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Abstract

In this study, excited states of unstable ®C nucleus, the most proton-rich even-even nuclei
ever observed, were experimentally investigated. Experimental observables of light proton-
rich nuclei are still limited and imporant as a basis of the study. The observables are
essential to understand the specific correlations such as the cluster structure which are
expected to appear in light nuclei, expecially in unstable nuclei and excited states in stable
nuclei.

We performed the experiment to measure excited state of C by using the missing mass
method at the accelerator facility GANIL. Resonance states in ®C were populated via
the (p,d) and (p,t) reactions with 55 MeV /u ?C and °C secondary beams and a liquid
hydrogen target. Resonance states in "B, ®Be and °Li were also measured via the (p,d)
reaction in the same setup.

We successfully obtained the excitation energy spectra of ®C. The first 27 state of 8C
was newly observed at 3.4(2) MeV with the broad decay width of 3.0(4) MeV. For the 2+
state of 8C, the excitation energy was compared with that of the mirror nuclei ®He. The
moderate value of the mirror energy difference suggests the mirror symmetry is preserved
in the 27 states with the broad decay width of 8C.

In addition to the first excited state of 8C, the resonances around 17 MeV in the N = 2
isotones were observed systematically. These resonances are understood as the deep s

hole states as previously observed in °Li.
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Chapter 1

Introduction

1.1 Structure of light nuclei

An atomic nucleus discovered in 1911 [1] is a finite quantum many-body system consisting
of protons and neutrons, namely nucleons. Nucleons in a nucleus interact with each other
by the nuclear force as well as the repulsive Coulomb force for each proton pairs. Nuclei
are characterized by the number of protons Z and that of neutrons N. The structures
of nuclei and the reactions with nuclei have been investigated for more than one hundred
years.

Large variety of observables of nuclei such as masses, excited states, spin-parities of
states have been experimentally measured in many nuclei. In order to theoretically de-
scribe these observables systematically, the nuclear system have been modeled to reduce
the number of degree of freedom since it was difficult to directly treat a nucleus as a many-
body system even with several nucleons. The binding energy of a nucleus was generally
explained by the Bethe-Weizsécker formula based on the liquid drop model in 1935 [2].
In a large mass region, nuclear structures have been well described by the shell model
based on the independent particle model, in which a single nucleon moves in a mean field
potential including the spin-orbit interaction in 1949 [3, 4].

In light nuclei, especially in unstable nuclei and excited states in stable nuclei, some
specific correlations such as a-cluster [5, 6], halo [7] and di-neutron correlations have
been suggested. A state with the a-cluster structure in 2C was predicted in 1954 by
Hoyle [8] and the corresponding state known as Hoyle state was experimentally observed
soon after as the 07 excited state at 7.65 MeV [9]. The two-neutron halo structure was
firstly claimed in the ground state of neutron-rich 'Li from the measurement of the large
matter radius [10] and the narrow momentum distribution [11] in 1980s. The di-neutron

correlation, spatially localized two neutrons in a nucleus [12], was further suggested in the
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ground state of 'Li [13]. Many models such as the cluster model have been developed to
describe these correlations.

For the straight-forward descriptions of nuclear structures without any model, signif-
icant progress of ab initio calculations has been made in recent years [14]. Ab initio
calculations in nuclear physics start from the fundamental forces among nucleons and
aim at predicting the properties of nuclei. The non-relativistic many-nucleon Schrodinger
equation is solved with the inter-nucleon interactions as the only input. The equation can
be solved exactly for the lightest nuclei up to A = 4 [15]. The calculations have become
applicable to the description of bound-state properties of light and medium mass nuclei by
using many methods, such as the Green’s function Monte Carlo method [16], the coupled
clusters method [17] and the no-core shell model [18].

As a result of ab initio calculations, the specific correlations in light nuclei as mentioned
above, which was predicted but difficult to directly observe in experiments, have appeared.
For example, the calculation of ®Be with the Green’s function Monte Carlo method ex-
hibited the cluster structure composed of two « particles [19]. Ab initio calculations are
expected to shed light on the mechanism of the several correlations by directly comparing
experimental observables with theoretical calculations.

As a basis of the study, it is essential to accumulate experimental observables of light
nuclei, especially in unstable nuclei and excited states in stable nuclei, in which specific
correlations are expected to appear. Experimental results in light unstable nuclei are
still not complete though the development of radioactive isotope (RI) beams allow to
investigate unstable nuclei effectively. Experimental results of proton-rich nuclei are more
limited than those of neutron-rich nuclei. This is because the proton-rich nuclei are less
particle-bound with larger repulsive Coulomb force and difficult to access experimentally.

