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Abstract

Tetra-neutron systems have attracted considerable attention since candidates
of bound tetra-neutron system were reported. While a recent examination
of the latest theoretical paper using ab-initio calculations suggests that the
bound tetra-neutron system does not exist, the possibility that it may form
a resonance state is still an open and fascinating question.

We performed missing-mass spectroscopy of the four-neutron system via
an exothermic double-charge exchange reaction *He(®*He,®Be)4n. The experi-
ment was carried out at the RI Beam Factory at RIKEN using the SHARAQ
spectrometer and the liquid He target system. The secondary beam, 8He at
186 MeV /u, had a large mass excess, which enabled us to produce the four-
neutron system with a small momentum transfer of less than 20 MeV/c. In
order to obtain the missing-mass spectrum, we measured the momentum of
the incident ®He beam with the High-Resolution Beamline and momenta of
outgoing two « particles, which were the decay products of the ®Be ejectile,
with the SHARAQ spectrometer.

We selected the events produced by ‘He(®*He,®Be)4n reaction with a pre-
cise analysis. Two « particles from the ®Be ejectile were detected in coinci-
dence at the final focal plane of the SHARAQ spectrometer. Furthermore, a
method to reconstruct trajectories for more than two particles under high in-
tensity beam (~2 MHz) was developed. In this analysis, we obtained almost
background free data.

We obtained 38 events in the the missing-mass spectrum of the four-
neutron system. The spectrum had a strength at low excitation energy region
between 0 and 2 MeV. We discussed the shape of the spectrum in comparison
with a theoretical calculation assuming the effective range theory including
the correlation of di-neutron clusters. We suggest a possibility that the ob-
servation is due to the resonance state of the tetra-neutron system.
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Chapter 1

Introduction

1.1 Tetra-Neutron System

1.1.1 Previous Study of the Four-Neutron System

The possible existence of pure neutron nuclei has attracted considerable at-
tention in nuclear physics in the last 60 years [3]. The few-body systems
of chargeless nuclei such as di-neutron, tri-neutron and tetra-neutron, which
have no Coulomb interaction, are an excellent way to investigate the pure
nucleon-nucleon interaction as a basic system of nuclei. These systems are
also interesting from the viewpoint of the limits of the nuclear stability be-
yond the neutron drip-line, especially for correlations in multi-body scatter-
ing states.

There were numerous attempts to search for a bound tetra-neutron. In
the 1960s, thermal fission [4] and fast-neutron-induced fission [5] of ura-
nium was used to investigate the bound tetra-neutron system. Furthermore,
in the 1980s, several experiments using the pion double-charge exchange
He(r—, 7 ") reaction [2,6,7], and a number of transfer reactions [8,9] were
performed. However, all of attempts to detect either bound tetra-neutron or
a resonance state have been unsuccessful. The existence of the bound tetra-
neutron system was discussed by many authors from a theoretical point of
view [8,9].

In 2002, Marqués et al. [10] reported the surprising result that the pos-
sible existence of the bound tetra-neutron was observed by using a breakup
reaction of “Be, most probably in the channel of °Be+4n. After they re-
ported this experimental result, several theoretical attempts to confirm the
experiment were performed, but all of the results were negative [1,11,12].
The theoretical papers claimed that our understanding of nuclear few-body
systems and nucleon-nucleon interactions will be significantly changed if this

17



18 CHAPTER 1. INTRODUCTION

experimental observation of bound tetra-neutron were confirmed.

While those theoretical papers indicated that a bound tetra-neutron does
not exist, it is still possible that the tetra-neutron system may form a reso-
nance state. This possibility is an open and fascinating problem.

1.1.2 Possibility as the Resonant State

The possibility of the existence of the tetra-neutron as a resonance state has
been discussed in many theoretical papers. Some theoretical attempts [1, 13—
15] suggest that the tetra-neutron as a resonance state exists at the low
excitation energy region, while others predict a negative result [16, 17].

ot
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Figure 1.1: Taken from the figure of S. Pieper [1]. Energies of nuclei com-
puted with the AV18/IL2 Hamiltonian with modified nucleon-nucleon (NN)
potentials (1.Sy — 27 and 'Sy—AV1’) and with no modification (AV18), com-
pared with experimental values for known nuclei. The red circle is the energy
of the four-neutron state.

In Pieper [1], the energy level of four-neutron has been studied in the
Green’s Functions Monte Carlo method [18] with the modern realistic nuclear
Hamiltonian, which provide a good description of nuclei up to A = 10. They
suggest that a broad-resonance of tetra-neutron state may exist at 2 MeV
by extrapolatiing of the energy calculated with an external potential well.
Figure 1.1 shows the energy state of the nuclei calculated with the realistic
potentials AV18/IL2 [19] and modified NN potentials. In the calculation
of Fig. 1.1, the three body force for isospin (7"), T = 3/2 —an interaction
between three neutrons—was not considered. This calculation also showed
that the level energy of the resonance state crucially depends on the T' = 3/2
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three body force in the NNN potential and 7" = 2 four body force in the
NNNN potential.

Recently, it was revealed that many body forces, especially for the isospin
T = 1/2 three body force, play an important role in the limit of neutron-rich
nuclei, the neutron drip line, and evolves regularly from light to medium-
mass nuclei [20]. However so far the isospin 7" = 3/2 three-body force and
four-body forces have not been investigated. The T' = 3/2 component of
three-nucleon force was predicted to an impressive next-to-next-to-next-to-
leading order (N®*LO) in chiral effective field theory, so that the 3n and 4n
properties are possible to predict without any unknown couplings to higher-
order [21,22]. For this reason, the isospin 7' = 3/2 three-body force and
T = 2 four-body force are very interesting topic of not only in the nuclear
physics but also astrophysics.

This is also interesting from the point of view of the structure of neutron
stars. Understanding the multi-body force in a pure neutron system is im-
portant for understanding the nature of neutron stars, since their equation
of state includes the many-body force, which is highly uncertain. This plays
a crucial role when extrapolating to the high density region found in neutron
stars [23].

1.1.3 Multi-Neutron Correlation in Scattering State

The decay property of the many-body system has been investigated to es-
tablish the foundation of our understanding of atomic nuclei. For example,
in recent years, two-proton radioactivity was observed [24]. However, the
multi-neutron decay property had yet to be observed experimentally because
of the difficulty in detecting the neutron, while the theoretical study was
developed [25]. To overcome the difficulties associated with experimentally
neutrons, the scattering state was examined. The scattering state reflects
the final state interaction of the reaction product. Thus the scattering state
enable us to investigate the correlation of subsystem such as di-neutron cor-
relation and a correlation between di-neutron and di-neutron.

Figure 1.2 shows the result of the momentum spectrum of the four-
neutron system produced by the (7, 7") double-charge exchange reaction in
Unger et al. [2]. There has been no clear evidence of the bound state of the
tetra-neutron system. However, an interesting result of this study was that
the continuum region in the spectrum was inconsistent with simple phase
space decay. If four neutrons decay into phase space with no correlation, the
shape of the continuum region of the excitation energy (FE) spectrum will be
proportional to £7/2 (Appendix B). On the other hand, if there is a correla-
tion, for instance, between two di-neutrons, the shape of spectrum will not
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Figure 1.2: Taken from the figure of J. Unger et al. [2]. Here, the differential
cross section is plotted versus 7+ momentum, with arrows indicating the
region in which counts corresponding to a bound tetra-neutron would be
expected.

follow the simple phase space decay.

Through the investigation of the correlation, information on the final state
interaction of the subsystems is expected to be obtained from the continuum
region in the energy spectrum.

1.2 Thesis objectives

The purposes of this experimental work are to investigate

e the existence of the resonance state in a low excitation energy region,
and

e investigating the multi-neutron correlation especially for the correlation
between the di-neutron and di-neutron from the shape of continuum
region in the excitation energy spectrum.

The author was responsible for designing, preparing and performing the
experiment and analysis of the data.

The author designed the system around the secondary target and operat-
ing the liquid He target system. In particular, the author played an central
role in developing the detecting system at final focal plane of the SHARAQ
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spectrometer. In order to detect two « particles at the focal plane as large
yield as possible, the author developed a new ion optics of the SHARAQ
spectrometer. The readout system of the CRDC adopted a multi-hit TDC
and flash-ADC, which were essential for acquiring the two particles. The
logic circuits to make a trigger signal of CRDCs and a whole DAQ system
were developed with FPGA-based logic circuit named LUPO (Logic Unit for
Programmable Operation), which makes it easy for us to develop a compli-
cated circuit systematically and to change the circuit by remote control. In
order to measure the momentum of the beam in event-by-event under high
intensity beam, the multi-hit TDC was adopted.

In the analysis, the author developed the new analysis framework for
treating the timing information to reconstruct the particle trajectory of more
than two particle under high intensity beam condition, which was in the order
of 10° cps. This idea and concept will be useful for experiments with the high
intensity beam, which will increase in the future at the RIBF. The idea to
detect very few events among huge background events was thus important. In
this thesis, the detail of the experiment, analysis, result and its interpretation
are reported.






Chapter 2

Design of the Experiment

2.1 Exothermic Double-Charge Exchange Re-
action

In this work, we applied an exothermic double-charge exchange (*He,*Be)
reaction on a *He target to study the four-neutron system. In the following
subsection, we describe the characteristics of this reaction and the reason we
employed this reaction.

2.1.1 Exothermic Reaction

Reaction kinematics using an RI beam are quite different from those in a
stable-beam induced reaction. Since a reaction Q-value in the projectile sys-
tem is negative with a stable beam, the momentum transfer (¢) is not close
to 0 because a large energy transfer is needed. On the other hand, an RI
beam induced reaction can produce reaction products with small momen-
tum transfer due to the large mass excess of unstable nuclei. We call the
reaction which has a large positive Q-value exothermic reaction. Since the
transferred energy can be provided from the internal energy of the projec-
tile, the exothermic reaction is a powerful method of the reaction with small
momentum transfer.

We measured the exothermic reaction (*He, ®Be) on a “He target to pro-
duce a four-neutron system in an almost recoil-less condition. This charac-
teristic of the exothermic reaction is quite important to investigate in the
four-neutron system which is expected to be a very weakly coupled system.
Figure 2.1 shows the relation of (Q-values between the target system and the
projectile system in this reaction.

23
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Figure 2.1: Energy relation between the target and projectile systems in the
“He(®He,®Be)4n reaction.

Kinematics

We describe the characteristic relation of momentum transfer and energy
transfer in this reaction. In the reaction described as A(a, b)B, the momen-
tum transfer, ¢, energy transfer, w, and mass difference, Am, are defined
as:

q = Pa — Db = DB, (2.1)

Am = mg — my, 2.3)

where m, and p, are the masses and momenta of each particle respectively.
Using following approximation:

|Am| < mg, (2.4)

q << my, (2.5)

q < \/mg+p2, (2.6)
0 < 1, (2.7)

we can describe the relation between ¢ and w as :

Am
wzjriﬂvf—@ﬁﬂ (2.8)
Equation (2.8) gives rise to

(Bq)? ~ (w - ATm)Z + (Bpaf)* > (w E A7m>2, (2.9)

where [ is the velocity parameter and ~ is the the v factor of incidence beam,
respectively. The system of units A = ¢ =1 is used in this thesis.



2.1. EXOTHERMIC DOUBLE-CHARGE EXCHANGE REACTION 25

ST P
[0} ]
= 100~ W -
=100 A8 X
o B N R \T‘ T ]
5 ool 35
% 80— S
c C 9 ) e\C\;o) i
g B 5 ron 5
£ O |5 .
2 ELE ]
c T ] -
S 40—E f
o 40-C :
S = .
E ool & A

[ “4n ]

state -
0 et v b b e b b
0 10 20 30 40 50

excitation energy of 4n: 00 - Wt (MeV)

Figure 2.2: Reaction kinematics in the w-g plane. The horizontal axis
w — wyyr corresponds to the excitation energy of a four-neutron system.
The shaded red area is the kinematical accessible region by the exother-
mic ‘He(®He,*Be)4n reaction at 200 MeV /u. The shaded gray area is one by
endothermic reaction. The solid blue line corresponds to the (7, 7") reac-
tion at 165 MeV in Unger et al. [2]. The solid magenta line corresponds to
the (180, 8 Ne) reaction at 200 MeV /u as the other example of double-charge

exchange reaction.
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Figure 2.2 shows the reaction kinematics on the w-g plane. Here, we
define wyy,, is the threshold energy to produce a four-neutron system. Thus
W — wyyr represents an excitation energy of the four-neutron system. If the
projectile is an RI beam, dm < 0 can be achieved and the momentum transfer
is placed only in the space-like region (¢ > w), where momentum transfer is
larger than energy transfer. Furthermore, this exothermic reaction enables
us to reach beyond photon-line i.e. we can study the reaction in the time-like
region (¢ < w), where momentum transfer is smaller than energy transfer.

Note that this kinematical characteristics has an sensitivity at a low exci-
tation energy region to investigate four-neutron system rather than previous
experiment of (77, 7).

2.1.2 Reaction Mechanism

Responses of nuclear systems through nuclear reactions are characterized
by angular momentum transfer (total Al, spin AS, and orbital AL) and
isospin transfer (AT'). The charge exchange reaction occurs through the NN
effective interaction of the Fermi type (7 type) and Gamow-Teller type (o).
For the projectile system, since the Fermi type interactions only contribute
between the isospin transfer multiple (AT = 0), this (®*He, ®Be) reaction,
which has a different isospin transfer (AT = 2), occurs by a Gamow-Teller
type interaction. This is the reason why we chose an incident energy of
200 MeV /u, where the o7 effective interaction becomes strong.

*He *n
p _— p -6
=)
s 6 06 S -0—6—
proton neutron prOtOn neutron

Figure 2.3: Transition of the target system.

Figure 2.3 shows the transition of the target system. Since the AL = 0
transitions are blocked by the Pauli exclusion principle at the s orbit, the
transition are dominated by the dipole (AL = 1) transition. On the other
hand, spin-flip transition in the projectile system was assumed, as mentioned
above. As a result, the dominant interaction of the reaction of the target
system is to be spin-flip dipole transition (AS = 1,AL = 1). Then, if
we assume the two step transition in the double-charge exchange reaction,
intermediate state of the reaction is assumed as ®He + ®Be — *H(17) +
8Li(11) — 4n + ®Be.
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Figure 2.4 shows the energy level diagram of the A=4 and A=8 isobars
related to this reaction.

2.2 Missing-Mass Spectroscopy

We performed missing-mass spectroscopy at the RI Beam Factory (RIBF) at
the RIKEN. We can obtain an unstable ®He beam on the order of 10° cps as
a secondary beam with the BigRIPS fragment separator [26] and the High-
Resoluton-Beamline (HRB) [27].

The required energy resolution is about 1 MeV (FHWM) in order to
investigate a predicted resonance state, which is around 2 MeV above the
threshold and has about 2 MeV width. If we employed a beam energy of
200 MeV /u, the required momentum resolution is less than dp/p =1/3000

In order to measure the momenta of reaction products in high-resolution,
we used the SHARAQ spectrometer [28,29], which was designed for high-
resolution spectroscopy with an unstable beam. The designed value of the
maximum momentum resolution is ép/p ~ 1/14700. On the other hand, the
momentum distribution of the secondary beam at 200 MeV /u produced by
fragmentation is usually about +2% which is considerably larger than the
resolution of the SAHRAQ spectrometer. Therefore, to measure the momen-
tum of the beam, we employed the High-resolution Achromatic transport
mode at the BigRIPS and the HRB. This ion optical transport enables us
to measure the momentum event-by-event at a dispersive focal plane and
obtain the achromatic beam spot at the target. As a secondary target, we
employed a liquid hydrogen target [30] with thickness of 120 mg/cm?.

