 4.29 respectively show two-dimensional distributions of energy

deposit difference from the SRIM (∆dE = dEdata − dESRIM) with the βinit and the

adjusted βinit (0.9022×βinit) for each layer (L1−L8), where the events are selected

by requiring energy deposit in the 1st layer to be more than 1MeV. Compared to

Fig 4.28, the data and the SRIM are matched better thanks to the adjustment of

the βinit. In Fig. 4.29, the points in the region of ∆dE < 0 are the events in which

particles stop in the layer, but the energy deposit of the SRIM is larger than that

of the data due to a quenching effect.

In the stop layer, large energy is deposited in the SRIM. The reasons why the

∆dE is much less than zero are the following two. First, it is explained by the

quenching effect in plastic scintillator. For a large dE/dx in the scintillator, response

to the energy deposit becomes non-linear due to a quenching effect of scintillation.

Figure 4.30 shows two-dimensional distributions between the stop layer and the

energy deposit in the layer for data (left) and the SRIM (right). The energy deposit

in the stop layer is about twice smaller as that in the SRIM. Ref. [55] reported that

the quenching factor is about 0.3− 0.9 at dE/dx = 10− 100MeV/cm and also the

factor becomes lower for larger dE/dx. This is consistent with the difference of the
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data and the SRIM in Fig. 4.30.

From the study with the adjusted βinit, it is considered that the measured βinit

was shifted to the faster side. In addition, all the βinit values from all the combina-

tions of TOF counters should be systematically changed to the slower side in order

to make the difference between the data and the SRIM small. Two possible reasons

for this are considered. One is that there is something wrong with measuring the

distance between the TOF counters and the second is with correcting the TOF. In

the former case, the 10% difference of the β corresponds to the 14 cm difference

of the distance between TOF counters. In the latter case, something wrong with

time calibration led to the problem, but I carefully calibrated the TDC using a time

calibrator module, and then, it is impossible.

Despite the systematic discrepancies in the β, the energy losses in the data and

SRIM match very well after the discrepancies are removed, except for the energy

deposit at the stop layers. The difference in the deposit at the stop layer is about

a factor of 2, which is considered to be due to the quenching effect. Although the

reaction between a pion and matter via strong interaction in the low energy region

is complicated and still poorly understood, the results of this experiment show that

the data and the SRIM are very well matched for many events. Although statistics

is poor, there are some events in the ∆dE > 0 region, and these may be those

events in which the π− reacts via strong interaction with the matter and loses a

large energy. Considering the quenching effect in plastic scintillator, the positive

∆dE value far off from 0 means that there was a much larger energy loss than the

one dropped by electromagnetic interaction. In the next section, I will discuss how

large energy deposit the prototype can measure when the reaction of π− occurred

due to strong interaction in plastic scintillator.
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Figure 4.28: 2D distribution of dE difference from the
SRIM (∆dE = dEdata−dESRIM) and the β obtained from
TOF (βinit) for each layer (L1− L8).

Figure 4.29: 2D distribution of dE difference from the
SRIM (∆dE = dEdata − dESRIM) and the adjusted βinit

(0.9022× βinit) for each layer (L1 − L8). The events with
∆dE > 0 become less than those in Fig. 4.28.
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Figure 4.30: 2D distributions of stop layer and energy de-
posit in the layer for data (left) and the SRIM (right) after
adjustment of the βinit. The energy deposit in the stop
layer is about twice smaller as that in the SRIM.

Pion Absorption in Nuclei

The process of pion absorption in the plastic scintillator EJ200 (styrene, C8H8)

should be considered for verifying the validity of the results.

First, I consider the absorption of π− on a C nucleus in styrene. Absorption

on a pn pair carrying the quantum number of the deuteron in the nucleus is a

dominant mechanism for stopped negatively charged pions. In this reaction, the pn

pair absorbs π− and dominantly emits nn with large kinetic energies coming from

the pion mass. The π− absorption on pp pair or other clusters in the nucleus also

occurs, which results in emission of p and/or n via ppπ− → pn or emission of other

charged particles like deuteron (d), triton (t), 3He, and 4He [56]. The stopped π−

absorption on pp pairs is about one order of magnitude less probable than that on

pn pairs [57, 58].