In the present study, excited states of 8C are experimentally investigated. 8C is com-
posed of six protons and two neutrons, the most proton-rich even-even nuclei ever ob-
served. Only the ground state of 8C was experimentally observed in several experi-
ments [20, 21, 22, 23, 24, 25]. The ground state is a resonance state, which is particle
unbound relative to the four proton emission threshold of -3.48 MeV. The total decay
width of the ground state was measured to be 130(50) keV [24].

While no excited state has been reported in 8C, the first excited state of ®C can be
predicted to exist from the mirror symmetry of nuclei. The mirror symmetry is one of
the basic features in the nuclear system. The mirror nuclei are defined as a pair of nuclei
with interchanged numbers of protons and neutrons. The level schemes of the mirror
nuclei are known to be almost the same. As an example, the low-lying level schemes of
the mirror nuclei ''C and ''B are shown in Fig. 1.1. Excited states with the same spin-

parity appear at almost the same excitation energies. This indicates that the structures



1.1 Structure of light nuclei 3

F 3/27 ————— —3/2"
5/27 ———— —5/2"
4 t—
'; L
(D)
= 20 12— e
S
0 32— 3/0-

Fig. 1.1 Low-lying level schemes of a pair of mirror nuclei **C and "'B up to 6 MeV.

of the ground and excited states of mirror nuclei are the same except for the effect of
the Coulomb force. The first excited 2% state of ®He, which is the mirror nucleus of 2C,
was experimentally reported as a resonance in several experiments [26, 27, 28, 29, 30]. In
these experiments, the excitation energy of the 2% state was reported from 3.5 to 3.6 MeV
while the width of that was 0.5 to 1.0 MeV. The excitation energy of 3.53(4) and the decay
width of 0.89(11) MeV [30] are used as a reference in this thesis with the smallest error
bar among the previous experiments. The spin-parity of this state was assigned by the
angular distribution of the proton inelastic scattering [26, 30]. Therefore, the first 27"
state of ®C is expected to appear around the excitation energy of 3.5 MeV.

The low-lying level schemes of ®C and ®He are shown in Fig. 1.2. The level schemes
of neighboring even-even nuclei °Be and %He are also shown as a reference. Few excited
states are expected in these nuclei since the number of the nucleon is small. In fact,
only the first 2% states have been observed in °Be and ®He up to an excitation energy
of 10 MeV. The total decay width of the 2% state in proton-rich ®Be is about ten times
larger than that in neutron-rich °He. The 2% state of proton-rich 8C is expected to have
a large decay width because even the width of the mirror state in neutron-rich ®He is
0.89(11) MeV. In nuclear system, the decay width of a resonance state takes a wide range
of value from a few eV to several MeV, about 10° times difference. For example, the decay
width of the ground 07 state of ®Be is 5.57 eV while that of the excited 41 state of ®Be
is 3.5 MeV [31]. The life time of a resonance state is inversely proportional to the decay
width as

T==. (1.1)
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Fig. 1.2 Low-lying level schemes of *C, ®He, °Be and ®He. The total decay width of
the resonance states are shown by magenta band. The threshold energies of proton
emission is shown by red dotted line while those of neutron emission by blue dotted

line.

A typical decay width of 1 MeV corresponds to 7 x 10722 s. The typical time scale of
nuclei is also calculated as the necessary time of a neucleon with the Fermi energy passing
through a diameter of a nucleus. This time is about 6 x 10722 s with the the Fermi energy
of 40 MeV and a typical diameter of 5 fm [32]. The life time and the typical time scale
will be the same order of magnitude when the decay width is more than a few MeV. It
is not obvious that the structure of a resonance state with a broad decay width, which is
predicted for the first excited state of 8C, is well established with such a short life time.
In terms of theoretical calculations, no excited states in 8C have been calculated. In
light nuclei, ab initio calculations of resonance properties are under development with such
as the no-core shell model with resonating-group method [33] and the coupled clusters
method with the Gamow basis [34]. The resonance states of *He was calculated as a five-
body problem and compared with the experimental data of two-body neutron and *He
scattering [35]. The bound and resonance states of SHe was also calculated as a six-body
problem to study the three-body resonance property of two neutrons and “He [36]. These
calculations are expected to develop to more than three-body resonance, such as five-body
resonance in *He and four nucleons in ®C and ®He in the near future. The experimental

observable in 8C will help to verify the calculations of many-body resonance.
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Fig. 1.3 Deuteron spectrum from the Li(p, d)°Li reaction. Two peaks were ob-
served. The figure is taken from Ref. [37].

1.2 Reaction

In order to investigate excited states in 8C experimentally, the one-neutron transfer reac-
tion is effective. Particle unbound states in 8C are populated by removing a neutron from
the particle-bound ground state of ?C. Only the states with protons and neutrons in 1s
and 1p orbits are expected to be populated while the excited states in the higher orbits
such as the next sd orbit are expected to be suppressed. For the one-neutron transfer
transfer reaction, the (p,d) reaction is often utilized with the relatively simple reaction
mechanism [38].