One of noticeable advantages of the reaction (¥*He, ®Be (— 2a)) is to
detect two a particles produced from ®He in coincidence at the final focal
plane of the SHARAQ spectrometer. The half-life of ®Be is 6.7 x 10~!7 sec,
which is much shorter than the time of flight of outgoing particles (in the
order of 100 ns — 1 us). Two « particles detection in coincidence enables us to
obtain data with a good signal-to-noise ratio. A spread of two a particles in
space, the decay corn, from the ground state of ®Be at 200 MeV /u is smaller
than the acceptance of the SHARAQ spectrometer. The angular distribution
of ®Be is expected to have a forward peak because of the AL = 1 transition so
that we can detect almost all events of ®*Be. Furthermore, since the invariant-
mass of the ®Be can be reconstructed by the momenta and outgoing angles
of the two a particles, we can identify whether their origin is ®Be or not. In
terms of the detection efficiency, since the decay channel of ®Be is only two «a
particles decay without emission of any ~ rays, it is not necessary to detect
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Chapter 3

Experiment

We performed the experiment at the Radioactive Ion Beam Factory (RIBF)
at RIKEN [31]. In order to obtain the missing-mass spectrum, we mea-
sured the momentum of the ®He beam with BigRIPS and High-Resolution-
Beamline as well as the momenta of two « particles, which were the decay
products of the ®Be ejectile, with the SHARAQ spectrometer. This chapter
gives a detailed description of the experimental setup. Sec. 3.1 describes the
experimental facilities. Sec. 3.2 describes the design of ion optics. Sec. 3.3 de-
picts a detail of detectors used in this experiment. Sec. 3.4 depicts the liquid
He target system. Sec. 3.5 depicts DAQ system. Sec. 3.6 gives a summary
of experimental conditions.

3.1 Experimental Facilities

3.1.1 RI Beam Facility

RIBF is designed to achieve up to 440 MeV /u for light ion [31]. A schematic
view of RIBF accelerators is shown in Fig. 3.1.

In this experiment, we used the hyper electron cyclotron resonance ion
source (hyper-ECR) with the radio frequency (RF) of 14.25 GHz and three
cyclotrons, the AVF (K=70 MeV), the RRC (K=540 MeV) and SRC (su-
perconducting , K=2500 MeV) to accelerate an ¥O beam of 230 MeV /u.
The intensity of the primary 0 beam was a maximum of 400 pnA during
this experiment. The SRC was operated with an RF of 13.7 MHz which
corresponds to beam bunch separation of 73 ns.

31
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Figure 3.1: Overview of RIBF facility.

3.1.2 BigRIPS and High-Resolution Beam Line

BigRIPS is an in-flight RI beam separator constructed at RIBF [26]. The
High-Resolution-Beamline (HRB) is a beam line for the SHARAQ spectrom-
eter designed to satisfy the lateral and angular dispersion matching condi-
tion [27]. A detailed specification of the SHARAQ spectrometer is described
in the Sec. 3.1.3.

The layout of BigRIPS, the High-Resolution-Beamline and the SHARAQ
spectrometer is shown in Fig. 3.2. The secondary beam emitted from the pro-
duction target at FO is achromatically focused at F3. An aluminum degrader
of 15 mm thickness is placed at F1. In order to optimize the momentum ac-
ceptance of secondary beam, a collimator is placed at F2. A secondary target
is installed at SO, which is the starting point of the SHARAQ spectrometer.
The design of ion optics in this experiment is described in Sec. 3.2 in detail.

The secondary ®He beam was produced by a fragmentation reaction at
the FO production target. The primary beam was 80 with an energy of
230 MeV /u. The intensity of the primary *O beam was about 400 pnA. A
production target of Be with a thickness of 20 mm was used. An aluminum
wedge-shaped energy degrader with a thickness at its center of 8 mm was
used.

3.1.3 SHARAQ Spectrometer

The SHARAQ spectrometer is designed to achieve a high momentum reso-
lution of dp/p ~ 1/14700 and high angular resolution §6 ~ 1 mrad for the
reaction production from the secondary beam [28, 32].
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Figure 3.2: Overview of BigRIPS-HRB-SHARAQ.

Figure 3.3 shows the schematic view of the SHARAQ spectrometer. The
SHARAQ spectrometer consists of three quadrupole magnets (Q) and two
dipole magnets (D) in the following order: Q1-Q2-D1-Q3-D2. The first dou-
blet qudrupoles (SDQ) are superconducting magnets. The design specifica-
tion of the SHARAQ spectrometer is listed in Table 3.1. The design of the
magnet and ion optics is described in Ref. [28] and [33] in detail. The max-
imum rigidity is 6.5 Tm, which is larger than 4.29 Tm and 5.7 Tm for ‘He
and 8Li of 200 MeV /u, respectively. The rigidity is smaller than 8.59 Tm
for ®He of 200 MeV /u. The ratio of the dispersion (D = 5.86 m) and the
horizontal magnification (M, = 0.40) corresponds to spectrometer resolving
power of p/dp = D/M, = 14700 assuming a target spot size of 1 mm. The
infinitely small value of the vertical magnification leads to a high angular
resolution from vertical position of final focal plane S2. The 8He beam was
stopped at the exit of the D1 magnet by a load beam dump.

3.2 Ion Optics

We used optical parameters which can transport the beam with high res-
olution achromatically for the BigRIPS-HRB to measure the momentum
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Figure 3.3: Schematic layout of the SHARAQ spectrometer.

Table 3.1: Design specification of the SHARAQ spectrometer.

Maximum rigidity
Dispersion (D)

Horizontal magnification (M,)

D/M,

Resolving power (for image size of 1 mm)

Vertical magnification
Angular resolution
Momentum acceptance
Vertical acceptance
Horizontal acceptance
Solid angle

6.5 (Tm)
5.86 (m)
0.40

14.7 (m)
14,700

0.0

1 (mrad)
+1 (%)
+30 (mrad)
+53 (mrad)
4.8 (msr)
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of the secondary beam at the F6 dispersive focal plane with a resolution
of about dp/p ~ 1/7000. For the SHARAQ spectrometer, we developed a
large momentum acceptance transport to satisfy momentum resolution about
dp/p ~ 1/10000 and as large acceptance for two « particles originated from
the ground state of ®Be. Detailed description on the transfer matrix of the
ion optics can be found in Appendix A with the definition of the parameters.

3.2.1 High-resolution Achromatic Transport

We used the High-resolution Achromatic Transport (HA) mode for the BigRIPS-
HRB to measure the momentum of the secondary beam with dp/p ~ 1/7000
(FWHM) which corresponds to a 0.46 MeV resolution of missing-mass of
four-neutron system. Figure 3.4 shows the envelope of the beams with the
HA mode between F3 and SO with the first order abbreviation optical ma-
trix for 8He of 200 MeV /u. The upper figure shows a horizontal direction
for position varied by + 3 mm and angle by + 10 mrad. Each color line
corresponds to a momentum distribution of + 1%. The lower figure shows
a vertical direction for position £ 3 mm, and for angle + 30 mrad. In this
experiment, the target position (S0) is 20 cm downstream from the standard
optics.

Table 3.2 shows a summary of the transfer matrix of the HA mode in
the first order. If the beam is achromatic at F3, the ratio of the dispersion
((x]|d) = 7.36 m) to the horizontal magnification ((z|x) = 0.87) corresponds
to a resolving power of p/dp = (z|J)/(x|z) = 10500, assuming a resolution of
1 mm at F3.

The secondary target is located at SO which is the achromatic focal plane.
The multi-wire drift chambers (MWDCs) were placed at FH9 and FH10 to
determine the incident angle and the positions of the beams at the secondary
target at SO with the position resolution of better than 1 mm and the angular
resolution of better than 1 mrad. In this experiment, the SO position is
moved 10 cm downstream from the normal HA optics mode as a result of
the optimization of the large momentum acceptance mode of the SHARAQ
spectrometer.

Table 3.3 summarizes the transfer matrix between FH9 and SO. The
position information at FH9 also provides extra information on the beam
position at the secondary target because an image of FH9 is symmetric with
the image at SO.
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Figure 3.4: The simulated envelope of the ¥He beam of 200 MeV /u with
the new optics of HA mode between F3 and SO. The upper panel is the
horizontal direction, while the lower is the vertical one. Blue, green and
red lines indicate the momentum differences of beams by £1%. At SO, the
achromatic focus was achieved.
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Table 3.2: Transfer matrix of the beam line.

F3-F6

(x|z) 0.87 (z|a) 0.00 (x]d) 7.36
(alz) 0.03 (ala) 1.15 (al6) 0.34
(yly) -4.30  (ylb) 0.00

(bly)  0.00 (bb) -0.23

F3-FH9

(r|x) -2.89 (z|la) 0.00 (x]d) -1.01
(alz) -0.03 (ala) -0.35 (ald) 0.27
(yly) -3.10  (y[b)  0.00

(bly) 081  (b|p) -0.32

F3-S0

(x|z) 1.50 (z|a) 0.00 (x]d) 0.52
(alx) 0.62 (ala)  0.67 (alo) -0.33
(yly) 158 (ylb) 0.00

(bly)  0.00 (blb)  0.63

Table 3.3: Transfer matrix between FH9 and SO.

FH9-S0

(x]z) -0.52 (xz]a) 0.00 (x]6)  0.00
(alz) -0.21 (ala) -1.93 (alo) -0.02
(yly) -0.51  (ylb)  0.00

(bly) -0.52 (blb) -1.96
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3.2.2 Large Momentum Acceptance Transport at the
SHARAQ

The original resolution of the SHARAQ spectrometer with the standard op-
tics was 1/14700, which is sufficient for the present experiment. However,
the acceptance of the ejectiles was found to be too small for the experiment,
so we developed a new transfer matrix with a large momentum acceptance
mode and a better acceptance [34].

The momentum distributions of two « particles are within +0.73% and
angular distributions are within +0.2 degrees in the laboratory frame for the
ground state of ®Be if we choose an incident beam energy of 200 MeV /u.
These kinematics enable us to detect two « particles at the same time with
the SHARAQ spectrometer. Two «a particles from the excited state of ®Be,
which satisfy the acceptance are small, since these two « particles have an
large opening angle. In addition, in the case of an accidental coincidence of
two independent « particles, the position and angle of two particles will have
no correlation at the focal plane.

The SHARAQ spectrometer is required to have a momentum acceptance
of about £2.5% to measure the four-neutron system from the ground state
to the excited state at 40 MeV and including the momentum distribution of
both the two a (£0.74%) and the beam (+1%). A momentum resolution of
1/10000 was also required to achieve the energy resolution of 1 MeV in the
invariant mass spectrum. We calculated an ion optical transfer matrix using
the code COSY infinity [35] so that the maximum solid angle satisfies those
requirements. As shown in Fig. 3.5, we obtained an effective solid angle of
4.2 msr which covers the required momentum area.

Table 3.4 shows a comparison between this optimized large momentum
acceptance transport optics and the standard one. The momentum accep-
tance was 1.8 times larger than the standard optics while the momentum
resolution was reduced and the solid angle was almost same as the standard
optics. The maximum size of the decay-cone was estimated to be 120 mm
in horizontal direction (z direction) and 28 mm in vertical direction (y di-
rection) by a Monte Carlo simulation using the transfer matrix and angular
acceptance.

Figure 3.6 shows the large momentum acceptance transport at the SHARAQ
spectrometer for *He of 200 MeV /u. The upper figure shows that for the hor-
izontal direction, the distribution of position is & 8 mm and on the angle, it
is & 1 degrees. Each color line corresponds to a momentum distribution of
+ 1%. The lower figure shows that for the vertical direction, the distribution
of position is £ 8 mm on the angle, it is & 1 degrees.
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Figure 3.5: Effective solid angle of ®Be. The solid line represents ground
state of ®Be and the dotted line for the first excited state (3.0 MeV)

Table 3.4: Comparison of the specifications for large momentum acceptance
transport of SHARAQ to that of the standard transport.

large moment. accept. standard

Momentum resolution (p/dp) 10000 14700
Momentum acceptance +1.8% + 1.0%
Vertical acceptance +1.5 deg. +1.7 deg.
Horizontal acceptance +2.9 deg. £3.0 deg.
Solid angle 4.3 msr 4.8 msr

Table 3.5: Parameters of the transfer matrix of the SHARAQ spectrometer.

S0-S2

(x]z) -0.58 (x]a) 0.00 (x]6) -6.08
(alz) -0.51 (ala) -1.72 (al0)  0.62
(yly)  0.00  (ylb) -2.02

(bly)  0.50 (blb) -0.25




40 CHAPTER 3. EXPERIMENT

///D S
/RN

)
)
i

VYt
I\

(
I
i

Figure 3.6: The envelope of the large momentum acceptance transport at
the SHARAQ spectrometer for *He of 200 MeV /u.
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3.3 Detectors

Table 3.6 lists the detectors used in this experiment at the BigRIPS-HRB-
SHARAQ. Each of the detectors are described in detail in the following sec-

tions.

The beam line detectors which are located from F3 to FH10 are

described in Sec. 3.3.1. The final focal plane detectors which are located at
S2 are described in Sec. 3.3.2.

Table 3.6: List of the detectors used in the present experiment.

Focal plane  Detector Type Name  Sensitive area  Used during
X XY mm  physics runs

F3 Plastic 1 mm* F3PL 100 x 100 o

Hodoscope 1 mm'  pHodo 100 x 100 o
LP-MWDC T20 DC31 80 x 80
LP-MWDC T21 DC32 80 x 80

F6 LP-MWDC S22 DC61 144 x 144 o
FH7 Plastic 3 mm' FH7PL 220 x 150
LP-MWDC 520 DC61 144 x 144

FH9 Plastic 1 mm' FHIPL 220 x 150 o

LP-MWDC S20 DC9I1 144 x 144 o

FH10 LP-MWDC S21 DCX1 144 x 144 o

LP-MWDC S21 DCX2 144 x 144 o

Plastic 1 mm' FHXPL 220 x 150 o

LP-MWDC S23 DCXO0 96 x 96 o

S2 CRDC CRDC1 550 x 300 o
Plastic 10 mm®  S2L0 200 x 100

CRDC CRDC2 550 x 300 o

Plastic 5 mm® S2L1 650 x 400 o

Plastic 10 mm®  S2L2 650 x 400 o

Plastic 20 mm'  S2L3 650 x 400 o

3.3.1 Beam Line Detectors

Plastic Scintillators

Four plastic scintillators were used in this experiment to detect the timing
and the energy loss of the beam and to count the number of particles. The
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light output from each scintillator was read by two photomultiplier tubes
(PMTs) attached to the both sides of the scintillator. The PMTs used in
this experiment were Hamamatsu R7600s.

Low Pressure Multi-Wire Drift Chamber

Eight low pressure multi-wire drift chambers (LP-MWDCs) were used in this
experiment to track the position of the beam. The details of the LP-MWDCs
are described in Ref. [36] and Ref. [37]. Figure 3.7 shows the schematic
picture of a LP-MWDC. Table 3.7 shows the summary of specification of
MWDCs. The data reduction of MWDCs is given in Sec. 4.2.1. This section
gives a specific design and configuration of three type of LP-MWDCs which
categorized by a plane configuration.

(b)
Cathode
4 5mm
Anode W|re 45 o

Iectrons

Potentlal wire <—> 4.5mm

Cathode )
artlcle L’X

x anode (U)
Particle cathode

Figure 3.7: A schematic picture of a MWDC. (a) The plane configuration
of S23 type. (b) A cross sectional picture of MWDC between anode and
cathode plane of S23 type.

There are several different types of MWDCs used in this experiment.
Their purposes are as follows:

e The T20, T21, S23 types are designed for use near the achromatic focal
plane where the size of the beam spot is small. The cell size is small
to detect as many as 10° particles/sec in each cell.

e The S22 type is designed for the use at a dispersive focal plane where
the size of the beam spot is large. The effective area and cell size are
large. The plane configuration of this type of MWDC is two pairs of
planes such as U-U’" and V-V’. The V(U) plane is in the same direction
of wire as the V'(U’) plane. The V(U) plane is shifted to the half cell
size to the V/(U’) plane. This configuration is useful to identify and
track two particles described in Sec. 4.4.2.
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e The S20, S21 types are designed for the use at FH7, FH9 and FH10.
These types each consist of three planes.

These MWDCs were filled with 10 kPa pure of isobutane gas and operated
with a bias of 1-2 kV. The detectors were then installed in the vacuum cham-
ber. Aluminized mylar with a thickness of 25 or 50 ym was used as a window
for the detector. The signals from the anode wires were amplified and dis-
criminated by REPIC RPA-130/131 cards and the timings for leading and
trailing edge were digitized by a multi-hit TDC module CAEN V1190A/B.
The position resolution of less than 300 ym (FWHM) and detection efficien-
cies of more than 90% were obtained in an experiment using the light ion
beam with an intensity of around 10° cps [36].

Table 3.7: Specification of the low pressure multi-wire drift chamber.