Figure 4.31 shows the yields of charged particles from the reaction via stopped

π− on various targets including 12C [56]. From absorption of stopped π− on 12C,

protons are dominantly produced. Deuterons and tritons are also less produced by
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a few factors than protons. The energy distributions of these particles are shown

in Fig. 4.32 [59]. The kinetic energy of the emitted protons, deuterons, and tritons

is mainly distributed around 10 − 20MeV. At low momenta, the energy deposit

per distance (dE/dx [MeV/cm]) becomes large. As mentioned in Sect. 4.4.5, the

response to the energy is not linear due to the quenching effect of scintillation for

a large dE/dx in the scintillator. The range of the proton with a 20MeV kinetic

energy is 4.5mm, that is, dE/dx = 44 MeV/cm. The quenching effect factor is

about 0.6 [55] at dE/dx = 44 MeV/cm, and the factor becomes lower for larger

dE/dx. With the assumption that the proton loses all the energy of 20MeV only

in one layer, the energy deposit is observed as if 20 × 0.6 = 12MeV energy was

deposited in the pion stop layer without any correction to the quenching effect.

When other heavy charged particles like d and t with the same atomic number as

the proton have the same initial kinetic energy as that of the proton, their ranges

are shorter than that of the proton. Therefore, emission of charged particles due to

stopped π− absorption does not give a large effect on the determination of the stop

layer.

Figure 4.31: Experimental data of yields of charged par-
ticles from the reaction via stopped π− on various targets
with mass number A from 6 to 209 [56]. From absorption
of stopped π− on 12C, protons are dominantly produced.
Deuterons and tritons are also less produced by a few fac-
tors than protons. 3He and 4He are also emitted but in
lower yields.
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Figure 4.32: Experimental data of kinetic energy distribu-
tions for emitted particles of p, d, and t from π− absorption
on 12C [59]. They are emitted dominantly with kinetic en-
ergies of 10− 20MeV. The data points represent p, d, and
t from top to bottom.
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Figure 4.33: Experimental data of single neutron energy
spectrum from 15 to 150MeV obtained by the reaction
of stopped π− on 12C. The data from Ref. [62] (open
circle), Ref. [61] (dotted line), Ref. [63] (histogram), and
Ref. [60] (full circle). The dashed line shows the kinemati-
cal limit for the two-body nucleon emission reaction. The
peak at 111MeV is derived from the neutron from the
12C(π−, n)11B reaction. The 89MeV peak is explained by
the α cluster structure in 12C nucleus, derived from the
neutron from the 4He(π−, n)3H reaction.

Figure 4.34: Experimental data of single neutron energy
spectrum from 0 to 145MeV obtained by the reaction of
stopped π− on 12C. The data from Ref. [61] (dots), Ref. [64]
(closed circle), Ref. [65] (open box), and Ref. [66] (open
circle). Figure from Ref. [67].
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In the absorptions of π− on a pp pair and other clusters as well as that on a

pn pair, one or multiple neutrons are emitted from the absorption. The energy of

the emitted neutron from stopped π− on 12C was measured in the past [60, 61, 62,

63, 64], and the distribution is shown in Fig. 4.33 and Fig. 4.34. The kinetic energy

of the emitted neutron by the reaction is dominantly around 10MeV and less than

that. The mean free path of a neutron with about 10MeV in styrene is estimated

to be 1m using the reaction cross sections of a neutron with about 10MeV on C

(σC) and H (σH), which were measured to be 0.8 and 1.2 barns, respectively [68].

Although the neutrons with higher kinetic energies than 10MeV are emitted with

some probabilities, the reaction cross section with styrene tends to become lower

in the higher energy regions. Therefore, detection by the prototype of the neutrons

emitted by π− absorption on C nucleus is negligible.

The second thing to be considered is that absorption on H in styrene also occurs

with some probabilities. The probability is lower than that of absorption on C

because of the smaller atomic number than carbon. π− absorption on a bound

proton undergoes (π−p)at rest → nπ0 (60%) or nγ (40%) [69]. These neutrons are

not problematic because the reaction cross section is very low. Either the emitted

π0 or γ in the two processes do not matter. Since 2γ from decay of the π0 in the

former process and the γ in the latter process have a large energy (≃pion mass),

they are unlikely to interact in the thin prototype range counter.

Considering all the processes discussed here, the results obtained in this exper-

iment are understandable. If the π− is absorbed in the plastic scintillator, emitted

particles of both neutral (n and γ) and charged (p, d, t, and other heavy nuclei) ones

do not affect determination of the pion stop layer because emitted charged particles

stop in a short range (≃4mm) with an energy deposit of the order of 10MeV and

the reaction probability of neutral particles is very low in the thin prototype.