The spectrum of the YC(p, d)®C reaction can be estimated by the experimental result of
the SLi(p, d)°Li reaction, where °Li is one of the isotones of 8C. The experimental result of
the ®Li(p, d)5Li reaction is shown in Fig. 1.3 [37]. Two peaks were clearly observed, one was
the ground 3/2 state of °Li and the other was the excited 3/27 state at 16.87 MeV. This
experimental observation can be simply understood by the single-particle configuration.
The possible single-particle configuration of the °Li(p, d)5Li reaction is shown in Fig. 1.4.
The ground state of 5Li is understood as the full occupancy in s, 2 and one proton and
neutron in p3/. When a neutron in ps/o is removed, the 3/27 ground state of SLi is
populated. On the other hand, when a deeply bound neutron in s;/, is removed, the
highly excited state of 5Li at 16.87 MeV is populated.



Chapter 1 Introduction

D3/2 o o

512 — @@ o0
proton neutron

g.s. (11)

OLi (p, d)

P32

S1/2

P32

S1/2

proton neutron

g.s. (3/27)
°Li

Fig. 1.4 Possible single-particle configuration for the °Li(p, d)°Li reaction.

T T L]

ao00f
i TLi(n,d) SHe
-]
300k 15.5° LAB .
17.7 15.4 13.6

200} by O
-
w 100 4
2
2
b
o
o
w
o
n 60F
d
2
p }
(o]
O 40 1

20 1

>

1
30 40 50 60 70

CHANNEL

a'o )

90

Fig. 1.5 Deuteron spectrum from the “Li(n, d)°He reaction. Two groups of peaks

were observed. The figure is taken from Ref. [39].



1.2 Reaction 7

invariant mass

fragments

. N\
ejectile / .;/X

beam o @
raction T~
. —p ]

‘—P
o o_ .
target recoﬂ& \7 \/

missing mass

Fig. 1.6 Schematic drawing of two experimental methods.

This simple explanation can also be applied to the one-proton transfer (n,d) reaction
with “Li. The experimental result of the “Li(n,d)%He reaction is shown in Fig. 1.5 [39],
which is similar to that of the ®Li(p, d)5Li. In the case of the "Li(n,d)%He reaction, the
ground state and first excited 2% state at 1.8 MeV of *He were populated by removing a
proton in p orbit. Highly excited states around 15 MeV were also populated by removing
a proton in s orbit.

This simple explanation is, however, not applied to heavier nuclei especially for the
neucleon transfer from deeply bound s orbit. The strength of the deep hole s state have
been clearly observed in light nuclei but not in heavier nuclei by the systematic study of
proton knock-out reaction, which has a similar selectivity as the transfer reaction [40]. In
heavier nuclei, the deep hole s state produced by a one-nucleon transfer reaction propagate
in a compound state by coupling with many-particle-many-hole states [41]. This is because
the deep hole state appears in a high excitation energy region and the level density is very
high in such an energy region. As a result, the main component of a deep hole state in
heavier nuclei is fragmented statistically. In light nuclei, the small number of the possible
configurations prevent the deep hole state from being fragmented.

As with the results of the 5Li(p, d)°Li and “Li(n, d)°He reactions, the first excited state
of 8C is expected to be populated by the “C(p, d)8C reaction by removing a neutron in p
orbit. In addition to the lower-lying state, a deep s hole state in 8C may be populated.
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1.3 Experimental method

For the spectroscopy of resonance states with RI beams by the inverse kinematics, two
methods are used. One is the missing mass method and the other is the invariant mass
method. A schematic drawing of two experimental methods is shown in Fig. 1.6. By
the missing mass method, the four momentum of the recoil particle from the target is
measured to reconstruct the excitation energy. The advantage of this method is that
it requires only single-particle detection without detecting the decay fragments from a
resonance state. The angular distribution, which is useful to determine the spin-parity
of the state, can be easily obtained. However, the resolution of the excitation energy
spectrum by the missing mass method is worse than that by the invariant method. This
is due to the low kinetic energy of the recoil particle from the fixed target. Even a small
amount of the energy loss of the recoil particle in the target affects the resolution of the
excitation energy. By the invariant mass method, the four momenta of the beam-like
fragments are measured to reconstruct the excitation energy. The kinetic energies of the
fragments hardly affect by the energy loss in the target since the beam-like fragments
have almost the same kinetic energy per nucleon as the RI beam. As a consequence,
the resolution of the excitation energy is reasonable. The detailed decay scheme of the
resonance state can be also investigated. However, it is difficult to measure all the four
momenta of the decay fragments when the number of emitted particles is large due to the
geometrical acceptance for multiple particles.