Name DC31 DC32  DC61 DC71 DCX1 DCX0
DC72 DCX2
DCI1
Type T20 T21 S22 520 521 S23
Configuration (XX'YY”? XX'YY' VUU'V' XUY XYV XXYY’
Sensitive area 80x 80 mm? 144 x 144 mm? 96x96 mm?
Cell size 5x4.8 mm? 9% 9 mm? 6x6 mm?
#ch 16x8 16x4 24x4 244-244-6 16x4
Anode wire Au-W 12.5 ym? Au-W 10.0 pym?
Potential wire Cu-W 75 pm?
Cathode foil Mayler 1.5 um®
Window foil 50 pm® 25 pm*
Voltage -1. ~-2. kV
Gas fill pure isobutane (i-C4Hig), 10 kPa

Micro-Hodoscope

A micro-hodoscope consists of thirty plastic scintillator bars with horizontal
and vertical dimensions respectively. Each plastic scintillators are the size of
1 mm x 1 mm x 30 mm as shown in Fig. 3.8.

It was crucial to detect the position of the particles using MWDCs with
a high beam rate (~ 10° cps) and a narrow beam spot (10 mm diameter)
since charged particles only come in one or two cells. In this experiment,
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Figure 3.8: Schematic picture of micro-hodoscope.

we developed the micro-hodoscope used at the achromatic F3 focal plane
described in Sec. 3.2. By using a micro-hodoscope, it is possible to detect
the position of charged particles with a resolution of 1 mm (FWHM) under
high intensity irradiation in a narrow region. If we can identify the scin-
tillator bar which is fired by a particle, the position resolution of 0.68 mm
(= 1 mmx2.35 x 1/4/12) (FWHM) is obtained. The efficiency is almost
100% for charged particles. The detail of the micro-hodoscope is described
in Ref. [38,39].

Figure 3.9 shows the position of micro-hodoscope and other detectors in
the F3 chamber. The plastic scintillator (F3PL) and micro-hodoscope were
located upstream of the F3 focal plane. The MWDC (DC31) was located on
the F3 focal plane and MWDC (DC32) was downstream.

In order to minimize dead space, bulk scintillator bars were used without
any light shield. The light emitted from each scintillator bar was transmitted
using optical fibers. We used a 64 channel multi-anode photo-multiplier
H7546B (Hamamatsu) for the conversion and amplification of signals. The
signals from the PMTs were amplified and discriminated by REPIC RPA-
130/131 cards, and the timing for leading and trailing edge was digitized
by multi-hit TDC module CAEN V1190A/B. A detection efficiency of 95%
was obtained in previous experiment [38]. The data reduction of the micro-
hodoscope is given in Sec 4.2.2 in the following chapter.
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Figure 3.9: Top view of the F3 chamber.
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Figure 3.10: Circuits of beam line detectors.
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3.3.2 Final Focal Plane Detectors

The final focal plane detectors consist of four plastic scintillators and two
cathode readout drift chambers (CRDCs) [40,41] in the S2 focal plane of
the SHARAQ spectrometer. To cover the maximum size of the decay-cone
sufficiently, we used the present CRDC which has a large effective area (x =
550 mm, y = 300 mm) and no dead-space. The layout of the S2 focal plane
is shown in Fig. 3.11.

X

I L

CRDC1 CRDC2
Focal Plane 540 Ll 650

Particles _I
-
' J

386.0 415.0
685.8
775.8 S2PLT
8658 S2PL2

S2PL3

Figure 3.11: Top view of the S2 focal plane.

Plastic Scintillators

There were three plain plastic scintillators and one slitted plastic scintillator
used in this experiment. The three plastic scintillators were downstream
of the S2 focal plane for trigger generation and for the identification of the
reaction products. Table 3.8 shows the specifications for each of the three
plastic scintillators. The light output from each scintillator was observed by
two PMTs (Hamamatsu H1161) attached to each side of the scintillator. The
signals from the PMT's were discriminated and changed to logic signals whose
width is in proportion of the charge by the Iwatsu CLC101EF charge-to-time
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converter (QTC). The leading and trailing edges of those logic signals were
digitized by the multi-hit TDC module CAEN V1290N.

Table 3.8: Specification of plastic scintillators at the final focal plane.

Name S2PL1  S2PL2  S2PL3
Area 650 x 400 mm?
Thickness 5 mm 10 mm 20 mm
Material EJ-200

PMT H1161

Output | REPIC
S2PL1 Register| RPV130-027

A1100 LUPO

PMT(L) Trigger
Veto
[Ty ST
. Gate o
. stop |Generator :

PMT(R)

S2PL2

D—é—} S2PL Trigger

PMT(L)

PMT(R)

S2PL3

PMT(L)

PMT(R)

Figure 3.12: Schematic view of the CRDCs.

The plastic scintillator S2PL0O was designed for calibration of the verti-
cal position of CRDCs. Data reduction of the calibration is described in
Sec. 4.2.3. Figure 3.13 shows this plastic scintillator. This scintillator has 9
slits, each with a width of 0.2 mm placed at 10 mm intervals. The thickness
of this scintillator is 10 mm. The light output from each scintillator was
observed by two PMTs (Hamamatsu R7600) attached to both sides of the
scintillator. The signals from the PMTs were discriminated by the LeCroy
623B and the timing was digitized by the multi-hit TDC module CAEN
V1290N.
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Figure 3.13: The plastic scintillator S2PL0 used for the calibration of the
vertical position of the CRDCs.

Cathode Readout Drift Chamber

Two CRDCs were used at the S2 focal plane. The detail of of the CRDCs
are described in Ref. [40].
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Figure 3.14: Schematic view of the CRDCs.

The CRDC is designed for measuring positions and angles of particles at
the S2 focal plane. The SHARAQ), as described before, was designed to have
a resolving power of ép/p = 1/10000 for a 1 mm-large target spot. Because of
the dispersion, (z|0)sg = 60 mm/%, in order to satisfy this requirement, the
CRDCs have position resolutions of better than 0.6 mm and must be operated
with a low-gas pressure to suppress divergence by the multiple scattering.
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In this experiment and its goal of measuring a two-particle system, it was
especially important that the CRDCs had a large area and lacked dead-space.

Figure. 3.14 shows a schematic view of the principle for the position
detection of charged particles in the CRDC. When a charged particle goes
through the focal plane, gas inside of the CRDC chamber is ionized and the
particle hits the plastic scintillator downstream of the CRDCs. Then, the
electrons drift along in the vertical direction and make an avalanche near
the anode wire. The vertical position of the charged particle is determined
by measuring the drift time of electrons in the drift plane. The horizontal
position is determined by measuring the center of the distribution of induced
charges on the cathode pads which are arranged at 2 mm intervals.

Table 3.9: Specification of the cathode readout drift chamber

Sensitive area 550 x 300 mm?
Cathode pad 51 x 2 mm? , 256 pads x 2 plane
Anode wire 10 wires, Au-W 20 pym¢?
Potential wire 11 wires, Au-W 50 pm?
Frisch grid wire 52 wires, Au-W 50 pm?®
Grid - anode distance 7 mm

Anode - cathode distance 3 mm

Repartition grid Au(15 nm)-PET 2.5 pym
Window foil PET 25 pm

Gass fill pure isobutane(i-C4Hjp), 30 Torr = 4 kPa
Drift voltage ~ -4 kV

Anode voltage ~-1kV

Table 3.9 shows the specification of CRDCs. The signals from anode wires
were amplified and shaped with Timing-Filter-Amp (TFA) ORTEC 571/671.
Output signals from the TFA were digitized by the multi-hit TDC CAEN
V1190 and flash-ADC (FADC) SIS3310. The charge signal induced at the
cathode pads are amplified and held in the capacitor in the GASSIPLEX
chips. The trigger signals (Track and Hold, T/H) to hold the charge in the
GASSIPLEX chips are generated by the anode signal. After that, the charge
held in the GASSIPLEX chips were each read out with the CAEN Readout
for Analog Multiplexed Signals V550 and CAEN Sequencer V551B. With
its high multiplexing capability, the charge signals from the 256 cathode
pads can be transmitted through a single signal line. Figure 3.15 shows the
circuit of the CRDCs and timing chart of the readout system. The details
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Figure 3.15: Circuit of the CRDC.

, drifttime0~6 us,
——»

Trigger |_|

Anode signal

-
'V

Cathode signal
Shaped signal :]:'2 5:5 5 Hs N
in GASSIPLEX ; W
T/H L '

Figure 3.16: Timing chart of the CRDC circuit.
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of those systems is provided in Ref. [40]. The drift time was 19.0 ns/mm
at the pressure of 30 Torr. The position resolutions were 380 pum (FWHM)
horizontal and 340 pm (FWHM) vertical in the previous experiment [41].

Detection System for *“He(*He,’Be)4n Reaction

In this experiment, we used CRDCs as the two particle tracking detec-
tors [42]. If two « particles were injected to the CRDCs, the T/H signals are
generated by the anode signal when the first particle reached to anode wire.
The second particle should reach the anode wire within 500 ns after the ar-
rival of the first o particle, if they are from the ground state of 8Be. Because
the decay constant of the shaped signal in the GASSIPLEX (Fig. 3.16) is
about 5 pus, which is much longer than the drift time difference of the two «
particles from the ground state of the ®Be, it is possible to read out signals for
each « particle. The vertical positions of the two particles can be detected
to obtain the pulse shape of the charge at the anode wire using flash-ADC
SIS3301. The data reduction of CRDCs is given in Sec 4.2.3 of the following
chapter.

FPGA-Based Circuit: LUPO

We used an FPGA-based circuit named LUPO (Logic Unit for Programmable
Operation) as the trigger logic [42]. LUPO is a VME module with FPGA
chips and has the interface of the FPGA and the VME bus. This module
allows us to easily control and develop a complicated circuit by changing its
logic structure and other related parameters remotely by changing the VME
driver settings with networked computer. In addition, a single VME module,
LUPO can replace many standard NIM modules.

The CRDC trigger module is mainly consists of two sections. As shown
in Fig. 3.15, LUPO was used for the selection of the triggers for the CRDCs.
The CRDC trigger condition can be selected by:

e coincidence signal of the plastic scintillator,
e the anode signal and
e the 100 Hz clock signal.

This system allows us to test the CRDC system. Once the local trigger signal
is created, it is sent to the general trigger selector which can be selected for
the local trigger or another one as the general trigger of the whole SHARAQ
DAQ system. The whole DAQ system is described in Sec. 3.5.
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3.4 Target

At the SO focal plane, we used liquid helium as the secondary target for pro-
duction of the four-neutron system. Considering the yield of four-neutron
system and multiple scattering of particles, we used about 123 mg/cm? thick-
ness with 6 ym haver foil [43].

3.4.1 Liquid Helium Target

We used a liquid helium target with a cryogenic system named CRYPTA [30],
which was developed by RIKEN. It was installed from the upper side of the
target chamber and could be removed from the target position while keeping
the system under vacuum. The CRYPTA system is a compact liquid helium
target for radioisotope beam experiments at RIKEN with a Gifford-McMahon
cycle refrigerator. The schematic view of the CRYPTA system is shown in
Fig. 3.17.

From/To
Compressor

B

GM Refrigerator

#  Helium Gas
‘_

Gas Line

Heat Sheild

Target Cell e

Beam li /Alminium Foil

Figure 3.17: Schematic view of the CRYPTA.

Table 3.10 presents basic properties of 4-helium. In order to reach a
temperature less than its boiling point of 4.2 K, it was necessary to use
the heat shield, which protects from the radiant heat from the environment.
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Each window for the beam was covered with an aluminum foil 6 gm thick to
reduce multiple scattering of the beam. The angle straggling of the o particle
of 200 MeV /u is 0.11 mrad, which was small enough in this experiment. It
was necessary to select an opaque material for the heat shield window foil.

Table 3.10: Basic properties of 4-helium.

Atomic weight Boiling point Liquid density  Gas density
@ 1 atm @ 1 atm, 0 °C
4.003 4215 K 0.125 g/cm? 0.179 g/I

The target cell has a window with a 30 mm diameter made of 6 ymHavar
foil [43]. The thickness of the target cell is 8 mm. A thermometer is
used to monitor the temperature of the cell. Front and cross views of
the target cell are shown in Fig. 3.18. We chose 6 pum-thick Havar foils
(Cog2CroNijzFeigWy) [43] as windows of the target cell since this foil can
withstand the pressure difference of an atmosphere and a temperature below
a boiling point of helium. Figure 3.19 shows the measurement of laser dis-
placement sensor where the differential pressure is set to 1 atm. These data
were fitted with a quadratic function [44] of the following form:

z:d{1—(§)2} (3.1)

where x and z stand for the radial and thick displacements in same coordi-
nate system, r is radius of the window (r = 15 mm), and d is the deduced
deflection of the foil. We determined d = 0.901 mm.

A effective target thickness was therefore estimated to be 9.8 mm which
corresponds to 123.38 mg/cm? including the effect of the bulge of the window
foils.

3.5 Data Acquisition

3.5.1 Data Acquisition System

The data acquisition was performed by the RIBF DAQ system [45]. This
system was designed to perform network-distributed data processing, hier-
archical event building and parallel readout. This system is versatile and
scalable so the whole DAQ system can be divided into a sub-DAQ system for
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Figure 3.19: Measurement of leaser displacement sensor of the bulge of the
target foil.
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each detector segment. Each sub-DAQ system builds the events in parallel
locally.

In this experiment, we placed a sub-DAQ system at each focal plane.
Signals from the detectors were processed by the NIM and VME modules.
In response to a common trigger, the data from the VME modules were as-
sembled by the front-end computers, VMIVMET7807, into an event fragment.
Each part of an event was sent to the event building server and integrated
by it into a complete event.

3.5.2 Trigger Logic

The data of each part of an event were integrated into a event building server
synchronized and with a common trigger. The triggers were selected with a
trigger selector on the Generic Trigger Operator (GTO) module.

We defined the following trigger conditions for an event:

e A hit to the plastic scintillator F3PL at F3 (the F3 trigger).

e A hit to the plastic scintillator FH10PL at FH10 (the FH10 trigger).
e A downscaling of the FH10 trigger (the FH10 downscale trigger).

e Hits to the plastic scintillators S2PL1, 2 and 3 (the S2 trigger).

A common trigger could be selected from these signals. The “or” logic of
these signals was also able to be selected as the common trigger.

As summarized in following section (Sec. 3.6), we used the F3, FH10 and
S2 triggers in the optics tuning. The F3 and FH10 triggers were used to
obtain unbiased beam data. FH10 downscale trigger was with a reduced
trigger rate by a factor of 1/100,000 using the latch module in order to
monitor the beam with low trigger rate.

In the physics measurements which achieve a 10° cps beam at the sec-
ondary target, the F3 trigger rate was more than 10° cps and the S2 trigger
rate was about a few 100 cps. The trigger rate in the physics measurement
was restricted by a large dead time of the CRDCs cathode readout of about
2 us.

3.6 Summary of the Measurement

A summary of all the measurement conditions is in Table 3.11.
We used *He and 8Li beams to tune the transportation of the SHARAQ
spectrometer. A ®He beam was used to tune the transportation of the
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beam line. During the physics measurement, we employed the setting of
the SHARAQ spectrometer used for the 8Li and ®Be. The ®Be setting was
used to measure the *He(®He,®Be)4n reaction while the 8Li setting was used
for the calibration of the excitation energy of the four-neutron system and
for another experiment to analyze the channel of the single charge exchange
reaction p(®He,8Li)n. This channel will be summarized in a future publica-
tion.

Table 3.11: List of the measurement conditions.

Run Magnet setting Beam Secondary Trigger
intensity target conditions
Beam Line SHARAQ
Optics He “He
8T ;3 8T 4 B
tuning SLl Li ~ 107 cps F3, FH10, S2
He -
Physics 8He 8T _
~ 108 lig.H 26FH1
measurement 8He 8Be 0% cps 1q.He S2¢ 0/n

In the optics turing, the beam intensity was on the order of 10* cps.
In order to tune the transport between the beam line and the SHARAQ
spectrometer, there was no secondary target. The trigger was selected from
the signal of the plastic scintillator at F3, FH10 and S2.

In the physics measurement, the beam intensity was about 2 x 10¢ cps at
the secondary target, where the liquid helium target was used. The trigger
condition was the “or” logic of S2 trigger and FH10 downscale trigger.



Chapter 4

Data Reduction

This chapter gives a description of the analysis to select the reaction events of
‘He(®He,®Be)4n reaction and to determine the mass of tetra-neutron system
by missing-mass spectroscopy. Sec. 4.1 gives the event-by-event analysis of
the intense beam. Sec. 4.2 describes how to resolve the trajectories of the
beam and reaction products. The ion optical analysis including higher-order
aberration and estimation of the energy resolution is described in Sec. 4.3.
The selection method of four-neutron events is described in Sec. 4.4. The
reconstruction of the four-neutron missing-mass spectrum from these selected
events is described in Sec. 4.5. Finally, a background estimate of the obtained
spectrum is described in Sec. 4.6.