I summarize the effects from the pion absorption on identification of the stop

layer. If the pion stops in Nth layer and charged particles are emitted, the particles

will stop in a short range, that is to say, the stop layer should be considered as

(N− 1), N, or (N+ 1)th layers. This is consistent with low possibility of stop layer

misidentification of less than 10%.

For further discussion, I need to study with more elaborated simulation codes

and study the pion interaction in the range counter in detail by exposing a monochro-

matic π− beam to the range counter and taking high-statistics data in near future.
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4.5 Discussion

4.5.1 Separation of Pions by the Prototype

Hereafter, I discuss if the prototype can separate the pions from 4
ΛH and 3

ΛH.

The upper part of Fig. 4.35 shows a correlation between incident energy and

the range for pion stop events. Here, the incident energy means the kinetic energy

which pions have just before entering the prototype and was obtained from the

adjusted β discussed in the previous section. In this experiment, I did not prepare

the position detector, and the flight path of the particles was determined only with

the TOF counters. The range was obtained by assuming that the particles passed

through the center of the segments of the TOF counters and stopped at the center

of the stop layer in the prototype.

The prototype is thinner than the thickness required to stop the pion from 4
ΛH

with the kinetic energy of 53MeV, and then, based on the following discussion, I

selected the lower energy regions than 53MeV. The selected energy regions are

33 ± 0.75MeV and 20 ± 0.75MeV of the incident energy (I.E.) with their energy

difference of 13MeV equal to the kinetic energy difference (∆K.E.) of the pions

from 4
ΛH (53MeV) and 3

ΛH (40MeV). The higher kinetic energy the particles have,

the easier it is to separate the particles with their ranges as described below. Thus,

if the energies of 33MeV and 20MeV are separated with the range measured by

the prototype, the range counter can separate the pions from 4
ΛH and 3

ΛH. I plotted

the range distributions for these two energy regions shown in the bottom part of

Fig. 4.35.

From the above discussion, they are well separated with a confidence level of

2.2σ, corresponding to a very low possibility of less than 2% of misidentifying 4
ΛH

and 3
ΛH. Therefore, I conclude that, in the E63 experiment, 4

ΛH and 3
ΛH can be

separated by measuring their weak decay pions using the range counter.
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Figure 4.35: Top:Correlation between incident energy
(I.E.) measured by T1-T2 TOF and the measured range
for pion stop events. Bottom:measured range distribu-
tions for the incident energy ranges of 33 ± 0.75MeV and
20± 0.75MeV.

Energy Ambiguity from TOF Resolution

The ambiguity of the selected incident energy due to the resolution of TOF dis-

tributed from 105 to 225 ps (Table 4.3) is 1.0MeV for 20MeV of I.E. and 2.4MeV

for 33MeV of I.E.
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Table 4.4: The calculated relative range straggling ϵ (%)
for protons in Be, C, Al, and Cu [52] and the kinetic energy
of pions (KE (pion)) converted from the kinetic energy
of protons (KE (proton)) with the assumption that pions
have the same velocity with protons.

KE (proton) [MeV] KE (pion) [MeV] KE/mass Be C Al Cu

2 0.30 0.002 1.704 1.867 1.968 2.293
4 0.59 0.004 1.550 1.631 1.814 2.030
6 0.89 0.006 1.469 1.526 1.720 1.875
8 1.19 0.008 1.419 1.466 1.649 1.779
10 1.48 0.010 1.382 1.424 1.597 1.749
20 2.96 0.021 1.286 1.315 1.450 1.609
40 5.93 0.042 1.206 1.230 1.330 1.468
60 8.89 0.064 1.165 1.183 1.271 1.390
80 11.86 0.085 1.135 1.152 1.231 1.339
100 14.82 0.106 1.109 1.178 1.271 1.431
200 29.64 0.213 1.041 1.054 1.112 1.190
250 37.05 0.266 1.017 1.029 1.084 1.155
300 44.46 0.319 0.997 1.009 1.060 1.127
350 51.87 0.373 0.980 0.991 1.040 1.104
400 59.28 0.426 0.966 0.976 1.023 1.085

Range Straggling

The range straggling is expected to be smaller as a relative value in higher energy

regions. Table 4.4 shows relative range straggling ϵ for protons in Be, C, Al, and Cu