In the present study, the missing mass method was used with proton-rich RI beams with
the kinetic energy of 55 MeV /u. In addition to the °C(p,d)3C reaction, the °C(p,t)8C
reaction was also measured with a '°C beam. The resonance states of 8C are expected
to decay via five-particle, an « particle and four protons, emission. The single-particle
detection by the missing mass is more efficient than the multi-particle detection by the
invariant mass method. The low kinetic energy of the recoil particle with the missing
mass method, is solved by a specific reaction as explained later.

The practical advantage of the (p, d) and (p, t) reactions is relatively high kinetic energy
of the recoil particle from the target. The reactions utilized in the present study requires
large negative Q-values. In the case of the °C(p,d)®C and °C(p,t)3C reactions, the Q-
values are -12 MeV and -27 MeV, respectively. The large negative ()-value reduces the
energy of the ejectile particle relative to the kinetic energy of the beam particle. The recoil
particle gains the kinetic energy in the laboratory frame for the momentum conservation.
The kinetic energies of the recoil deuteron and triton leading to the ground state of 8C

are more than 16 and 55 MeV, respectively. The large kinetic energy allow to use a thick
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hydrogen target without losing the energy resolution of the excitation energy spectra by
the missing mass method. High luminosity is realized by using a thick hydrogen target.
In the present experiment, a liquid hydrogen target with a thickness of 1.5 mm at the
center.

The experiment with the same method was performed to investigate the structure of
proton-rich oxygen isotopes [42, 43, 44]. The low-lying states in 120 and 3O were success-
fully observed with relatively high statistics and reasonable resolution. The °C(p,t)8C
reaction was once measured [25]. Only the ground state of 8C was observed. Note that
only the most forward angle was measured in Ref. [25].

In the ?C beam produced by the fragmentation reaction, the N = 3 isotones 8B, "Be
and SLi are inevitably included as described in Sect. 2.2.1. Therefore, the °C(p,d)®C,
8B(p,d)"B, "Be(p,d)°Be and SLi(p, d)’Li reactions can be measured simultaneously in
one setup. For the 8B(p,d)"B and "Be(p,d)%Be reactions, highly excited states in "B
and °Be, which have not been reported, may be populated by removing a deeply bound

neutron in sq,o as in the case of the °Li(p, d)°Li reaction.

1.4 Thesis objective

In this thesis, we present an experimental research of the excited state of 3C. We performed
an missing mass experiment of the (p, d) and (p, t) reactions to populate particle-unbound
excited states of 3C with RI beams and a liquid hydrogen target. The deep s hole states
in N = 2 isotones were simultaneously measured in the same setup.

The author took a major role throughout the experiment. Especially, he took the
responsibility of the liquid hydrogen for the preparation and operation during the main
experiment. The configuration of the light particle telescopes were optimized to measure
both of the (p,d) and (p,t) reactions in one setup by him. The entire part of the data
analysis was performed by him.

This thesis is organized as follows. First, the performed experiment is explained in
Chap. 2. Next, we present the data analysis to obtain an excitation energy spectra of
the (p,d) and (p,t) reactions in Chap. 3. The experimental results are summarized in
Chap. 4. The structures of the newly observed resonance states are discussed in Chap. 5.

Finally, conclusion and future outlook are given in Chap. 6.
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Chapter 2

Experiment

In this chapter, we describe the details of the experiment.

2.1 Accelerator facility

The present experiment was carried out as the E738 experiment in July 2018 at the
accelerator facility, Grand Accélérateur National d’Tons Lourds (GANIL) in Caen, France.
We performed the E738 experiment following the E755 experiment, in which different
beams and the same setup were used. The layout of the experimental facility GANIL is
shown in Fig. 2.1. A wide range of ions can be accelerated with several beam energy up
to 95 MeV /u by the combination of five cycrotorons as a primary beam.

Two methods for RI beam production are available at GANIL. One is the in-flight pro-
jectile fragmentation method by the Ligne d’Ions Super Epluchés (LISE) spectrometer or
by the ALPHA spectrometer. RI beams with several tens of MeV /u kinetic energy are pro-
duced by these spectrometers. The other is the Isotope Separator On-Line (ISOL) method
by the SPIRAL1 beam line. RI beams with from a few keV to 20 MeV /u kinetic energy are
produced. The primary beam itself or the RI beam is extracted and transferred to exper-
imental areas such as G1 with the VAriable MOde Spectrometer (VAMOS) spectrometer,
D5 with Identification de Noyaux et Détection avec Résolutions Accrues (INDRA) and so
on. Many varieties of experiments can be performed with the combination of the beams
and the experimental devices.