Especially for detecting small statistical events, it is important to resolve
¥He beam under very intense beam condition (Sec. 4.4.2 ) and to detect two
« particles at the final focal plane of the SHARAQ spectrometer (Sec. 4.4.4).

4.1 Analytical Framework for Intense Beam

In this experiment, it was important to achieve an intense beam and a good
signal-to-noise ratio since the reaction cross section was expected to have a
small. Here, we use the term triggered bunch to mean the bunch contain-
ing the particle which makes the trigger. Refer to Fig. 4.1 for a schematic
representation of these terms.

The typical 8He beam intensity in this experiment was 2 x 10° parti-
cle/sec, which was provided at a frequency of 13.7 MHz. Accordingly, the
secondary beam of ®He had a bunch structure with a period of 73.0 ns, 7%
of the beam the bunches contained more than two ®He particles from the 2
x 10° particle/sec beam. Figure 4.2 shows the relation between the occupa-
tion ratio of beam bunches and the beam intensity. The solid blue and red

27
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Figure 4.1: The schematic illustrating the bunch structure of the beam and

the definition of terms in this thesis.
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Figure 4.2: The occupation ratio of the beam bunch as a function of the
beam intensity. The solid blue and red lines represent the number of bunches
occupied by single and multiple particles, respectively. The solid green line
represents the total number of bunch occupied particle. The dashed lines
represent a frequency of 13.7 MHz, which is the RF of the cyclotron.
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lines represent the number of bunch occupied by single and multiple particle
bunches, respectively. The solid green line represents the total number of
bunches which occupied with more than one particle. The number of single-
particle in a bunch was maximized at 13.7 MHz. At intensity higher than
13.7 MHz, the majority of bunches are occupied by multiple particle.
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Figure 4.3: A schematic diagram of the analysis framework.

In order to obtain event-by-event information with such a high intensity
beam, we used multi-hit TDCs for the beam line detectors. Here, we describe
how to analyze timing information from the multi-hit TDC.

For treating multi-particle bunches under high intensity beam, we devel-
oped a new analytical framework. In this framework, the information on
the timing of multi-particle bunches includes the bunch structure as a new
parameters. We used artemis [46], which is a ROOT [47] based toolkits,
to analyze the data from the DAQ system. As illustrated in Fig. 4.3, we
assigned the number of particles and bunches for each event by reading the
multi-hit TDCs of the plastic scintillators at FH10. We describe the analy-
sis required to resolve the trajectories of the individual particle in detail in
Sec. 4.4.2.
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4.2 Trajectory Reconstruction of the Beam

4.2.1 Tracking by using MWDCs
Calibration of the Drift Time to Distance

To determine the positions hit on the MWDC, we calculated the relation be-
tween drift time and distance. First, we determined the timing of the plastic
scintillator at FH10, which were used as the reference time for the MWDC
drift time. Then we selected the timing of the signals of the anode wires.
Here, we analyze the MWDC at F6, which has a simple plane configuration
(DC6: type S22) in order to properly treat the multi-particle bunch (see
Sec. 4.4.2). Here, we describe how to analyze to the DC6, while the analysis
of the other type of MWDCs was almost the same. An analysis of the other
MWDCs which have a different plane configuration is given by Ref. [37].
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Figure 4.4: Drift time versus pulse width for the MWDC at F6 for (a) a
low intensity beam (~ 10* cps) and (b) high intensity beam (~ 10° cps).
The events were selected over a threshold (dashed line) in order to reject the
o-rays.

Figure 4.4 (a) shows the relationship between drift time and pulse width
of the MWDC at F6 in a low-rate condition while Fig. 4.4 (b) shows this
relationship under high-rate condition. When a particle passes through the
counter gas, it creates d-rays which are electrons with relatively high energies.
These d-rays produce small pulse signals in wires, which are different from
the hit position of the particle. In order to discriminate the J-ray signals,
we set a minimum threshold for the pulse width and used the pulse height
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over this threshold. The pulse width became smaller with the high intensity
beam because of insufficiency of the filled gas.
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Figure 4.5: Calibration of drift time to length for MWDCs. (a) Distribution
of the drift time, (b) the function for converting the drift time into length,
and (c) the distribution of the length. The red and blue spectra correspond
to the data at low intensity and high intensity beam respectively.

We deduced the relationship between the drift time distribution and the
pulse width using a beam with a flat distribution. Then we calibrated the
data using a data set from the low intensity beam condition (~ 10% cps) for
the optics analysis and one of a data set from high intensity condition (~ 10°
cps) for physics run. The function between the drift time and the length
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(I(t)) was

() = / o(t)dt (41)
L ire

dN
= ¥ —dt 4.2

where v(t) is the velocity of the electrons, N is total number of events and x.o
is distance between anode wires. The drift time distribution was mapped onto
the drift distance distribution so that the resulting drift distance spectrum
became uniform. Figure 4.5(b) shows the calibration curve of the drift time
(Fig. 4.5(a)) to distance (Fig. 4.5(c)).

Determination of the Hit Position

We determine the left-right ambiguity of the drift length from the anode wire
by using the other plane of them. An example illustrating the determination
of the hit position on the F6 MWDC with a UU'VV’ plane configuration (see
Sec. 3.3.1) is illustrated in Fig. 4.6. The average positions of U plane (u) and
V plane (v) in the UV plane are described by:

/

u = uzu (4.3)
!/

7 o= “J;” (4.4)

The position of the beam in x and y coordinates was determined as the cross
point of the U plane and V plane using

—usin Oy + v sin 0y
pu— 4-
) sin (QU — Qv) ’ ( 5)
u cos By — v cos Oy

) - sin (HU - (9\/) ’ (46)

N
|

z(

Y

<

y(u,

where the fy and 0y were 60 ° and -60 ° respectively.
Once again, we refer to Ref. [37] for a full description of the determination
of the hit positions for MWDCs of the other plane configuration (XUV).

Position Resolution and Efficiency

From the Egs. (4.5) and (4.6), we derive the following expressions for the
position resolution of the horizontal (Az) and vertical (Ay) coordinates of
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Figure 4.6: Position determination from the hit wires and drift length for the
MWDC (UU'VV’ plane). (a) Cross sectional picture of MWDC of type S22.
(b) The schematic picture of the anode wire and drift length.

the MWDC with a UU'VV’ configuration:
1

= - 11 S1 2 7 Qi 2 4.
Ax Y T— V/ (At sinfy)? + (Avsin Oy)?, (4.7)
1
Ay = ——————/(Au 2+ (AD 2, 4.
Yy Y T— V/ (At cos 0y)? + (AD cos Oy (4.8)

From the Eqs. (4.3) and (4.4), the position resolution of each U and V plane
are

1
Au = % VAU + Au? = o/ (@ —u)? + (@ —u')?, (4.9)

2
1 1
Av = 5 AUQ—I—AU’2:5\/(@—U)Q+(T)—U’)2. (4.10)
The efficiency of the MWDC of UU'VV’ plane is defined as
€ = €y-€ey (4.11)
N(|Au| < 30) N N(Plastic) N(|Av| < 30) N N(Plastic) (4.12)
N (Plastic) N (Plastic) o

where N (Plastic) is the number of events hitting the plastic scintillator at
FH10 and N(]Au| < 30) is the number of events satisfying |Au| < 30 re-
quired to estimate the resolution.

The efficiency and position resolution of MWDCs are summarized in Ta-
ble 4.1 and the detectors were previously described in Sec. 3.3.1. Due to
the charge-up in the chambers of the MWDCs, the applied high voltage was
insufficient to detect Z < 2 particle with a high efficiency under high-rate
conditions.
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Table 4.1: Summary of the efficiency and the resolution of MWDCs.

Detector Efficiency Resolution
DC61 86.2 % 0.48 mm
DC91 89.3 % 0.27 mm
DCX1 92.8 % 0.30 mm
DCX2 78.3 % 0.36 mm

4.2.2 Position Detection by using the Micro-Hodoscope

The micro-hodoscope (described in Sec. 3.3.1) was developed to measure the
position of the beam at F3 under a high intensity per unit area beam, such
as 10° cps/mm? since it was impossible to use the MWDCs with such a high
intensity beam. To estimate the position resolution and detection efficiency
of the micro-hodoscope, we first analyzed the pulse width and charge signals
with a low-intensity (~ 10* cps) beam at F3 with the MWDCs. First, we
calibrated the charge individual scintillator bars using the beam. A cross talk
among the scintillator bars (a signal from a bar next to the one that was hit)
was observed. To separate the true signals from the cross talk, we selected
the maximum charge from all the scintillator bars. Then, we determined the
signal position as the geometrical position of plastic scintillator bar where
the pulse width was largest among the hits.
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Figure 4.7: The charge of a scintillator bar placed at the center of the x
direction (black line). The cross hatched red spectrum is the maximum
charge of all the scintillator bars. The blue and green spectra are selected
events by the maximum charge in the bars neighboring the central bar.
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Figure 4.7 shows the charge in one scintillator bar placed at the center.
The solid black line shows charge spectrum with all events. The hatched
red spectrum shows events which are selected as the maximum charge in one
trigger event after the gain calibration of each scintillator bars. The blue
and green spectra show charges produced by cross talk from the neighboring
scintillator bars. Here, we show that cross talk signals were identified by
charge information. Therefore we determine the hit position at F3 by a
scintillator bar where maximum charge was deposited.
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Figure 4.8: The difference between the hit position deduced using micro-
hodoscope and the MWDCs.

Figure 4.8 shows the difference between the hit positions deduced by
the micro-hodoscope and MWDCs. The position resolution of the micro-
hodoscope was described as

A% ttod0 = \/ Az2 — Az, (4.13)

where Az 040 and Axzpc are position resolution of the micro-hodoscope
and the MWDCs respectively. The Agg is the position resolution at the
position of the micro-hodoscope deduced by using the DC31 and the DC32
MWDCs. From Fig. 4.8, Agig = 4.20 mm (FWHM). The position resolution
deduced by DC31 and DC32 was 0.56 mm (FWHM) by using the geomet-
rical configuration as shown in Fig. 3.9. Therefore, the position resolution
of micro-hodoscope was estimated to be 4.16 mm (FWHM). Initially, we
assumed that the position resolution of the micro-hodoscope was the same
as its bar width (1 mm). However, our calculations show that the position
resolution was actually considerably worse. We attribute this discrepancy to
the incomplete identification of cross talk between the scintillator bars.
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The efficiency of the micro-hodoscope was 95% for about 10* cps beam.
For the high rate condition, the efficiency was about 81% because it is difficult
to determine the hit scintillator bar in the events that had ®He particles in
the previous bunch.

4.2.3 Tracking by using the CRDCs

The trajectories of the reaction products at the S2 final focal plane of the
SHARAQ spectrometer were reconstructed using the CRDCs and the plastic
scintillators. We determined the hit position using the standard method
described in Ref. [37,48] for one particle and developed new a analytical
method for two particles in coincidence.

Vertical Direction

The hit position in the vertical direction is determined by using the drift time
of electrons produced by the ionization gas. As described in Sec. 3.3.2, we
used the S2PL0 plastic scintillator as an active slit for the calibration of the
drift time to distance. Figure 4.9 shows the drift time spectrum except for
hit events at the S2PL0. Each peak corresponds to the position of the slits.
We estimated the drift velocity of CRDC’s from this spectra, and determined
that it was 5.39 x 1072 mm/ns.
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Figure 4.9: (a) A schematic diagram of the calibration in the vertical direction
by using the S2PL0 veto plastic scintillator. (b), (c¢) Spectra of the anode
timing of the CRDCs except for hit events at S2PLO.
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Horizontal Direction

We determined the hit position in the horizontal direction by examining the
distribution of the induced charge on the cathode pads.
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Figure 4.10: Charge distribution of cathode pads of a test pulse (a) before
and (b) after the gain and pedestal calibration.

Since the uniformity of the response of each channel is important, we
calibrated the pedestal and gain for each channel individually. Figure 4.10 (a)
shows a 2-demensional plot of the pad identification number (ID) versus the
uncalibrated induced charge, which was obtained using a research pulser.
Each pattern was caused by the difference gain of research pulse. After the
calibration of the gain and pedestal of each channel, we obtained Fig. 4.10 (b).

Figure 4.11 shows a typical distribution of the induced charge for a reac-
tion product of “He. In this analysis, we defined a group of pads as a cluster
which satisfied the following conditions:

e [t consists of a set of two or more adjacent pads;
e All the charges are greater than a threshold value Qqy;

e The maximum charge among them is greater than a threshold value

Qmax .

After searching for the cluster, we used the Secant Hyperbolic Squared
(SECHS) function [49] to determine the hit position in each plane. The
SECHS function is known to give a good fit to the charge distribution, which

is shows as u

cosh?[m(x — p) /o]’

f(zla, p,d) = (4.14)
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Figure 4.11: Sample of a distribution of induced charge at cathode pads and
fit with the SECHS function.

where a is magnitude, p is centroid and o is the standard deviation.
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Figure 4.12: Residue distribution of the trajectory fitted by three planes for
the (a) horizontal and (b) vertical directions.

We determined trajectory using least-square fit of the hit position of four
planes. Then, we estimated the position resolution from the distribution of
a residue using

Agtes = ghit _ gtral (4.15)

A i i

Ay =yt — i, (4.16)
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hit and 9" are hit positions deduced by the charge distribution of
traj traj

where z; ;
the cathode pads and drift time to the anode wires. The z; ™ and y; ™ are
obtained from the tracking by three planes without the i-th plane. Figure
4.12 shows the distribution obtained of residue from the CRDC1-1 plane for
the horizontal and vertical directions.

In the vertical direction, the FWHM of the distribution was Ay;® =
1.1 mm, which was almost the same for all planes. If residue distribution
was the same for all planes, a relation between the residue and position

res

resolution of each plane would be described as Ay'® = /2Ay;, where Ay; is
the position resolution of each plane (See Ref. [40]). The position resolution

of the focal plane is Ay;/2 described by the relation:

(Aypp)? = Z (%;P) (Ay;)?, (4.17)

i

where Aypp is the resolution at the focal plane. Using these relations, posi-
tion resolution at the focal plane was 0.78 mm (FWHM), which is sufficient
performance for this measurement.

The angular resolution Abgpp was obtained using a similar relation:

2
(Abpp)? ~ (Atan bpp)? = Z (‘“Z%) (Ay;)?. (4.18)
Therefore, the relationship between the position resolution of each plane and
the angular resolution of the focal plane was estimated as Abpp = vV2Ay; /L,
where L. was the distance between CRDC1 and CRDC2. The angular reso-
lution was 1.1 mrad, which is sufficient performance for this measurement.
In the horizontal direction, we determined the trajectory using a least-
square fit of the hit position of four planes in the same way as the vertical di-
rection. The position resolution was estimated from distribution of a residue
defined as
Azt = ghit — g (4.19)

(2 K3

where 2! is the hit position deduced by the drift time and z™ is that
obtained from tracking by the three planes without the i-th plane. Figure
4.12 (1) shows the obtained distribution of residue in the CRDC1-1 plane.
The FWHM of the distribution was Az}* = 0.94 mm, which was almost the
same for all planes. Using same relationship of position resolution as vertical
direction, the position resolution at the focal plane was 0.66 mm (FWHM),
which is sufficient performance for this measurement.

The relation between the position resolution of each plane and angular
resolution of focal plane was estimated as Aapp = V2Ax; /L as in the same
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case of vertical direction (Eq. (4.18)). The angular resolution was 0.94 mrad,
which is sufficient performance for this measurement.

Tracking Efficiency of CRDCs

We estimated the tracking efficiency of the CRDCs using

_ N(Plastic) N {N(Az < 40) N N(Ay < 40)}
‘= N (Plastic) ! (4.20)

where N(Plastic) is the number of events in the S2 plastic coincidence and
N(Az < 40) and N(Ay < 40) are the number of events with Az < 4o
and Ay < 4o respectively, where trajectories at S2 were successfully ob-
tained. Since the acceptance of the plastic scintillator is larger than that of
the CRDCs, we used a defocused beam through the empty target where the
spot size was about 20 cm (sigma) diameter at the focal plane. In order to
confirm uniformity of position resolution and detection efficiency, we mea-
sured the beam trajectories by changing the SHARAQ Bp setting by +1 %
and £2 %, which correspond to a changing of x positions of +£60 mm and
+120 mm, respectively. The position dependence of the tracking efficiency
was negligibly small. Finally, the efficiency was estimated to be 89.5 % in
the entire effective area of CRDC’s.