[52], where ϵ is defined by R (range) and σstrag (range straggling) as ϵ = (σstrag/R×
100 [%]). It suggests that ϵ becomes small with high kinetic energy or in matter

with a small atomic number. The ϵ value in plastic is expected to be less than

that in carbon in the table. I estimated the relative range straggling for pions from

values in Table 4.4 using a scaling law as a function of the velocity, β, because

the Range/Mass and the range straggling depend only on β. The values of proton

kinetic energy in Table 4.4 are converted to values for the pions with the same β

as protons. The relative range straggling in carbon is very small, about 0.991%

for pions with a kinetic energy of 51.87MeV. Therefore, the range straggling in the

prototype is estimated to be 0.5mm or smaller. The peak width (rms) of the range

distributions at the bottom part of Fig. 4.35 are both larger than 0.5mm, and this

is considered to come mainly from the resolution of time of flight of about 10%.

Since the range peak width is mainly determined by the limited time resolution,

the results show that the pions from 3
ΛH and 4

ΛH can be separated more safely using

the range counter.
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4.5.2 Energy Resolution

In this section, I investigate if the range counter meets the requirement; the kinetic

energy resolution (σKE) should be less than 3.0MeV in order to identify the hyper-

nuclei of 4
ΛH and 3

ΛH as explained in Sect. 3.2. Figure 4.36 shows a relation between

the kinetic energy of pions and its σKE. The correlation in Fig. 4.35 was projected

onto the axis of the kinetic energy for each layer, and each projected distribution

was fitted with a Gaussian function. Data points and their errors in Fig. 4.36 were

obtained using the mean value, the standard deviation (σKE), and the error of the

standard deviation as a result of the fitting. The error bars for small kinetic en-

ergies are large because their statistics are relatively poor. The σKE required for

the range counter system is less than 3MeV, and in this energy region, the σKE is

below 3 MeV except for one point. The energy resolution due to the 5 − 10% time

resolution of the TOF counter is expected to be 1 − 2MeV for the kinetic energy

region of 10−35MeV in Fig. 4.36. Since the energy resolution is mainly determined

by the limited time resolution, the results show that the σKE for the pions from
3
ΛH and 4

ΛH with fixed kinetic energy is much better. Furthermore, this figure also

shows that the σKE does not depend on the kinetic energy, and therefore, the σKE

is expected to be less than 3MeV even at the kinetic energy of pions emitted from
4
ΛH (53MeV).

In conclusion, from the above discussion, I can say that the range counter sat-

isfies the requirement for the kinetic energy resolution and can identify 4
ΛH and

3
ΛH.
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Figure 4.36: Relation between the kinetic energy of pi-
ons and its resolution. Data points and their errors were
obtained as follows. The correlation in Fig. 4.35 was pro-
jected onto the axis of the kinetic energy for each layer,
and each projected distribution was fitted with a Gaus-
sian function. The data points and their errors come from
the mean values, the standard deviations, and the errors
of the standard deviation as a result of the fitting.
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Chapter 5

Fabrication and Evaluation of

Range Counter and Position

Detector

I found that the prototype satisfies the requirement for the kinetic energy resolution

and it can identify 4
ΛH and 3

ΛH. Thus, I fabricated a whole set of the range counter

and the position detector for the E63 experiment.

satisfies the requirement for the kinetic energy resolution and can identify 4
ΛH

and 3
ΛH.

5.1 Fabrication of Range Counter and Position

Detector

5.1.1 Updates in Fabrication of the Range Counter

In this section, I explain the fabrication of a range counter and a position detector

for the E63 experiment. There is no major update in the basic fabrication method

of the range counter from the prototype fabrication (Sect. 4.2), but I made a few

minor updates. I changed the tape for masking the plastic scintillator surface from

the optical cement, which enables us to keep the scintillator surface much clearer

than the prototype (Fig. 5.7). In addition, I polished the other end of the fiber that

is not in contact with the MPPC, although I did not polish it when fabricating the

prototype. These changes should contribute to increase in the number of photons.

I also changed the hole size of the aluminum frame from 1.1mm to 1.2mm for

the 1.0mm diameter wavelength-shifting fibers (Fig. 5.8) in order to make it much
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easier to pass the fibers through the holes to avoid damaging the fibers.