In the present experiment, a 75 MeV/u 2C beam accelerated by CSS1 and CSS2
was used as the primary beam. The typical beam intensity was 1.8 epA. The radio
frequency (RF) of the acceleration was 13 MHz. This corresponds to 76-ns bunch interval.
The beam was transported to the LISE spectrometer and the RI beams were produced

by the in-flight projectile fragmentation method.
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Fig. 2.1 A schematic layout of the GANIL facility.

2.2 Secondary beam line

The RI beams was produced by the projectile fragmentation reaction of a stable '2C
primary beam. Two secondary beams, the ?C beam and the '°C beam, were produced by
the LISE fragment separator. The production method and the detail of the beam line of

the LISE spectrometer is described in this section.

2.2.1 Projectile fragment separator LISE

The primary beam with an energy of 75 MeV /u impinged onto a ?Be production target

with a thickness of 2.156 mm. By the projectile fragmentation reaction, a cocktail of
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secondary beam particles with several masses and different A/Z ratios were produced. To
collect the produced particles and separate the isotopes of interest, the LISE spectrometer
was used as a projectile fragment separator.

Figure 2.2 shows the schematic view of the LISE spectrometer [45, 46]. The LISE
spectrometer consists of 4 dipole magnets and 25 quadrapole magnets. The separator has
the momentum acceptance of Ap/p = +2.5 % and the angular acceptance of AQ) = 1 msr.
A detector, CAVIAR, was placed in the middle of the beam line, which was not used in
the present analysis. The detail of the detector is mentioned in Appx. A.

The particle separation was performed by the Bp — AE — Bp method [45]. By the
selection of magnetic rigidity between the production target and the first dispersive focal
plane, the A/Z x v values of the particles are chosen. The velocity v from the projectile
fragmentation reactions are almost constant. Therefore the first selection corresponds to
the selection of A/Z values. This selection is achieved with slits in the downstream of the
dispersive focal plane, restricting the range of the magnetic rigidity Bp for the beam to
pass. For the further separation, the secondary beam passed through a Be wedge degrader
placed on the first dispersive focal plane. By the collision with the atomic electrons in this
degrader, the beam particles lose a part of their energy (AE) according to the Bethe-Bloch
formula. Note that the degrader was wedge shaped to conserve the momentum dispersive
condition at the downstream. This means after the first Bp selection, the momentum of
the same kind of a secondary beam particle has some spread. If we use flat degrader, this
spread will be wider and the focus after the second Bp selection will be destroyed. With
the appropriate shape of wedge degrader, this focus will be conserved. It is known that
the second selection separated according to A%®/Z'® value. The values of A%®/Z'® are
shown in Fig. 2.3

In addition to the common secondary beam production method for the LISE spectrom-
eter, the other selection with Wien filter was performed in the present experiment . In
the Wien filter, the electric field is in the vertical and the magnetic field in the horizontal
direction to select the velocity. Combining to these three selections, we can obtain purified
the RI beams of interest. This selection mode is so-called LISES3.

Though this is a general procedure of the in-flight projectile fragmentation reaction,
additional consideration is necessary to produce the secondary beams with proton-rich
nuclei. The production rates by the in-flight projectile fragmentation reaction of nuclei
with more different A/Z value than that of the stable primary beam nuclei is low. Stable
nuclei has the A/Z value close to 2 or a little more. Therefore, the production rate of
nucleus with smaller A/Z value, which is more proton-rich nuclei is low. From the first
selection, strictly speaking, the selection is not A/Z but A/Z x v. As mentioned above,

most of the v of the secondary beam particle is almost the same value of the primary beam,
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Fig. 2.2 A schematic layout of the LISE spectrometer.

but it can be lower. As a consequence, nuclei with the same A/Z x v but less proton-
rich, which means higher production rate than that of more proton-rich nuclei, can be
generated more than the objective particle. As a result, nuclei with close 4%°/Z1-5 values
of the objective RI will contaminate in the secondary beam from the second selection. On
the other hand, more neutron-rich nuclei has larger values of A/Z and v has a maximum
value, the v of the primary beam. Therefore such a consideration is not necessary for
neutron-rich nuclei.

In the present experiment, the N = 3 isotones ®B, "Be and ®Li were contaminants in
the ?C secondary because of similar values of A42:5/Z1%> ~ 16.5. On the other hand the
10C secondary beam was almost pure because the value of A2%:5/Z1° of 19C is equal to
about 21.5 and no other nuclei has close value. This is because ?B and ®Be, the isotpne
of 1°C, are unbound though they have the value of A2:5/Z15 close to 21.5. In the present
case, °B and "Be are also RI and they can provide new data. The reaction with ®Li is
well known from normal kinematics experiments and will be a reference data. This also
means the systematic study for nuclei with the same N can be possible for one secondary
beam setting.