4.3 Ion Optical Anaysis

The purpose of the ion optical analysis is to determine the momentum of a
particle and to consider an acceptance of this measurement. The definition
of the transfer matrix is described in Appendix A. In this thesis, we use of
indexes BL and SH with matrix elements to describe the Beam Line (F3-F6)
and SHARAQ spectrometer (S0-S2), respectively.

4.3.1 High-Resolution Achromatic Mode at the Beam
Line

We extracted the key elements of the transfer matrix to determine the mo-
menta of the particles traveling in the BigRIPS-HRB. We ran diagnostics
on the ion optics with the low-intense 8He beam data for which allowed us
to use the MWDCs at F3. The horizontal position at F6 was expressed as
follows by ion optical information at F3:

Tre — ([L”.%‘)BLJIFP, -+ (ZE|CL>BL(IF3 + (JI|5)BL(5 (421)
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In order to measure the momentum of the beam, §, we extracted the element
of magnification, (z|x)gy, focusing, (z|a)pr, and dispersion, (z|d)gr,. We de-
termined these three elements from the experimental data to measure the
momentum of the beam event-by-event.

Dispersion: (z|d)pL

The element of the transfer matrix, (z|0)gL, is deduced by the relationship be-
tween the horizontal position xpg and the momentum of the beam §. We used
the relation between the time of flight between F3 and FH10 (ToFg3_gm10)
as the momentum of the beam and horizontal position at F6. Figure 4.13(a)
shows the correlation between the ToFgs3_rp1g and xpg. We selected the mo-
menta and x g positions for the momenta at 0%, +0.5% and +1%, then fit a
quadratic function to the data in order to determine the dispersion coefficient
(|9)BL. The obtained function was shown in Fig. 4.13(b).
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Figure 4.13: (a) The correlation between ToFgs_pu10 and zpg. (b) The rela-
tion between the momentum and xgg selected with momenta of +0.5, £1.0%
in ToFg3_pH10 and a quadratic fitting function.

In this analysis, we found that

Magnification: (z|r)pr, (x]|a)pL

In order to determine the transfer matrix element of the position magnifica-
tion expressed as (z|x)pL, we examined the relation between zg3 and xgg with
the limitation of apz and the momentum, §. A momentum resolution better
than £0.01% was necessary to neglect the contribution of the (z|0)d term in
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Eq. 4.21. However, the momentum resolution determined by the ToFg3_gHio
was insufficient. For this reason, we used the ®Li beam of 200 MeV /u to cal-
culate the transfer matrix element of the (z|z)pr and (x|a)pr, element. The
difference between the transfer matrix element of the first-order aberration
of the ®Li and ®He beams was expected to be small, while the higher-order
aberration was crucial.

There was a position and angle magnification of the horizontal image
between F6 and F3, which was expressed as (z|z)pr, and (z|a)pr. The rela-
tionship between F3 and F6 is expressed in Eq. 4.21.
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Figure 4.14: (1) The correlation between xps and xpg limited by apz and 0.
(2) The correlation between aps and xpg limited by xps and 6.

Figure 4.14 (1) shows the correlation between zg3 and xpg, which is lim-
ited by aps and 9, in order to neglect the contribution from the aps and 9.
Figure 4.14 (2) shows the correlation between aps and zpg, which is limited
by s and 0. We determined the (z|z)pr, and (z]a)pr, from the inclination of
Fig. 4.14 (1) and Fig. 4.14 (2), respectively. In the Fig. 4.14 (1), the vertical
patterns were due to the inefficiency of particles within near the anode wire
at the F3 MWDCs. It was not influenced by the inclination of the loci.

We found that

The angle magnification (z|a)gy, was larger than that of the design value,

which was almost zero. In order to measure the momentum from the position
at F6, which was independent from the incident angle, the value of (z|a)pL
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had to be as small as possible. Since we did not measure the angle of F3
in the physics measurement, this caused some ambiguity, which made the
momentum resolution worse.

4.3.2 Large Momentum Acceptance Mode at SHARAQ

To extract the elements of transfer matrix Rgy, we used the low intensity
beam of *He without the secondary target.

Position and Angle Magnification

We extracted the first-order elements of the transfer matrix of large momen-
tum acceptance mode at the SHARAQ spectrometer.
The horizontal position and angle at S2 were expressed as

rsa = (x|z)smrso + (z|a)smaso + (x]d)sud and (4.25)
asy = (a|lr)suxso + (ala)suaso + (ald)sud . (4.26)
We extracted the elements of position magnification, (x|z)sy, from
Ox
(2la)sn = 5 20 (4.27)
TS0 aso,d

The inclination of a slope and the correlation between xgy and zgo were used
to determine the (z|x)sy element as shown in Fig. 4.15 (1),where agp and ¢
were negligible for (z|z)sy term. In this analysis, position of zgy was used to
determine the momenta (9) of the outgoing a particles on an event-by-event
basis. The magnification was evaluated to be

(x]|z)sy = —0.45. (4.28)

Comparing (z]a)sn, to the position magnification, we obtained Fig. 4.15 (2)
with similar limitations as xgy and ¢. The focus element, (z|a)sy, had van-
ished, so the focusing from SO to S2 was fulfilled as ion-optically designed.
In the same manner, we calculated

(alx)sy = —0.54, (4.29)

(ala)su = —2.51, (4.30)

(ald)sy = 5.74. (4.31)
For vertical matrix elements shown in Fig. 4.16, we determined

(yly)su = —0.07, 4.32

(4.32)
(ylb)su = —1.58, (4.33)
(bly)su = 0.39, (4.34)
(blb)su = 0.19. ( )
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As a specification of a magnetic spectrometer, it was important that the
(yly)su element was tuned to zero. This setting fulfilled the requirement
that the S2 vertical position (ys2) depends on only (y|b)sy in the first-order
matrix elements, therefore the vertical scattering angle of outgoing particles
can simply be determined from yss.
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Figure 4.16: (1) The correlation between yso and yso limited by bgg. (2) The
correlation between bgy and yso limited by yso. (3) The correlation between
yso and bgy limited by bsg. (4) The correlation between bgy and bgy limited

by yso-

Higher Order Aberration of the Horizontal Focus (z|z0)su, (z]ad)su

In order to measure the momentum more precisely, we examined the second-
order aberration of the transfer matrixes, especially for the (z|zd)sy and
(x]|zd)su terms, which were expected to be relatively large.
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The horizontal position at S2 including higher order aberrations from the
momentum distribution was expressed as:

zse = {(x|z)sp+ (z|xd)suo }xso+ {(x|a)su + (x|ad)sud }aso + (x]d)sud. (4.36)

The term (z|ad)sy causes shifting and tilting in the S2 focal plane. Detail
of this effect is described in Ref. [37]. In order to extract the effect of (x|ad)sy
term, we examined the correlation of the xgs and asgo, while the definition
of the (x]|ad)sy term depends on the correlation between agy and xgs. For
convenience, we define a (z|ad)" as (x|ad)gyas20 = (x|ad)spasod.
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Figure 4.17: Correlation between xsy vs asy (a) before and (b) after the
correction. The three loci correspond to different magnet settings of the
SHARAQ spectrometer.

Figure 4.17 (a) shows the correlation between zs, and ase. The three loci
correspond to momenta of -1%, 0% and +1%. These loci were taken with
different magnet settings using the SHARAQ spectrometer. Based on the
tilt shown in Fig. 4.17 (a), we determined that

(z]ad)sy = 0.0025 mm/mrad %. (4.37)
Figure 4.17 (b) shows corrected correlation by the (z|ad)sy.
For the term of (z|xzd)sy, we examined at the correlation between g, and

xgo as shown in Fig. 4.18. We obtained that

(z]76)5y = 2.8 x 107* mm/mm%. (4.38)
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Figure 4.18: Correlation of xgs vs xgp (a) before and (b) after the correction.
The three loci correspond to the different magnet settings of the SHARAQ
spectrometer.

Dispersion (z|0)sy

After the correction of the horizontal focuses (z]ad)sy and (z|xd)sm, the
dispersion, expressed as (z|0)sy, was extracted using the ‘He beam with
different magnetic settings of the SHARAQ spectrometer. Figure 4.19 (a)
shows the xgs for each magnetic setting of the SHARAQ spectrometer. Figure
4.19 (b) shows the relation between zgy and the momentum of the central ray
of the SHARAQ spectrometer calculated by a NMR of the dipole magnet.
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Figure 4.19: (a) The xgy corrected by (z|zd)sy and (z|ad)sy components.
Each peak corresponds to -1%, 0 % and +1% of the momentum. (b) Fitting
by the linear function.
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We determined that

(x]6)sy = 60.06 mm/%. (4.39)

4.3.3 Reconstruction of scattering angle

The scattering angle was reconstructed by using the inverse matrix of the
Rsp. The phase space at SO reconstructed by S2 phase space was expressed
as
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Figure 4.20: The difference between the angle of SO reconstructed using the
S2 and FH10 MWDCs at FH10 for (a) the horizontal direction and (b) the
vertical direction.

In order to estimate the angular resolution, we defined

Aa = asosH) — Aso(BL), (4.41)
Ab = bsosm — bsomr), (4.42)

where agosm) and bsosm) are the SO angle reconstructed by 52, and aggpr) and
bsa(pr) are the SO angle reconstructed by FH10 MWDCs for the horizontal
and vertical directions, respectively. Figure 4.20 shows the distribution of
Aa and Ab. We obtained an angular resolution of 6.0 mrad (FMHM) for the
horizontal direction and 7.9 mrad (FWHM) for the vertical direction.
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4.3.4 Momentum Resolution

We estimated the momentum resolution of the SHARAQ spectrometer using
the series of correction from the ion optical information. This momentum
resolution corresponds to the energy resolution of the missing-mass spectrum
of the four-neutron system. We used the ®Li beam in order to estimate the
momentum resolution since the ®He beam with an energy of 186 MeV /u was
not measured by the SHARAQ spectrometer.
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Figure 4.21: The momentum resolution at S2 corrected by the series of the
correlation described in the previous section and the position of the F6.

Figure 4.21 shows the horizontal position at S2 corrected by the series of
the correlations described in previous section and the position of F6. We cor-
rected the position of S2 by 6.0 mm (FWHM) which corresponds to the mo-
mentum resolution of dp/p ~ 1/1000.0 and the energy resolution of 2.74 MeV
(FWHM). This estimated momentum and energy resolution was worse than
expected. We attribute to the dispersive focus which was slant at relative
to the expected focal position at F6. If the focal plane was slant at F6, the
position at F6 depend on the angle. However, we did not measure the angle
at the F6. Another contribution was the multiple scattering of the materials
in the beam line such as the plastic scintillators, which make the momentum
distribution large.

4.3.5 Acceptance
Angular and Momentum Acceptance of the SHARAQ

It is necessary to estimate the angular acceptance or solid angle of the spec-
trometer in order to calculate the absolute value of the cross section. In
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particular for this experiment, it was difficult to estimate the effective angu-
lar acceptance of the two a particles when one of the particle was restricted
by the aperture of the spectrometer at a large angle. For this reason, we se-
lected a region where the uniformity of the angular acceptance was ensured
which was independent from the momentum of the particle (i.e. excitation
energy of the four-neutron system). This region corresponds to the flat top
region of the effective solid angle shown in a Fig. 3.5. In order to select this
acceptance, we checked the phase space of a single « particle produced from
the secondary target emitted at a large angular distribution in the spectrom-
eter.
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Figure 4.22: The correlation between the horizontal position at the S2 and
the scattering angle at the target (SO) for (a) the horizontal and (b) the
vertical direction. An area inside the solid line represents an area where the
uniformity of the angular and momentum acceptance were ensured.

Figure 4.22 shows the correlation between horizontal position of the S2
and scattering angle at the SO reconstructed by the S2 with events of single «
particle production from the 8He beam at the target. We used a region inside
of the solid line in this analysis in order to ensure that angular acceptance
was uniform.

Momentum Acceptance at F6

In order to ensure the uniformity of the momentum acceptance of the beam,
we selected a region at F6. Figure 4.23 shows the distribution of the horizon-
tal position at F6, which corresponds to the momentum of the beam. This
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Figure 4.23: The distribution of the horizontal position at F6.

figure was obtained with the ®He beam injected to the secondary target and
produced a single a particle. The image of the horizontal direction was re-
stricted since the transmission of the « particle was reduced by the aperture
of the beam line. We selected the region between the solid lines in order to
ensure that the momentum acceptance of the beam was uniform.

4.4 Selection of 4n Events

In order to select as many four-neutron production event as possible to obtain
the best statistics, we performed the following steps:

e determine particle identification with ToF and energy loss for the beam
and reaction product,

e remove events with multi-particles in a triggered bunch,

e select two « particles in coincidence at the final focal plane,

e select the of position at the target, and

e confirm the kinematics to reconstruct the invariant-mass of ®Be.

Since the statistics were limited, it was important to examine a suitable
selection cut for this analysis.
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4.4.1 Particle Identification

Secondary Beam

We performed particle identification of the beam by using the ToF and anode
charge of the MWDC. The ToF is the timing difference between the F3 and
FH10 plastic signals. For the energy loss, we examined the anode charge of
the MWDC (DCX1). The anode charge of the MWDC was used to obtain
information on the energy loss under the high-rate condition. Pile up of the
charge was expected to be very few, in comparison with the charge of plastic
scintillator detected by using the QTC, which has timing window to integrate
charge.

S 2000 prerrrrrr g ERERE R R
< C o éﬂ".!_ J
~ 1800 T;l'-':' 3
x r B ]
O 1600F - o =
e .: -.l'-' 1T .s ]
guop % B . S
S L
© :_—' 8 - -
g OOF. g R e 5
5 800F- - P e
S r l-- :
g OF S, E
< - - ]

200 L 3

O:IIIIIIIIII IIIIIIIII -I-IIIIIIIIIIIIIIIII_

| |
40 -30 20 -10 0 10 20 30 40
ToF F3-FH10 (ns)

Figure 4.24: Particle identification of the 8He beam.

Figure 4.24 shows the particle identification of the ®He beam. The ToF
corresponds to the ratio of the mass number to the atomic number: A/Z.
Purity of the ®He achieved 99.3%. There was about 0.7% of ''Li contaminant.

Reaction Products

We performed particle identification of the reaction products at the SHARAQ
spectrometer using the ToF and the charge of the plastic scintillator. The
ToF was the timing difference between the FH10 and S2 plastic scintillators.
We used the charge of the S2PL3 plastic scintillator since it is the thickest
scintillator. The charge of plastic scintillator was corrected by the effect of
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energy loss depending on the momentum difference which was a function of
the vertical position of S2.
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Figure 4.25: Particle identification of the reaction product.

Figure 4.25 shows the particle identification of the reaction products. The
ToF corresponds to A/Z. Here, we see that two « particles have the same
A /7 ratio as a single « particle, a deuteron and °Li. The energy loss for the
two «a particles is the 8 times larger than that of a proton because the energy
loss of the charged particle is usually proportional to Z2. However, if we
include the quenching effect of the plastic scintillator, the energy loss of the
charged particle is almost proportional to Z. Thus, the energy loss for two «
particles is 4 times larger than that of the proton. Similarly, the energy loss
of 5Li is 9 times larger than that of the proton assuming a Z? dependence
and 3 times larger with a Z dependence. Since these particles have the same
ToF and similar values for energy loss compared to the proton, we cannot
positively identify the region with only 2« in Fig. 4.25. For this reason, we
selected the region indicated by a red square in Fig. 4.25 for the analysis.

4.4.2 Multi-Particle Identification at F6 MWDC

As discussed in Sec 4.1, multi-particles in “trigged bunch” and “neighbor
bunch” can not negligible. Since the drift time of the MWDCs was about
120 ns was larger than the RF which was 73 ns, it is essential to identify



84 CHAPTER 4. DATA REDUCTION

the beam particles in cases discussed later (see Fig. 4.27) and to track the
correct trajectory of the beam particle.
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Figure 4.26: The drift time of anode wire of MWDC by reading multi-hit
TDC.