MPPC Readout Board for the Range Counter System

As described in Sect. 4.2, the readout board for the prototype was previously made

of a two-layer circuit board, but it was changed to a six-layer board because I could

not observe a single photon peak in ADC’s of many channels with the previous

board due to a significant high noise level. The noise made it difficult to adjust the

gain for each channel and to confirm the number of photons observed in each SiPM.

For noise reduction, the board was redesigned. The circuit and the board design

is shown in Fig. 5.1 and Fig. 5.2. There are some updates from the previous board.

First, I changed the number of layers from two to six. In the new design, layer 1, L1,

is used for mounting components and HV lines, and L3 and L5 are used for mounting

signal lines of the odd- and even-numbered channels, respectively. The increase of

the number of layers contributed to securing a wider area between adjacent signal

lines that can be covered with the ground for noise reduction. Second, the width of

the signal lines was widened. The wider the signal width is, the less noise it picks

up. In addition, the wider width between the signal lines helped to pin more vias

to the ground than the previous board. The isolated ground acts as an antenna

without vias, and the pinned vias will make the ground more stable.

MPPC readout boards for the position detector were newly designed. The cir-

cuits and the board design of PD-Y and PD-Z are shown in Fig. 5.3, Fig. 5.4 and

Fig. 5.5, Fig. 5.6, respectively. The number of layers of the boards is four for the

same reason as the board of the range counter. The L1 is used for mounting com-

ponents and HV lines, and L4 is used for mounting signal lines and SiPMs.
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Figure 5.1:
Circuit of the MPPC readout board for the range counter.
This circuit is made of 16 channels of MPPC. Each chan-
nel is composed of MPPC (S13360-1325PE), capacitor
(0.1µF), and resistor (1 kΩ).

Figure 5.2: Board design of the MPPC readout board for
the range counter. Left: L1 (front side) used for mounting
components of cable connectors, capacitors, and resistors
and for mounting HV lines. The red line represents the
HV line. Right: L3 is used for mounting the signal lines of
odd-numbered channels. The colored area represents the
ground.
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Figure 5.3:
Circuit of the MPPC readout board for the PD-Y. This
circuit is made of 6 channels of MPPC. Each channel is
composed of MPPC (S13360-1325PE), capacitor (0.1 µF),
and resistor (1 kΩ).

Figure 5.4:
Board design of the MPPC readout board for the PD-Y.
Left: L1 (front side) used for mounting components of ca-
ble connectors, capacitors, and resistors and for mounting
HV lines. The red line represents the HV line. Right: L4
used for mounting SiPMs and the signal lines. The colored
area represents the ground.
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Figure 5.5:
Circuit of the MPPC readout board for the PD-Z. This
circuit is made of 16 channels of MPPC. Each channel is
composed of MPPC (S13360-1325PE), capacitor (0.1 µF),
and resistor (1 kΩ).

Figure 5.6:
Board design of the MPPC readout board for the PD-Z.
Top: L1 (front side) used for mounting components of ca-
ble connectors, capacitors, and resistors and for mounting
HV lines. The red line represents the HV line. Bottom: L4
used for mounting SiPMs and the signal lines. The colored
area represents the ground.
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5.1.2 Test of Photon Yield of the Position Detector

I made a test with one segment of PD-Y and measured the number of photons

counted by a directly attached MPPC (S13360-13225PE, the same type as used

in the RC) and the hit position dependence of the number of photons with a 90Sr

beta-ray source, as shown in Fig. 5.9. The gap between the scintillator and the

MPPC was filled with an optical grease (EJ-550, Optical Grade Silicone Grease).

As a result, more than about 10 photons are obtained at any source position, of

which photon yield is sufficient for our purpose. The number of photons from the

pion to be detected by the detector is expected to be more than the photon yield

from the 90Sr source because the pion with a momentum of 100MeV/c lose about

1.2MeV in 3 mm-thick plastic, and this is higher than the energy deposit (1MeV)

of the beta ray with the most probable kinetic energy from the 90Sr source. I also

found the number of photons for the beta decay to be six in the case of air gap,

being less than the case using the optical grease.

In the fabrication of the position detector, I wrapped plastic scintillator segments

with Teflon sheet and fixed them with the frame as shown in Fig. 5.10. The gap

between MPPC and the edge of the scintillator is filled with optical sheet, Nitto

CS9865UA 15 N/20mm Optically Clear Adhesive Tape.

Fig. 5.11 shows the whole setup of the range counter and the position detector

without MPPC readout boards or flat cables and with them.