The parameters of the secondary beams are shown in Table 2.1. Note that the Magnetic
rigidity of D1 for '2C beam setting was higher to transport not fully-stripped ?C but
12C5* to reduce the total intensity of the beam. The almost all of 2C5* nuclei were

fully-stripped at the degrader and transported to downstream.

2.2.2 Reaction chamber

A vacuum chamber named M2C chamber with 1.1-m diameter and 1-m hight was placed

as a reaction chamber at the last focus of the LISE beam line, D6 experimental area. The
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Fig. 2.3 A chart of nuclide. The values of A*°/Z"® are shown with nuclide. Only

the bound nuclei are shown.

reaction target and the recoil particle detectors with many cables were placed inside the
chamber. The zero degree detection system was also placed at the downstream side of
the chamber. The beam tracking detectors were placed upstream of the chamber and the
vacuum of inside the M2C chamber was disconnected to the vacuum at the upstream. In
this chamber, a reaction target and detectors, which will be explained in the following
sections, were placed. We will call this “experimental station” hereafter.

For the present experiment, higher level of vacuum in the chamber than usual was
required to use cryogenic hydrogen target. For that purpose, three turbo molecular pumps
were placed on the top flange of the chamber and a cryopump was placed on the side flange

of the chamber. The vacuum level during the experiment was 2x10~% mbar.

2.3 Reaction Target
AEINZDOWTIE, 5 LI HEEETHIT P ED ., FEAR,
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Table 2.1 Parameters of the LISE spectrometer.

QC IOC 120
Primary target (Be) thickness [um] 2156 2156 2156

Degrader (Be) thickness [pum] 1045 1045 2180
Magnetic rigidity D1 [Tm] 1.7301 1.9298 2.8422
Magnetic rigidity D2 [Tm] 1.6352 1.8345 2.1679

Magnetic rigidity DA1 [Tm] 1.6301 1.8288 2.1614

Magnetic rigidity DA2 [Tm] 1.6555 1.8556 2.1907

Slit F31 [mm] +20 45 +2

Slit F43 Horizontal [mm] 410 £10 =10

Slit F43 Vertical [mm)] +10 +30 +10

Slit F62 Horizontal [mm] +15 +15 +15

Slit F62 Vertical [mm)] +25 +20 +20
Wien filter [kV] 2.5 0 0

2.4 Detection system at the experimental station

2.4.1 Setup

The schematic setup seen from top at the experimental station is shown in Fig. 2.4. The
beam tracking detector CATS1 and CATS2 were placed at the upstream of the liquid
hydrogen target. TOF relative to RF signal was also measured by CATS1 and CATS2.
Target recoil particles from transfer reactions were detected by 8 MUST?2 telescopes named
T1-T8 placed just downstream of the liquid hydrogen target. Beam-like fragments such as
protons and alpha particles were also detected by MUST2. At the downstream of MUST2,
the detection system so-called zero degree detectors were placed to detect the beam-like
heavy fragments. This was composed of an ionizing chamber, drift chambers and a plastic

scintillator.

2.4.2 Secondary beam particle detector; CATS

The beam particle tracking detection is required for the measurements via the missing
mass spectroscopy. because the methods of producing radioactive beams lead to larger
emittance than for stable ion beams. Typical size of the beam is greater than 1 c¢m in
diameter. Two CATS [48] detectors were installed at just upstream of the M2C chamber
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Fig. 2.4 Schematic setup of the present experiment.

to measure the hit positions and angles of the beam particles. We will call these detectors
CATS1 and CATS2. The distance between CATS1 and the center of the liquid hydro-
gen target was 1118 mm while that between CATS2 and the target was 657 mm. The
beam trajectories were reconstructed using the positions measured by CATSs. The TOF
between RF signal of the cycrotron and CATSs were also measured for the beam PID.
CATS is a low pressure Multi-Wire Proportional Chamber (MWPC). It consists of two
cells with common anode as shown in Fig. 2.5. The active area of the detector is 70 x

2. The chamber anode is a plane of 71 gold plated tungsten wires which have a

70 mm
diameter of 10 yum and 1 mm spaced. The dead area from these wires are 1% of the
active area. All the wires are connected in parallel and the operating positive voltage.
The supplied HV in the present experiment was from 660 to 680 V. This anode plane is
located between two segmented cathode planes at a distance of 3.2 mm. The 28 gold strips
of each plane are evaporated with a thickness of 200 nm on a 1.5 pm thick Mylar foil. The
cathode pitch is 2.54 mm and the inter strip width is 0.2 mm. Two additional 1.5-pm
self supporting Mylar windows close the gas circulation volume, to avoid any deformation
of the cathode and preserve the uniformity of the electric field. The small thickness of
these four windows ensures the transparency even with a low energy secondary beam.
The detector was filled with pure isobutan (C4Hjg) at a pressure of 8 mbar.