Figure 4.26 shows an example of the anode timing of the F6 MWDC
which stands for the drift time in the detector measurement by the multi-hit
TDC. The dashed line represents the timing of the bunch structure of the
cyclotron. This figure shows a bunch structure of 13.7 MHz AVF cyclotron
which correspond to 73.0 ns interval and a half-bunch structure which is
caused by difference between the number of turning for other cyclotron. The
dotted red line indicates the shape of the anode timing of a MWDC obtained
under the low intensity beam condition. Distributions for different bunches
were simulated by 73 ns offsets. However, the maximum value for the drift
time of the MWDC was 120 ns. Since the MWDC drift time was larger
than the cyclotron RF period, it was possible that the anode signal from
a particle in a following bunch could be confused with the signal from a
triggered bunch.

We consider two cases as illustrated in Fig. 4.27:

(1) a single-particle in a triggered bunch and particles in the following
bunch

(2) multi-particle in a triggered bunch

These cases cannot be identified using the QTC (Charge to Timing Con-
verter) information of the plastic scintillators because the width of the charge
integral gate was longer than the RF interval. Then we used the sum of the
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Figure 4.27: Multi-particle in data set of one event.

drift length L = [+’ for pair plane of a F6 MWDC, with a plane configura-
tion VV'UU'. The V'(U’) wire plane was shifted to half way through the cell
of V(U) plane (see Sec. 3.3.1 for details). Cell size of the DC31 and DC32
MWDCs were smaller than other MWDCs, but they were specialized for F3
where the beam spot was the smallest and had an acceptance that was too
small to use the dispersive focal plane or other planes. If there were more
than two signals in the timing window of the drift time for each plane, we
chose with drift lengths that summed to L., Where Ly is the distance
between wires (45 mm). For this analysis, we could find the correct trajec-
tory of the particle whether there were particles in the following bunch or not
(case (1)). Furthermore, if there were more than two pairs of signals whose
sum of the drift length was constant corresponding to the time twice as the
RF interval, we could identify a multi-particle in the triggered bunch (case
(2)). Events in case (2) were excluded from the analysis because we could
not identify which particle produced the reaction products detected at S2.

Case (1): Single Particle in a Triggered Bunch and Particles in the
Following Bunch

In the beam with an intensity of 2 x 10® cps, about 15% of events a particle
in the following bunch. In order to identity the hit positions of particles at
the trigger and the following bunches, we used information on the sum of
drift lengths obtained from pair planes, such as V and V' planes. Figure 4.28
shows the sum of drift lengths of DC6 after the timing cut of as in Fig. 4.5.
The blue shaded area shows hits from the particle in the triggered bunch,
so we selected hits in this area to reconstruct the trajectory. Events with
summed length around 8.5 mm were considered to have originated from a
hit in following bunch.

Figure 4.29 shows a snapshot of a typical event where two particles hit a
detector in a trigger bunch and the one following. The solid lines represent
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Figure 4.28: The data obtained showing the sum of the drift length at the
F6 MWDC in the V and V' plane.
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Figure 4.29: Snapshot of a typical event where two particles hit a detec-
tor sequentially in the trigger and the following bunch. The blue solid and
red meshed bands represent the drift length of the U(U’) and V(V’) planes
from wires (indicated by the solid line), respectively. The position (indicated
by the yellow circle) of a particle in the triggered bunch is selected by the
requirement that the sum of the drift length is same as the interval of the
wires. The yellow cross denotes the particle in the next bunch of the triggered
particle.
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hit wires, while the blue solid and red meshed bands represent the drift length
of U(V) and U’(V’) planes, respectively. In Fig. 4.29, the deduced position
is indicated by a yellow circle, although there are four candidates for the
hit position. On the other hand, the yellow cross denotes the position of
a particle in the following bunch. The sum of drift length of this event is
about twice the interval of the wires, which are shown in the 8-9 mm region
in Fig. 4.28.

We improved the statistics by about 15%, compared with the case when
we do not analyze the events where two particles are irradiated in sequential
bunches.

Case (2): Multi-Particle in a Triggered Bunch

In the same manner of case (1), we identified more than two particles in the
triggered bunch. We identified such events as case (2) when the two particles
were identified at VV’ or UU’ pair plane. Since the efficiency of DC6 was
85% for the single o particle, we employed the “or” logic for the VV’ and
UU’ plane.

4.4.3 Beam Position at the Target

In order to confirm that reaction products were made by ‘He(®He,®Be)4n
reaction at the helium target, not for instance, in the aluminum target frame.

Confirmation of Target Position

In order to ensure that reaction products were produced in the liquid He
target, we confirmed the reaction point in the target and selected the region
to use for the analysis. Figure 4.30 shows the beam image at the target with
(a) a down scale trigger of FH10. In this experiment, the center of the beam
spot was shifted to negative position in the x direction. For this reason, large
amounts of reaction products were produced at the aluminum frame of the
target cell as shown in Fig. 4.30 (b). Figure 4.30 (c) shows a plot in which
each bin content shown in (b) is divided by these in (a), which clearly shows
the target position. We decided to use the events in circle with a diameter
of 25 mm for the analysis.
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Figure 4.30: Beam image at the target with (a) a down scale of the FH10
trigger and (b) the S2 trigger. (c) A result of dividing each bin content of (b)
by (a). The dashed line represents a circle 30 mm in diameter, which is same
size as the target cell. The solid line represents a circle 25 mm in diameter.
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4.4.4 Tracking of Two «a Particle at the Final Focal
Plane

To track two o particles produced by ®Be, we developed a new analysis
method [42]. This subsection describes this method in detail. The tracking
of each particle was based on the analysis described in Sec. 4.2.3.

Vertical Direction

In order to identify and track two « particles, we used the sum of the ex-
gaussian function [50] in the fitting procedure of the anode pulse shape data
acquired by the flash-ADC. The ex-gaussian function is

2 _ —
g(w|a,,u,a, T) = - Xp (U_ - & M) x ¢ (‘T a - z) 7(443)

€ 2
/21 2T T o T

O(y) = /yooexp (—y;>dy, (4.44)

where a is the magnitude, p is the timing of maximum voltage, o is the width
and 7 is the decay constant. The function ®(y) is known as the Cumulate
Distribution function. In order to fit a double pulse shape, we used the sum
of two ex-gaussian functions

G2p(t) = 9(t|a1,/11,01,7'1) + g(t|a27/12,<72,7'2)~ (4-45)

At first, parameters of the ex-gaussian for the single a particle were de-
duced from the pulse shape of a single a particle. Figure 4.31 (a) shows the
correlation between the peak voltage of the pulse from an anode wire in the
CRDCI1-1 plane and the charge of the plastic scintillator, S2PL1. Events
in this figure are selected by a software gate of ToF as shown in Fig. 4.25.
Loci of triton, a and 9Li are clearly seen. The blue, red and green solid lines
in Fig. 4.31 (b) represent the distribution of the peak voltages of the pulse
selected by the a software gate of each particle as shown in Fig. 4.31 (a).

In order to estimate the frequency of our misidentification of triton and
Li as o particles, the charge distribution of the o particle was fitted by a
function which included triton, o and °Li components. These events make
up the background. The charge distributions of the triton and °Li were
assumed to have a Landau distribution, which are represented the blue and
green dashed lines in Fig. 4.33 (c¢). Since we selected the indicated region as
being « particles in Fig. 4.33 (c), the events in the blue and green shaded
area were misidentified as « particle events. The portion of the events was
0.21 % of the total, which was negligibly small.
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Figure 4.31: (a) The correlation between the peak voltage of the pulse from
the anode wire of CRDC1-1 and the charge of plastic scintillator S2PL1. (b)
The blue, red and green solid lines represent the distribution of peak voltage
of pulse selected by the charge of plastic for triton, o and Li, respectively.
(c¢) The blue and green dashed lines represent the component of the triton
and %Li deduced by the fitting of the distribution of o events (red solid line).
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Figure 4.32: A sample of an anode pulse shape of two « particles and a fitting
function produced by the sum of two ex-gaussian functions (Eq. (4.44)).

The fitting parameters oy, 0o, 7 and 7, were determined by fitting a
single o particle. These parameters were then fixed to fit the two « particles.
We assumed an error for the voltage of each data point of 0.02 V for this
fitting. Figure 4.32 shows a selected two-« event fitted by Eq. (4.47). In order
to identify the two particles, we selected events that satisfied the following
requirements:

e Each minimum voltage V., is within the range of —0.3 V < Vi, <
—-1.1V.

e The timing difference between two particles is greater than the uncer-
tainty of each pu.

e The x? value is less than 700 (NDF = 557).

These requirements were used in a previous experiment with the SHARAQ
spectrometer as a test for two-particle detection [42]. In this analysis, we
could identify two a particles separated bt more than 5 mm in the CRDCs
for the vertical direction.

The hit position for each « particle was determined from the drift time
measured by the TDC and including p; and o as fitting parameters deter-
mined from the flash-ADC data. The timing value we used is based on the
TDC-determined vertical hit position of a particle that first arrived at anode
wire. Since the timing corresponded to the rise time of the first signal in
the flash-ADC data, the position of the other particle was determined by the
time difference po — 1. Accordingly, the hit position of the second particle



92 CHAPTER 4. DATA REDUCTION

was
Yo = Y1 + Variee (ph2 — 1), (4.46)

where vg,i is the drift velocity determined by a calibration of the S2PL0
plastic scintillator.

Horizontal Direction

In order to identify the position of the two « particles in the horizontal direc-
tion, we used the sum of the SECHS function to fit the charge distribution
of the cathode pads.

Fop(x) = f(zlar, p1,01) + f(z|ag, 2, 02), (4.47)

where f(x|a,p, o) is given in Eq. (4.14).

Parameters in the f(x|a, i, o) for the single v particle were determined in
the same manner of the pulse shape of anode wires for the vertical direction.
Figure 4.33 (a) shows the correlation between the charge of the CRDCI-1
cathode plane and the charge of plastic scintillator S2PL1. Events in this
figure are selected by a software gate of ToF as shown in Fig. 4.25. The loci
of the triton, o and %Li are clearly seen. The blue, red and green solid lines
in Fig. 4.33 (b) represent distribution of the charge of the cathode selected
by the cut of each particle as shown in Fig. 4.33 (a).

In order to estimate the rate at which we misidentified tritons and %Li par-
ticles as a particles, we followed a similar procedure to the one we described
for the vertical direction. However, here we assumed a Gaussian distribution
for %Li since its charge was saturated. Once again, as shown in Fig. 4.33 (c),
the portion of events which were misidentified was 0.22% of the total, which
is negligibly small.

The fitting parameters o; and o9 determined for a single o were the fixed
to fit the two a particles. Once again, the error on the charge in each cathode
pads was properly assigned. Figure 4.34 shows the typical charge distribution
of two « particles and the fitted curve using the Fy,(x) function. In order to
identify two « particles, we selected events satisfied following requirements:

e The peak charges for the o particles were 200 ch < Qpax < 650 ch.

e The distance between the two particles was greater than the uncertainty
of the sum of p; and ps.

e The x? value was less than 900 (NDF=252).

In this analysis, we could identify two « particles separated more than 10 mm
in the CRDCs in the horizontal direction.
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Figure 4.33: (a) The correlation between the charge of CRDCI1-1 cathode
plane and the charge of plastic scintillator S2PL1. (b) The blue, red and
green solid lines represent distributions of charge of the CRDC1-1 cathode
plane for the charge of triton, a and Li particle, respectively. (c) The blue
and green dashed line represent the component of the triton and Li particle
determined by fitting the distribution of « events (red solid line).
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Figure 4.34: A sample of a charge distribution for two a particles and a fitted
curve using the sum of the SECHS functions (Eq. (4.47)).

Vertical Position by Difference of the Drift Time

In this experiment, the detection efficiency of the flash-ADC was 25% due to
trouble with the local trigger on the flash-ADCs. For this reason, we used
the difference between the timing of two CRDCs to determine the vertical
position for each of the two « particles as an alternative method. For two «
events selected by the horizontal position, we determined the vertical position
using information from flash-ADC, if the data were acquired correctly. If the
data were not acquired correctly, we used the difference of the drift time as
the vertical position of the two « particles.

CRDC1 focal plane CRDC2
y‘k A
T2

—>a;
—> z

T

anode wire
Y. 4

Figure 4.35: A schematic diagram of the procedure used to determine the
position of two « particles based on the drift time of the CRDCs.

Figure 4.35 shows a schematic picture of the process of we used to de-
termine the position of two a particles. If two « particles were parallel to
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the focal plane, the position of a particle that first arrived at the anode
wire (a; in Fig. 4.35) of CRDC1 was determined as 77 X vgyg by the drift
time at CRDC1 (77). The other particle (ay) was a particle that first ar-
rived at CRDC2 (T3), so that the position was determined by the CRDC2 as
Ty X varg. Considering the ion optical condition, the resolution of the posi-
tion was Ay = 4.7 mm. Furthermore, two-particle events whose trajectories
have cross points between the CRDCs were less than 1 % in the Monte Carlo
simulation. The difference in the vertical positions of those events is less than
Ay. This uncertainty was considered to be the resolution to reconstruct the
invariant mass of the ®Be in the following section (Sec. 4.4.6).

Obtained Event Snapshot

Figure 4.36 shows the curve of the charge distributions of the cathode pads
(left) and the anode pulse shape (right) in a typical two-a event. Two par-
ticles were clearly identified in the horizontal and vertical directions, respec-
tively.
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Figure 4.36: A sample of signals for the fitted curve of charge distribution
of cathode pads and an anode pulse of the CRDCs for each plane. Two «
particles were clearly identified.

Figure 4.37 shows reconstructed trajectories of the two « particles in the
event shown in Fig. 4.36. We identified two « particles which separated
more than 10 mm for horizontal direction and 5 mm for vertical direction
respectively in this analysis.
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Figure 4.37: A snap shot of a typical two-a event reconstructed by the signals
of Fig. 4.36.

Trajectories of the two « particles were described as 71 = (x1,y;) and
75 = (Z2,92). On the other hand, since we detected the horizontal and
vertical position independently, alternative trajectories 7’ = (z1,¥2) and
7y = (14, y1) were also possible. However, these two cases were not discrimi-
nated in this analysis, since exact trajectories were negligible in reconstruct-
ing the invariant-mass of the ®Be and the missing-mass of the four-neutron
system.

4.4.5 Examination of Accidental Coincidence at S2

There were about 70 cps of « particles at S2 during the experiment produced
by the fragmentation reaction at the target. In order to exclude accidental
coincidence of two « particles in the background, we examined two « particles
detected in coincidence using the timing information of the plastic scintillator
at S2.

Plastic Signals by the Following Bunch

The CRDC has a possibility to detect particles from the following bunch of a
triggered particle. These events create artificial signal(s) for the plastic scin-
tillator at the timing of the following bunch(es). Then we selected the events
with no signals of delay timing of a triggered bunch at plastic scintillator of
S2. The signals of the plastics scintillator were acquired for the 1 us after
the trigger timing.
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Fiducial Cut for the o Particle

In order to exclude events from the background, we used the timing infor-
mation of the plastic scintillators at S2. If the two « particles from the ®Be
decay were true events in coincidence, the difference between the timing of
the plastic scintillator from left PMT (77,) and right PMT (Tg) had a corre-
lation with the position in the S2 focal plane (zg2). We defined the difference
in left-right timing of the plastic scintillator as AT = T1, —Tg. Figure 4.38 (a)
shows the correlation between the xgs tracked by the CRDCs and the AT of
the single-a events.
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Figure 4.38: (a) The correlation between the horizontal position of S2 and
the timing difference 71, — T at plastic scintillator of S2. (b) A schematic
diagram of the timing information from the left-right PMTs.

The number of uncorrelated events were less then 1/10000th of the cor-
related events. The uncorrelated events could also be from particles that
passed through in the magnet on an unusual path.

If two particles hit the plastic scintillator, the difference in the left-right
timing was the same as the central position of the trajectory (Fig. 4.38 (b-1)),
which is given by

AT = T, Ty (4.48)
= (T +To) — (Tr + To), (4.49)

where T, is the timing difference between central position of the two « par-
ticles and one of the « particles as shown in Fig. 4.38(b)-2. We used this
selection software gate to identify the two particles in coincidence at S2.
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4.4.6 Reconstruction of the ®Be Invariant-Mass Spec-
trum

We reconstructed the invariant mass spectrum of ®Be from the angle and
the momentum of the two «a particles from selected events as previously
described. The momentum and angle of the a particles were reconstructed
by the ion optical information as described in Sec. 4.3.

The excitation energy (decay energy), Fsg., was described as

ESBe == MgBe - 2Ma7 (450)

where M, is the rest mass of an « particle and Msp, is the invariant-mass of
8Be reconstructed from the two « particles. The invariant mass of *Be was
described by the momentum, p,, and angle, 6, of the two « particles as

Mgy, = (My + M,)? + 2(E10Eze — Mo My — prapaa cos6). (4.51)

The momenta of the « particles, p,, and the opening angle, #, were deter-
mined by calculating of invert transfer matrix and the position and angle at
S2.