Figure 5.7: Fabrication 1. Mass production of embedding
the fibers (left) and wrapping scintillator slabs with Teflon
sheet (right).
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Figure 5.8: Fabrication 2. Process of fixing the plastic
scintillator slabs with the frame.

Figure 5.9: Hit position dependence of the number of pho-
tons in TD-Y measured with a 90Sr beta source.
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Figure 5.10: Plastic scintillator slabs for the position detec-
tor (top) and fabrication of the position detector (bottom).
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Figure 5.11: Whole setup of the range counter and the
position detector without MPPC readout boards or flat
cables (left) and with them (right).

5.2 Evaluation with Cosmic Rays

I conducted a simple experiment to test the range counter and the position detector

with cosmic rays. The data-acquisition circuit is given in Fig. 5.12. We took data

with a cosmic-ray trigger using a trigger counter. The GPIO distributes a signal

for a trigger and HOLD to each VME-EASIROC board via the J0 bus on the

VME crate. The common stop was distributed by another line directly to each

VME-EASIROC board.

99



Figure 5.12: Data acquisition circuit in the test experiment
for the range counter and the position detector. The data
was taken with the cosmic ray trigger (L1 trigger). The
GPIO distributes a signal for a trigger and HOLD to each
VME-EASIROC board via the J0 bus on the VME crate.
The common stop was distributed by another line directly
to each VME-EASIROC board.

5.2.1 Photon Number in the PD Scintillator Slabs and its

Hit Position Dependence

Figure 5.13 and 5.14 show the hit position dependence of the number of photons

for the PD-Y and PD-Z segments, respectively. These figures were obtained by

averaging the photon counts for those events in which cosmic rays penetrated all

the layers of the range counter. By using the PD-Z hit information in Fig. 5.13

and the PD-Y hit information in Fig. 5.14, dependence of the photon count on the

distance from the MPPC was investigated. There exists no hit position dependence

in the number of photons in either PD-Y or PD-Z segments. Typically, we obtained

about 20 photons in a segment of PD-Y and about 25 photons in PD-Z.
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Figure 5.13: Hit position dependence in the photon num-
ber of the PD-Y obtained by averaging the photon counts
for events where cosmic rays penetrated all the layers of
the range counter. The position was selected by using the
PD-Z hit information.
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Figure 5.14: The hit position dependence in the photon
number of the PD-Z obtained by averaging the photon
counts for events where cosmic rays penetrated all the lay-
ers of the range counter. The position was selected by
using the PD-Y hit information.

5.2.2 Number of Photons of the RC and its Hit Position

Dependence

Using a setup shown in Figure 5.15, I examined the number of photons from a

RC scintillator slab, detected by the two MPPCs from the two WLSFs located far

from or close to cosmic-ray hit points A, B, and C on the first layer of the range

counter. Figure 5.16 shows the hit position dependence of the number of photons

in the first layer of the range counter. The hit positions were selected by the PD

hit information to be close to one of the two fibers. The blue (red) data points

represent the photon counts from the MPPC in contact with the fiber close to (far

from) the hit positions. No dependence on the distance from the MPPC is found in

both fibers far from and close to the hit positions. It is also found that the number

of photons differs by about 10 photons between the fiber close to the hit positions

and the fiber far from the hit positions. Typically, we obtained about 40 photons

a fiber wherever MIPs hit. The number of photons for MIP was much more than

about 15 photons of the prototype. This is because the surface of the scintillator

was much clearer and I polished the side of the fiber not in contact with the MPPC.

These changes contribute to the increase of the photons reflected in the scintillator
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and the fibers without being emitted outward.

Figure 5.15: Hits positions (A, B and C) of cosmic rays
on the first layer of the range counter used to study the
number of photons. The number of photons detected by
two MPPCs connected to the two fibers far from or close
to the particle hit points was examined. The hit positions
were selected by the PD hit information to be close to the
fiber on one side.
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Figure 5.16: Hit position dependence of the number of
photons in the first layer of the range counter. The hit
positions were selected by the PD hit information to be
close to one of the two fibers. The blue or red data points
represent the photon counts at the MPPC in contact with
the fibers close to or far from the hit positions. Points A,
B, and C are shown in Fig. 5.15. No dependence on the
distance from the MPPC exists in both fibers of far from
and close to the hitting positions. It is found that the
number of photons differs by about 10 photons between
the fiber close to the hit positions and the fiber far from
the hit positions.