When the particle ionizes the gas, the created electrons are accelerated by an electric
field applied between the anode and the cathode and acquire enough energy to induce the
avalanche phenomenon. At low pressure, the avalanche phenomenon takes place through-

out the migration of the electrons. Their fast drift reached the wires of the anode and this
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Anode: 71 wires connected,
10 micron diameter
Time signal

—— *Mylar
window

Active area 70 mmx70 mm

Cathode :28 evaporated
strips, 2.34 mm wide
Charge signal

Fig. 2.5 Schematic view of a CATS. The figure is taken from [48].

signal is used as a time reference of the particle hit the CATS detector. In the vicinity of
the wires, the electric field grows very rapidly and a second avalanche occurs. Given the
short distance of the ions created, migrating towards the cathode, induce a signal on sev-
eral tracks. Each of the 28 cathode strips has its own output and the charge of each signal
is recorded. The distribution of the charge of the strips allows to deduce the position of
the passage of the incident particle. The signals from the anode wires were used for TOF
measurements while the charge distribution of the cathode strips was used to deduce the
positions of the secondary beam particles. During the beam time, the cathode plane of
each CATS was replaced once since the HV was not able to be supplied because of the

radiation damage. The geometry measurement were performed just after the beam time.

2.4.3 Recoil particle detector; MUST2

Recoil particle detection from transfer reactions is required for the measurements via
the missing mass spectroscopy. Particle identification and momentums measurements are

needed. An array of eight MUST2 [49] telescopes was placed to detect the recoil particles.
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Fig. 2.6 Configuration of the MUST?2 telescopes T5-T8.

Large acceptance and good energy and angle resolution of MUST2 allow us to deduce
excitation spectra and angular distributions from transfer reactions. Not only the recoil
particles but also light fragments such as protons and « particles were detected in the
present experiment. This detector is designed for operation under a vacuum of the order
of 10~% mbar to prevent the recoil particles from reacting with air.

Figure 2.6 shows a schematic view of a MUST2 telescope. MUST2 has three layers
of detectors, a double-sided silicon strip detector (DSSD), a lithium-drifted silicon detec-
tor (Si(Li)) and a talium doped CsI scintillation detector (CsI(T1)). An electronic board,
called MUFFEE, is assembled at the back of the telescope. MUFFEE drives the multi-
plex processing of the detector signals. Eighteen chips of Application Specific Integrated
Circuit (ASIC) are also assembled on the board. The heat from the signal processing can
not escape by air since these boards are put in the vacuum during the experiment. The
temperature of the ASIC was kept about -2°C by a circulating cooling system for the
stable operation.

Eight MUST2 telescopes were named T1 to T8 and placed as shown in Figs. 2.7. Ge-
ometrical acceptance of the array is also shown in Fig. 2.8. The positions of T1 to T4
were shifted about -85 mm from the standard position to cover the angle up to about 35°,
which is the maximum angle of the (p,d) reaction. As shown in Fig. 2.8 (a), T1 to T4
covered the laboratory angle from 10 to 40°, which covered both of the (p,d) and (p,t)
reactions as shown in Fig. 2.8 (b). To cover the most forward angle, T5 and T6 were
placed at the downstream of T1 to T4. To prevent the unreacted beam particle from

directly hitting these telescopes, the mechanical frame of T5 and T6 were made to change
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Fig. 2.7 Photographs of the configuration of the MUST2 telescopes. (a) A photo
taken from the upstream of the beam line. T5 and T6 are partially covered by T1
to T4. (b) A photo taken from the side of the beam line.

distance between T5 and T6. Finally we set the distance of T5 and T6 60 mm, which
covers from 3 to 10°. T7 and T8 were placed relatively large angle to detect elastic and
inelastic events, which covers from 50 to 70°. Note that T7 and T8 were not used in the
present analysis.

In the present experiment, six telescopes (T1 to T6) had DSSD and CsI(Tl) layers
while two telescopes (T7 and T8) had DSSD and Si (Li) layers. DSSDs provide position,
energy (AFE) and time measurements for each particle. The second or third layer layer
measures the remaining energy (F). The remaining energy were measured by Si(Li) or
CsI(T1). This allows identification of the particle in charge and in mass by AE — FE
method as well as the measurement of its total energy. Momentum of the particle are
reconstructed from the total energy and the angle deduced by position measured by DSSD
and a reaction point at the reaction target deduced by CATSs.

Detail of each layer is explained in the following.