Figure 4.39 (a) shows the correlation between the opening angle and mo-
mentum difference of the two « particles from the selected events. Figure
4.39 (b) shows the invariant-mass spectrum of the selected events. The exci-
tation energy of the ground state and first excited state are 0.092 MeV and
3.03 MeV respectively. The resolution of angle was about 6.0 mrad (FWHM)
and 7.9 mrad (FWHM) for the horizontal and vertical directions. In addi-
tion, there was an ambiguity in the position of 4.7 mm (sigma) and angle
of 5.8 mrad (sigma) for the vertical direction at S2, since the difference of
the position was determined by the drift time distance between the CRDC1
and CRDC2. The momentum resolution was about 1/2000 (o), however
the energy loss straggling, which was a maximum of 0.217 MeV for an «
particle at the liquid He target (123 mg/cm?) was large in comparison with
the excitation energy of 0.092 MeV from the ground state of ®Be. Although
there was a concentration near the ground state of ®Be energy at 0.98 MeV,
the resolution of this spectrum of the excitation energy of ®Be was not good
enough and statistics were too small to properly separate the ground state
and first excited state of ®Be and the background.

In order to compare the result with the simulation, we generated events
from the decay of ®Be and reconstructed the invariant-mass with the angular
and momentum resolutions and energy loss straggling at the target. Figure
4.40 shows the simulated events of ®Be for (a) the angle and momentum
correlation and (b) the invariant-mass spectrum of the ®Be. In Fig. 4.40 (b),
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Figure 4.39: (a) The correlation between the opening angle and momentum
difference of the two « particles for the selected events. (b) The invariant-
mass spectrum of the selected events.

the blue dashed line and red dashed line represent the reconstructed spectrum
from the ground and first excited state of ®Be, respectively. The number
of seed of simulated events of the ground state and first excited state was
same in this simulation. The width of the ground state was 5.6 eV and first
excited state was 1.51 MeV. To generate the first excited state, we assumed
the energy density function in Ref. [51], which is suitable for reproducing the
nuclear levels near a threshold. In this simulation, various resolutions of the
experiment were considered. The angular resolution was 6.0 mrad (FWHM)
and 7.9 mrad (FWHM) for the horizontal and vertical reconstructed angles
at SO respectively The momentum resolution was 1/2000 (o) with an energy
loss straggling at the target of 0.217 MeV at maximum. In addition, the
position resolution of 4.7 mm at S2 for the vertical direction was considered
since the position of two a particles were determined from the difference in
the drift time, not the flash-ADC (Sec. 4.4.4). The energy loss straggling was
calculated with the assumption that the reaction point for the beam axis was
uniform in the target.

In addition, we estimated the shape of background. We generated the
events from the distribution of the single-a events at the S2 produced by the
8He beam during the physics measurement. Then two random events were
chosen at random and reconstructed invariant-mass in the same manner as
the previous description of the simulation.

Figure 4.40 (c) shows the correlation between the opening angle and the
momentum difference of the two random « particles. Figure 4.40 (d) shows
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Figure 4.40: The simulated spectrum of (a) the correlation between the open-
ing angle of the two a and momentum difference and (b) excitation energy
of the ground state and first 2 state of ®Be. (c) The correlation between
opening angle of the two « particles and momentum difference. (d) The
excitation energy of the random two « particles from measured data set.
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the the shape of reconstructed spectrum from the two random « particles.
The shape was similar to the simulated ground state of ¥Be. We could not
separate the background events from the true events with ®Be with these
small statistics.

4.5 Reconstruction of 4n Missing-Mass Spec-
trum

4.5.1 Energy Calibration

For the energy calibration of the excitation energy of the four-neutron sys-
tem, we used the S2 horizontal position of known peak of the 8Li (17) state
produced by the ®He(p,n) reaction at the FH10 plastic scintillator and a
scaling of magnetic rigidity of the SHARAQ spectrometer.

Calibration using the Known Peak of ®Li

We determined the relation between the position of 17 state of ®Li at S2 in
the magnetic setting for ®Li measurement and the position of the ground state
(g.s.) of ®Be in the ®Be setting. The position of 3Li(17) and ®Be(g.s.) at the
S2 were expressed as zgy and zg3° respectively. The magnetic rigidity at the
81i setting and 8Be setting was expressed as Bp ™ and Bp’B° respectively.
The scaling factor between the magnetic setting at 8He beam and ®Li beam
is therefore,

B pSBe
- B oL

If we know the absolute value of the momentum of 8Li(17) at the S2, which
was expressed as pSLi, the particles having a momentum of

Rp, (4.52)

P =Rp,pH (4.53)

were reaching at zgy' in the magnetic setting of 8Be. On the other hand,
the ®Be(g.s.) had an momentum expressed as p°B¢, which was reaching zg5°.
Then, the position of ®Be(g.s.) nge was shifted from x;%‘ by the momentum

difference
p/ _ pSBe
Ap=——"—. (4.54)

/

Consequently, we deduced the zg5° as

rey® = w65 + Ap (z[0)sm, (4.55)
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where (z]0)sy is the element of the transfer matrix for the momentum dis-
persion described in Sec. 4.3.

The scaling factor, Rp,, was calculated from the measured data of the
magnetic field and the NMR value. We calculated deduced an absolute value
of p’H from the readout value of the NMR of the dipole magnet DHS (see
Fig. 3.2), which was the last dipole magnet before the secondary target.
In order to calculate p™™ precisely, we considered (1) all of energy loss of
the material in the path of the beam, (2) the @-value (9.869 MeV) of the
®He(p,n)®Li reaction and (3) a reduction of mass of 3Li from de-excitation
of the v ray of 8Li(17) (0.98 MeV) state. These calculation was carried out
by the LISE++ [52]. In the same manner, the p B¢ was calculated from the
NMR of the DH7 (Fig. 3.2), which was common setting for both the ®Li and
*Be.

The peak position of the 8Li(17) state was determined as shown in Fig. 4.41.
Events produced by the reaction were selected in the same manner as the
particle identification of ToF between FH10 and S2 and the energy loss of
the plastic scintillator at the S2.

Figure 4.41 (a) shows the correlation between xgs and xpg. The incli-
nation of the dashed line represents the ratio of the momentum dispersion,
which is expressed as (z]0)pL/(x|d)su. The histogram was projected along the
dashed line, then the position at S2 corrected by the spread of the momen-
tum of the beam was obtained. Figure 4.41 (b) is the correlation between the
horizontal position at S2 corrected by the F6 position and scattering angle.
The dashed curve represents the kinematic correlation in this reaction. The
events had an reasonable correlation along this curve. The position shown in
Fig. 4.41 (c) was corrected along the kinematical curve. From the spectrum
of Fig. 4.41 (c), we obtained the value of zg* by fitting it with a Gaussian
function.

Uncertainty of the Calibration

For the systematic error, we estimated the uncertainty of the calibration from
the uncertainty of the magnetic rigidity of the dipole magnet and the peak
position of the 8Li know state.

There were two dipole magnets in the SHARAQ spectrometer. The un-
certainty of the scaling factor Rp, arising from these two dipole magnets
was estimated as 3.23 x 1072% from the data of NMR and magnetic field
measurements. The error propagation was calculated along the Eq. (4.52)
to Eq. (4.55). The error of Ap(z|d)su in Eq. (4.55) was estimated as £1.89
mm, which corresponds to +0.86 MeV.

The error in the zg5' was estimated from the error of the fitting of the peak
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Figure 4.41: Known peak of the 8Li produced by the ®*He(p,n) reaction at the
FH10 plastic scintillator. (a) The correlation between F6 and S2 position for
the horizontal direction. The dashed line represents the center of loci. (b)
The correlation between the S2 position corrected by the F6 position and
scattering angle with kinematical curve. The dashed line represent kinemat-
ical correlation in this reaction. (c¢) The position at S2 corrected by the F6
position and scattering angle.
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(Fig. 4.41 (c)). We estimate that this error is 2.0 mm, which corresponds
to +£0.92 MeV.

Finally, from these estimate, the systematic uncertainty of the calibration
was estimated at +1.25 MeV.

4.5.2 Momentum of the Beam and Ejectile

The momentum of ®Be was determined from the central ray of the two «
particles at S2. There was a correlation between the momentum of the beam
and momentum of the reaction products. When we calculated the missing-
mass spectrum, we used the the momentum of 8Be corrected using the 8He
beam.
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Figure 4.42: The correlation between the horizontal position at S2 and the
horizontal position at F6. The solid and dashed diagonal lines correspond to
the excitation energy of the 4n system.

Figure 4.42 shows the correlation of candidate events between the hor-
izontal positions of F6 and S2, which correspond to the momentum of the
8He beam and the momentum of the ®Be ejectile respectively. The solid line
corresponds to the threshold of four-neutron system (excitation energy of
four-neutron system: Ej, = 0 MeV). The dashed and solid lines correspond
to each excitation energy of the four-neutron system.

The events that decay to four neutrons have a positive excitation energy.
We can clearly see the the difference in the number of events per unit area
in the Fy, > 0 MeV and Ey, < 0 MeV region, although there were also two
events in an unphysical region
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4.5.3 Corrections

In order to calculate the missing-mass spectrum, we corrected the invariant-
mass of ®Be and the kinematical condition of the 8Be ejectile.
Invariant-Mass of *Be

In order to reconstruct the missing-mass of the four-neutron system, the
mass of the ®Be was corrected from the invariant-mass of ®Be. The excitation
energy (decay energy) Esp, was described in Eqs. (4.50) and (4.51).
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Figure 4.43: The correlation between the corrected missing-mass of 4n and
the excitation energy of ®Be.

Figure 4.43 shows the correlation between the excitation energy of the
four-neutron system corrected from the excitation energy of ®Be and the
invariant-mass of the ®Be. There was no bias in the excitation energy of *Be
depending on the excitation energy of four-neutron.

Scattering Angle

We applied the kinematical correlation between the scattering angle and the
momentum of the ejectile particle. The relationship between an observed
momentum p, which corresponds to the horizontal position of S2, and the
scattering angle 6 was expressed as

P = Do (1 - #;_10 , (4.56)
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where py and (3, are the outgoing momentum and the beta factor for 0 degree
scattering respectively. We calculated the momentum p corrected by the
scattering angle 6.

(o)
H‘HH‘HH‘HH‘\\H‘ ]
N

scattering angle in CM frame (deg)
HH‘HH‘HH‘HH‘THH‘HH‘HH‘HH

204001620 30 40 50 60  °

excitation energy of 4n (MeV)
Figure 4.44: The correlation between the corrected missing-mass of the four-
neutron system and the scattering angle of ®Be in the center-of-mass frame.

Figure 4.44 shows the correlation between the corrected value of the ex-
citation energy of the four-neutron system and the scattering angle of the
center-of-mass frame of outgoing the ®Be particle. There was no bias and
of scattering angle depending on the excitation energy of four-neutron sys-
tem. The scattering angle for almost all events is less than 5 degrees in the
center-of-mass frame, which is expected.

The relationship between the scattering angle of the outgoing ®Be in
center-of-mass system (O¢y) and the laboratory system (6h.1,) was described
as

sin ©cum

gl (cos Ocm + @ ' (4.57)

tan O, ~

Excitation Energy of Four-Neutron System

Finally, we corrected for the difference of the recoil momentum of ®Be, which
depended on the excitation energy of the four-neutron system. After these
series of the corrections, we obtained the correct excitation energy of four-
neutron system.
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4.6 Background Estimation

We estimated the shape of the background in the missing-mass spectrum and
absolute number of events from the analysis of the F6 MWDC.

4.6.1 Shape of Background Events in Missing-Mass
Spectrum

We approximated the background as two random « particle events at S2.
As described in Sec. 4.4.6, we choose the two-a-particle events at random
from the data set of o particle taken during the measurement. We recon-
structed the shape of the background using the same procedure and the same
corrections as described in Sec. 4.5.3.
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Figure 4.45: The background shape in the missing-mass of four-neutron pro-
duced with the data of single o particle.

Figure 4.45 shows the spectrum we obtained for the background. The
single v event was distributed almost as a Gaussian distribution at S2. The
average of the two a particles in this distribution formed a sharp Gaussian
distribution.

4.6.2 Absolute Value of the Background Events

We estimated the absolute number of background events in the obtained
missing-mass spectrum.
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Failure of the Multi-Particle Rejection at F6

The multi-particle in a triggered bunch was considered a possible source of
the background as discussed in Sec. 4.4.2. These events were rejected using
the MWDC at F6. However, since the detection efficiency of the MWDC was
limited to 86 %, multi-particle events contribute to the background in cases
where one of the particles is detected while the other was not. We estimated
the effect of these events on the multi-particle rejection in the missing-mass
spectrum.
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Figure 4.46: A schematic diagram of the Venn diagram of multi-particle
rejection at F6 MWDC.

In order to determine the number of events, we consider the venn diagram
of the number of rejected particle for each U-U" and V-V’ plane as shown
in Fig. 4.46. As described in Sec 4.2.1, the multi-particle triggered bunches
could be rejected using the U-U’ and V-V’ planes independently. From the
selection software gate of the candidate events, we obtained the number of
events represented as n,, n, and na,q, where n, and n, is the number of
rejected events in the selection cut of multi-particle rejection using the U-U’
and V-V’ planes, n,,q is the number of events judged in the U-U’" and V-V’
planes, ns;, which we wanted to know, is the number of events still contained
in the missing-mass spectrum as the background. Then we expressed the
ratio of ng to the total number of events as

Ner Ty Ny
— — Tor — 5 458
N " (nand + 7/Lu) (nand + nv) ( )

where N is the total number of events of multi-particle in a trigger bunch,
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which we could not know. Then the ns was expressed as
Tor
or
1-— Tgr’

Ner =N (4.59)
where and ny. = Nang + Ny + ny. From this relationship, we estimated the
number of event as expressed as ng.. We estimated the background events as

1.00 £ 1.01 events (4.60)

in the region corresponding to —25 < Ey, < 65 MeV. Based on our analysis,
we obtained the absolute number of the background events in the spectrum.

Multi-Particle in One Cell of MWDC at Fé6

Events with multi-particle in one cell of MWDC were not identified as two
particles. These events therefore contribute to the background. The cell size
of the MWDC at F6 was 9 mm for the U(30°) plane and 9 mm for the V(-30°)
plane. The spot size of the beam was about +50 mm in the vertical direction
and +80 mm in the horizontal direction as shown in Fig.4.23.

We estimated the ration of two particle events in a single MWDC using a
simulation of the beam image. The data set taken during the measurement
was used as a source of random events for the two particles. The number of
such background events were estimated as

1.23 £ 0.20 events (4.61)

in the —25 < Ej4, < 65 MeV region of the missing-mass spectrum.

Other Possible Background Source

Another possible background source is from the misidentify other particles as
a particles. However, these events were estimated to include less than 0.1%
of events, corresponding to 0.05 events in this spectrum. This estimateion
was described in Sec. 4.4.4.

Overall

In the previous analysis, we determined the number of background events to
be
2.23+1.03 events (4.62)

aain the region corresponding to —25 < Ejy, < 65 MeV of the missing-mass
spectrum.



110 CHAPTER 4. DATA REDUCTION

4.6.3 Differential Cross Section

The differential cross section of the *He(®*He,®Be)4n reaction at 186 MeV /u
is expressed as
o Y
dQdE n Nbcam NTG €det €DAQ AQ AEM

(4.63)

where Y is the yield of the four-neutron production events, Npeam is the total
number of incident beam, nrqg is the number of particle in the target, erg
is the total efficiency of detectors, epaq is the live time of the DAQ system,
AQ is the solid angle of the spectrometer and AF is bin of the excitation
energy.



Chapter 5

Results and Discussion

5.1 Missing-Mass Spectrum of the 4n System

We detected 38 events produced by the “He(®He,®Be)4n reaction in the ex-
citation energy —25 < F4, < 65 MeV region. This spectrum was obtained
after a series of corrections (see Sec. 4.5.3), while there were still 2.23 £+ 1.03
background events in this region as estimated in Sec. 4.6.
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Figure 5.1: The missing-mass spectrum of the four-neutron system. The
green line represents the estimated background.