5.2.3 Detection Efficiency of the Range Counter and the

Position Detector

The efficiency of the range counter and the position detector are obtained as follows.

As for the detection efficiency concerning a given layer of the range counter, it is

defined as the probability of having a hit on the layer of interest when there is a

hit on PD-Y and PD-Z and a hit on all the other layers of the range counter. In

this case, a detection efficiency of 95% or higher was achieved for all layers. With

respect to the detection efficiency of the position detectors Y and Z, the efficiency

of a segment of PD-Y (Z) is defined as the probability that, when we have hits

on all the layers of RC and a segment of the PD-Z (Y), we have a hit also on the

segment of PD-Y (Z). The efficiency is also found to be higher than 95% for all the
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segments of both PD-Y and PD-Z.
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Chapter 6

Conclusion

We developed a range counter system for identification of nuclides for a gamma-ray

spectroscopy experiment of secondary hypernuclei at the J-PARC K1.1 beam line

(E63 experiment). We plan to measure the gamma-rays from the lightest hyper-

nuclei of 3
ΛH and 4

ΛH by a Ge detector array (Hyperball-J) in the E63 experiment.

The 4
ΛH and 3

ΛH cannot be directly produced from the (K−, π−) and (π+, K+) re-

actions, and therefore, the 7Li (K−, π−) reaction was adopted for the production of
4
ΛH and 3

ΛH as secondary hypernuclei. In order to identify from which hypernuclei

the gamma-rays measured by Hyperball-J are emitted, we introduce a triple coin-

cidence method between the reaction, gamma-ray, and weak decay. We measure

the pion from hypernuclear weak decay with the range counter. The range counter

system is required to separate two monochromatic pions from 4
ΛH and 3

ΛH (53MeV

and 40MeV, respectively) in the range spectrum with a confidence level of 3σ.

I designed the range counter as multi-layered plastic scintillation counters. Based

on previous studies by a Monte Carlo simulation and fabrication of a prototype

layer, the range counter system has been determined to have 24 layers of a 6 mm-

thick plastic counter, whose readout method employs wavelength-shifting fibers and

SiPMs. In front of the range counter, plastic scintillator hodoscopes are installed as

a position detector (PD-Y and PD-Z) for measuring the incident angle of the pions.

I fabricated a prototype range counter with a thickness of one-third of the whole

detector for the E63 experiment and conducted a test experiment for the prototype

at J-PARC using beam pions and scattered protons. The time of flight of the parti-

cles was measured using two plastic hodoscopes located just before the prototype. I

selected slow pion events with the information of the time of flight and, as a result,

I found that about 300 pions stopped in the prototype. I also found that, from the

distribution of the measured range and the kinetic energy from the time of flight,

the prototype can separate pions from 4
ΛH and 3

ΛH sufficiently well.
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Then, I fabricated a whole set of the range counter of 24 layers and the position

detector, and then conducted a simple experiment to test them with cosmic rays.

Typically, I obtained about 20 photons in a segment of PD-Y and about 25 photons

in PD-Z for a minimum ionizing particle (MIP). In addition, we typically obtained

about 40 photons for a MIP by one SiPM in a layer of the range counter. The

number of photons satisfies our purpose. The efficiency of the range counter and

the position detector achieved more than 95% for all the layers of the range counter

and all the segments of the position detector.

Based on the results of the experiment with the prototype and of the evaluation

of the whole set of the range counter and the position detector, it is concluded that

the range counter system developed in this study can identify the weak decay pions

in the E63 experiment.
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[16] M. Jurič et al., Nucl. Phys. B 52, 1 (1973)

[17] T. Shao for the STAR Collaboration, EPJ Web Conf. 271, 08010 (2022)

108



[18] M.Bedjidian et al., Phys. Lett. B 83, 252 (1979)

[19] M.Bedjidian et al., Phys. Lett. B 62, 467 (1976)

[20] A.Kawachi, Docter thesis, University of Tokyo, 1997

[21] A.R.Bodmer and Q.N.Usmani, Phys.Rev.C 31, 1400 (1985)

[22] R.H.Dalitz, F.VonHippel, Phys. Lett. 10, 153 (1964)

[23] S.A.Coon, H.K.Han, J. Carlson, B. F.Gibson, arXiv:nucl-th/9903034

[24] A.Nogga, H.Kamada, and Walter Glöckle, Phys. Rev. Lett. 88, (2002)
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