Figure 5.1 shows the final missing-mass spectrum of four-neutron system.
The excitation energy of Ey, = 0 MeV corresponds to the threshold of four-
neutron decay. The green line represents the background spectrum estimate

111
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in which the total number of the estimated background events are normalized
by the cross section. The region of excitation energy of —25 < Ey, < 65 MeV
was fully covered with the acceptance in this analysis (Sec. 4.3.5). The
uncertainty of the energy calibration was estimated as £1.25 MeV (sigma)
in previous section (Sec. 4.5.1). The resolution of the missing-mass spectrum
was 1.16 MeV (sigma) estimated by the ion optical condition (Sec. 4.3).

There are two main components in this spectrum. One is the strength at
the low energy region. There are 4 events in the 0 < Fy, < 2 MeV region.
Second is the continuum in the Fy, > 2 region. The mean of the strength at
low energy region is

~

By = 0.83+0.25 MeV. (5.1)

Compared to the theoretical paper [1,15], which predicted the possibility
of the low energy resonance state around 2 MeV above the threshold, this
value seems to be reasonable. However, it must be noted that there was
an uncertainty in the energy calibration of £1.25 MeV in our experiment
(Sec. 4.5.1). The significance of this strength and a shape of the continuum
are discussed in following section.

5.2 Comparison with Theoretical Curves

In order to investigate the shape of the final spectrum, we fit the theoret-
ical curve to the experimental data and evaluated the experimental data,
including a complete statistical analysis.

Fitting for the Theoretical Curve

The upper panel of Fig. 5.2 shows the missing-mass spectrum fitted by the
theoretical curves [53] and the background. The calculation assumes that
the four-neutron system consists of two di-neutron pairs as the scattering
state in the four-neutron decay. The idea of the calculation in Ref. [53]
is based on the Ref. [54]. The reasons to employ this assumption are (i)
the attractive interaction between neutrons is well-known as a di-neutron
correlation [55], (ii) this is the simplest and most symmetric assumption and
(iii) the previous study in Ref. [2] suggests that this assumption is the most
probable case. In this calculation, the final state interaction between two
neutrons (di-neutron) and between two di-neutrons are described with the
effective range theory [55-57]. The scattering length of the di-neutron and
the two di-neutrons are described as as, and as,_o,, respectively.

The fitting curves are for three different assumption about the correlation
between neutrons. If the scattering length is a = 0 fm, there is no correla-
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Figure 5.2: (a) The missing-mass spectrum of the four-neutron system fit
with theoretical curves and the background function. The magenta line rep-
resents the curve without correlation of four neutrons. The red and blue
lines represent the curves, which assume two di-neutrons with the scattering
lengths ag,_2, = 0 fm (no correlation) and ag, 2, = —3 fm (attractive) re-
spectively. (b) Evaluation of the goodness-of-fit for each bin using likelihood
ratio test. The o; were defined in Eq. (5.4).
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tion between the neutrons. On the other hand, if the scattering length a
is negative, it means that there is an attractive final state interaction. The
magenta line represents the curve assuming no correlation between the neu-
trons. The red line represents one with only a di-neutron correlation in each
di-neutron, which is described by the known value of the scattering length

as, = —18.6 fm [55]. The blue line includes the di-neutron correlation and
the correlation between two di-neutrons described as the scattering length
Gon—_on = —3 fm, which is the weak attractive interaction.

The slope of the theoretical curve near the threshold depends on the
scattering length. If the four neutrons decay into phase space without any
correlation, the slope of the spectrum above the threshold is expected to rise
proportional to E4n7/ 2) (Appendix B). On the other hand, if the decay is at a
rate correlated, which include an attractive final state interaction, the phase
space is reduced similar to a two body decay such as through two di-neutrons.
An evaluation of the goodness-of-fit for these curves is discussed in following
section.

Evaluation of Goodness-of-Fit for Each Bin

In order to estimate the bin-by-bin “goodness-of-fit” of the fitting curve, we
used the likelihood ratio test x3 (Appendix C), which asymptotically follows
a general x? statistics. The likelihood ratio test is the statistical test based
on the ratio of the likelihood function for two set of information: one is the
data from the observed histogram and the other is a predicted curve. The
test expresses statistical significance between two models. The 3 is defined
as

Xa = —2In[L(y;n)/L(n;n)] (5.2)
= 2 Z [yi —n; +niln(n;/y;)] (5.3)

where L is the likelihood function for the Poisson distribution, n = {ny, ns, ..., n;}
is the number of events in the i-th bin and y = {y1,99,...,¥;} is the num-
ber of events predicted by theoretical curve in the ¢-th bin. This method
allows us to estimate the parameters and uncertainties identical to those in
the method of maximum likelihood [58]. The x3 statistics is further useful
for testing the goodness-of-fit since the value of its minimum will asymp-
totically obey a classical chi-square distribution, while a general chi-square
minimization suffers under- or over- estimation of the area under the peak
since this treatment has an assumption of Gaussian distribution of the errors
implicitly. If the significance in the ¢-th bin is defined as

o = Vi +nsIn (0 /), (5.4)
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where the o; asymptotically corresponds to the formula of the usual chi-
square test x* = > .(y; — n;)?/20 assuming the Gaussian distribution.

The lower panel of Fig. 5.2 shows o; for each fitting curve. Note that we
can clearly see an enhancement in o; ~ 4 at the low energy region in compar-
ison with the continuum of the theoretical curves. Whether the interaction
between di-neutrons exists or not, it is a natural consequence when we assume
the decay of the phase space, or in other words, that the missing-mass spec-
trum rises gradually from the threshold with an energy dependence of E(7/?)
or E®/?) This indicates that there is something causing the enhancement in
low energy region beyond simple phase space decay.

The X?\ was 45.7 for non-correlated curve, 40.6 for as,_2, = 0 fm and 36.1
for ag,_9, = —3 fm with di-neutron correlation while the number of degree of
freedom was 39. The difference of goodness-of-fit between the two theoretical
curve is mainly due to the shape of the slope in the 0 < Ej4, < 20 MeV region
and the mean value of the 0 < Ey, < 65 MeV region. While the difference of
the goodness-of-fit for each curve is not significantly, there is an possibility
that the interaction between di-neutron and di-neutron is attractive.

5.2.1 Significance of the Strength at Low Energy

In order to evaluate the significance of the strength at low energy more
carefully, we considered the “look elsewhere effect” [59]. The significance
of observing a local strength must take into account the probability that
such a strength originated from fluctuations of continuum elsewhere in the
region. The “trial factor” was defined as the ratio between the probability
of observing the strength excess at some fixed point and the probability
of observing it anywhere in the region of interest. The region of interest
was defined as [-2, 10] MeV, since it seemed impossible to observe the such a
narrow resonance in the region of Fy, ~ 10 MeV. If there is a resonance state
in the Ey, > 10 MeV region, the width is expected to be so large, it would
be impossible to distinguish it from the continuum. In Ref. [59], the trial
factor is asymptotically proportional to the effective number of independent
search regions and to the significance in the fixed region.

The trial factor was estimated as described in Appendix D. The points
indicated by triangle in Fig. 5.3 show the significance o; taking into ac-
count the “look elsewhere effect” for the two di-neutrons correlated curve
(agy = —18.6 fm, as,_o, = —3 fm) in Fig. 5.2. The points indicated by are
the o; without this effect, which makes them the same as in Fig. 5.2. The
trial factor below 1 sigma tends to be underestimated in the asymptotically
approximation.
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Figure 5.3: The circles represent the o; for the as, and asg,_ o, curve (blue
line in Fig. 5.2). The triangles represent the one considered to the ”look
elsewhere effect” in the region of interest.

According to this evaluation, the significance the strength at low energies
was 3.6 sigma. Indicating that the strength is clearly significant difference.

5.3 Momentum Transfer of Produced Events

One of the important aspects to investigate in the very weakly bound or
unbound system is the momentum transfer. For this experiment, it is espe-
cially important since we can produce the four-neutron system with a small
momentum transfer by the exothermic reaction as described in Sec. 2.1. The
momentum transfer of the events produced in the “He(®He,®Be)4n reaction
was shown in Fig. 5.4, which is reminiscent of Fig. 2.2. The momentum trans-
fer corresponds to the scattering angle of the ejectiles. The red solid line and
red shaded area represent the kinematically accessible region in this exother-
mic ‘He(®He,®Be)4n reaction. The red dashed line corresponds to § = 1° in
the *He(®He,®Be)4n reaction. On the other hand, in order to compare with
the previous experiment using the (7=, 7%) reaction at 156 MeV [2], the blue
line was represented in Fig. 2.2.

Note that momentum transfer for the 3 events between 0 < Ey, < 2
MeV region is smaller than 35 MeV/c, which is the accessible region only
with the exothermic reaction. As discussed in Sec. 2.1, this region was not
allowed to access with endothermic reaction, for instance (7—, ") reaction.
We considered that we could obtain clear strength at the low energy region
only our experiment.
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Figure 5.4: The relation between the excitation energy and momentum trans-
fer at the reaction for the obtained events. The red solid line and red shaded
area represent the accessible region in ‘He(®He,®Be)4n reaction. The red
dashed line represents the § = 1° in “He(8He,®Be)4n reaction. The black line
and gray shaded area represent the photon line and accessible region with
endothermic reaction. The blue solid line represents the (7, 7") reaction at
156 MeV.






Chapter 6

Conclusion

We performed a missing-mass measurement in order to investigate the four-
neutron system via the exothermic double-charge exchange reaction *He(®He,
¥Be)4n at 186 MeV /u. The exothermic reaction was expected to produce the
four-neutron system with a small momentum transfer. The experiment was
performed at the RIBF at RIKEN by using the BigRIPS-HRB beam line and
the SHARAQ spectrometer.

We measured 38 events produced via the ‘He(®He,®Be)4n reaction in the
missing-mass spectrum of the four-neutron system. The obtained missing-
mass spectrum showed two components: one was strength in a low excitation
energy region 0 < Fy, < 2 MeV, while the other was the continuum in the
Ey, > 2 MeV region. The shape and absolute value of the background events
were estimated and there were only 2.23 + 1.01 background events in the
whole spectrum region, this was almost negligible compered to the selected
38 events.

The low energy region contained 4 events in total. This strength was
clearly enhanced in comparison to the two theoretical curves, which assume
the effective range theory with the decay of two correlated and non-correlated
di-neutron clusters. The significance of this enhancement was estimated
as 3.7 . Although there was an uncertainty on the energy calibration of
+1.25 MeV, the mean of these events was 0.83 + 0.25 MeV. This indicated
a possibility for the low energy resonance state of tetra-neutron. The mo-
mentum transfer of some of these events was smaller than 35 MeV /c, which
was kinematically accessible only by our exothermic reaction. The fitting
result of the continuum region supports the model that there is a correlation
between two di-neutrons.
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Appendix A

Ion Optics

In this section, we describe the notation of the transfer matrix and ion optical
analysis.

We defined the horizontal position as x, the horizontal angle as a, the
vertical position as y, the vertical angle as a and the momentum difference
from the central orbit as §. A vector at the focal plane (FP) was defined as

TFp
arp
X FpP — Yrp . (A Nl )
brp
drp

The vector at the FP1 focal plane transferred from the focal plane FPO is
described using the transfer matrix R as

Xrp1 = R Xppo. (A.2)

The elements in this transfer matrix are

TFp1 (z|x) (wla) (xly) (x[b) (x|5) TFpo
arp1 (alz) (ala) (aly) (alb) (ald) arpo
yepr | = | (ylz) (yla) (yly) (ylb) (y]d) yepo |- (A3)
brp1 (blz) (bla) (bly) (b[b) (b]0) brpo
Srp1 (6]z) (dla) (Oly) (d]b) (6]0) drpo
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Appendix B

Phase Space Decay of
Multi-Body System

B.1 Phase Space

Fermi’s Golden Rule in perturbation theory is described by

2
wig = | (FIAH ;. (B.1)

This equation expresses that the cores section is proportional to the density in
the final state, in other words, the phase space of the final state. The density
is expressed as a function of the momentum space in the non-relativistic
limit:

oo =5 (2= 32 5) I i (32

where

&p = p? dp dQ = V2m3VE dE dQ. (B.3)

From this equation, the energy spectrum of the 2-body system in the phase
space decay is proportional to the square of energy as E2.

B.1.1 3-Body Decay

The relative energy of the 3-body system is illustrated as in Fig. B.1. The
total energy of the system is defined as F and expressed as ' = E5+ F3_1».
From Eq. B.2, the phase space is described as

p(E) = / 0(E — (Brz + B3-12))V/ Eia\/Es_12dE1pdEs_1;  (BA)

123



124 APPENDIX B. PHASE SPACE DECAY OF MULTI-BODY SYSTEM

~ [ VEaVE-Ea (B.5)

x E% (B.6)

This means that the the energy distribution of the 3-body system in phase
space decay is a function of E2.

2-body 3-body 4-body

. 3
%@ E3 12 #123 Es.12
En2 @ o @

Figure B.1: A simple illustration of the relative energy of 2-body, 3-body
and 4-body decay.

B.1.2 4-Body Decay

For the 4-body decay, we define the relative energy as shown in Fig. B.1 the
same as in 3-body decay. This relation of the relative energy is assumed the
to be the same for each of the 4-bodies. The total energy of the system is
defined as £ = E15 + E3_15 + F4_123. The phase space is described using

p(E) = /5(E - (E12 + E3—12 + E4—123))\/E12 \/E3—12\/E4—123 dElQ dE3—12 dE4—123

= / \/E47123 \/E3712 \/E47123 + Es_ 19— F dEy_123 dE3_19
= / VEi_123(E — E4—123)2
x E?

This means that the the energy spectrum of the 4-body system in phase space
decay is the function of E(7/?). Four neutron decay with non correlation decay
is expected to follow this formula.

(B.7)

(B.8)

(B.9)



Appendix C
Likelihood Ratio Test

In order to estimate a “goodness-of-fit” for the fitting curves for bin-by-bin,
we defined the likelihood ratio test x3 to follow a general x? statistics. This
method allow to estimate parameters and errors identical to those of method
of maximum likelihood [58]. The x3 statistics is further useful for testing
goodness-of-fit since the value of its minimum asymptotically obey a classi-
cal chi-square distribution, while the general chi-square minimization suffer
under- or over- estimation of the area under the peak since this treatment
has an assumption of Gaussian distribution of the errors implicitly.

The likelihood for of the histogram assuming the Poisson distribution was

Lgsm) = [Tesn(-w s, ()

where n; is the number of events in the ¢ th bin and y; is the number of events
predicted by theoretical curve in the ¢ th bin. We defined the likelihood ratio

A= L(y;n)/L(m;n), (C.2)

where m = (my, my, ...m;) is the true (unknown) value of the n = (ny, no, ...n;).
We define the likelihood ratio test x3 as

Xa=—2In\ (C.3)

We estimated the true values m by n, then
A = L(y;n)/L(n;n)

= [ exp(—yi + ni) (yi/ni)™. (C.5)

)

a
i

After the deformation, we obtained

Xa = QZ [y — ni +niIn (n/y;)] - (C.6)
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If we defined o; as

o = \/yi +niln (ny/y;), (C.7)

where o; corresponds to the formula of usual chi-square test: x? = >, (y; —
n;)?/20; assuming a Gaussian distribution.



Appendix D
Look Elsewhere Effect

The “trial factor” is defined as

trial — Panvwhere (D.1)
DPfix
where pg, is the probability of observing the signal strength at some fixed
point and panywhere is the probability of observing it anywhere in the region
of interest.

The most straightforward way to estimate the trial factor is using a Monte
Carlo simulation to find a fluctuation in a continuum. However, this proce-
dure consumes CPU power and time in the order of 107 loops corresponding
to a 5 0. Therefore, in Ref. [59], the trial factor is estimated by approxima-
tion as a function of effective number of independent search regions and a
significance in the fixed region.

If the number of degrees of freedom is only a parameter of the signal
strength, the trial factor is asymptotically approximated as

trial# ~ 1 + \/gNZﬁX, (D.2)

where N is the number of local minima of the significance for each bin (o),
Zsx 18 the significance in the fixed region The number of N is deduced by the
set of 10* Monte Carlo simulation.

In this analysis, the region of interest was [-2, 10] MeV and the trial factor
was obtained as shown in Fig. D.1. The probability taking into account this
effect (pLeg) of the each bin was estimated as

PLEE = Trial#(Zﬁx) X Pfix, (D-3)

where pgy is the probability of observing the strength in the fixed region. The
square points in Fig. 5.3 were the significance corresponding to the pygg.
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Figure D.1: Trial factor as a function of significance in the fixed region (Zgy).
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