DSSD

A DSSD is placed as a first layer of MUST2. It has an active area of about 300 pum thick
and 98x98 mm?. Each side of the detector is segmented in 128 strips with a 0.76 mm
pitch. The thickness of the dead layer of the DSSD is about 0.5 um. About 0.4 pum
aluminum layers are evaporated as electrodes at the surface of the DSSD. The thickness
of the SiOs layer, deposited on the silicon substrate and then doped at the strips to create
the p and n junction, is of about 0.1 ym. Each strip is separated by an inter-strip of.
The energy resolution is about 40 keV FWHM and time resolution is 250 ps FWHM with
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Fig. 2.8 (a) Geometrical acceptance of the MUST?2 telescopes. The total acceptance
of T1-T6 are shown by black. The acceptance of T1-T4 is shown by red while that
of T5 and T6 is shown by magenta. (b) Kinematic curves of the transfer reactions.
The curves for the *C(p, d)®C reaction leading to the ground state is shown by red
solid line while that leading to the 3.5 MeV excited state is shown by red dotted line.
The curves for the *°C(p, t)®C is shown by black solid and dotted line.
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5.5 MeV « source. The operating voltage during the beam time was from 60 to 80 V
and the leak current was from 0.5 to 6.0 pA.The energy threshold was set to be about
0.5 MeV, which is as low as the energy deposit of 150-MeV deuteron in the DSSD.

Si(Li)

A Si(Li) was placed at 17 mm from the DSSD of T7 and T8. This detector is composed of
two Si(Li)s, which are divided by 8 pads. It has an active area of about 4.5 mm thick and
100x50 mm?2. The geometrical coverage to a DSSD is about 65%. The energy resolution
is about 130 keV FWHM with 5.5 MeV « source. The stopping power is not enough

for the recoil particle from transfer reaction though the Si(Li) has better resolution than
CsI(T1).

CsI(TI)

16 CsI(T1) crystals placed were placed at 30 mm from the DSSD of T1 to T6. It has
an active area of about 40 mm thick. The crystals are tapered from 122x122 mm? at
the entrance to 160x160 mm? at the exit. The shape of the crystal at each position is
different to meet the condition. To ensure a maximum light output collection, the side
of each CsI crystal is surrounded with a 50-um thick alminized Mylar foil. The front
of each Csl crystal is also covered by with a thinner 3-um thick alminized Mylar foil to
minimize the dead layer of the detection. A Photodiode with 25.5x25.5 mm? is attached
to the back side of each Csl crystal. The area of the back side which is not covered by the
photodiode is covered by reflective material to prevent light leak. The energy resolution
is about 330 keV FWHM with 5.5 MeV « source.

2.4.4 Zero degree detectors

To detect the beam-like fragment emitted in the zero degrees, a detector array composed
of Drift Chambers, an Ionizing Chamber and a plastic scintillator was placed just down-
stream of the T5H and T6. These detector was placed for the recoil particles detection
by MUST2 in coincidence with heavy fragments by the zero-degree detectors, which al-
lowed us to have sensitivity for decay modes and clean excitation energy spectra. These
detectors were optimized for the E755 experiment, in which nuclei with Z from 16 to 20
secondary beams were used.

Only the plastic scintillator was used to confirm the beam particle identification and

not used to deduce the physical quantities.
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Drift chambers
Four drift chambers were placed for the position and angle measurements of the beam-
like fragments. Two are for the horizontal direction and the other two for the vertical

direction.

Ionizing chamber

An ionizing chamber was placed just downstream of the drift chambers. The energy loss
of the particles was measured and used for the fragment particle identification especially
for Z.

Plastic scintillator

The plastic scintillator was placed at the end of the zero degree detectors. The particles
in the zero degrees were stopped in this detector. The thickness was 20 mm. The light
output was collected by a light guide attached the back of the plastic scintillator and
gained by photo multiplier tube. The amplitude of the light output was recorded.

2.4.5 Position measurement

The positions of the detectors were measured before and after the beam time by a geo-
metrical surveyor. The results of the geometrical survey are summarized in Tabs. 2.2 and
2.3.

Table 2.2 The result of the geometrical survey of the CATS detectors and the liquid
hydrogen target.

CATS1 -1.5 0.2 -1188.0
CATS2 -1.7 0.0 -678.5
Target -3.3 -2.3 0.0

2.5 Data acquisition

The data were stored event by event using the standard data acquisition system at GANIL.
The electric circuits for the detectors and the trigger conditions are described in this

section.
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Table 2.3 The result of the geometrical survey of the MUST?2 telescopes.

T1  13.48 103.89 21334 T2 11585 -11.15  206.14
T1 103.78 103.86 177.17 T2 104.28 -103.37 177.50
T1 11543 11.81 206.33 T2 13.78  -103.10 213.40
T1 25.15 11.82 24249 T2 25.35 -10.88  242.03
T3 -11.99 -103.71 21291 T4 -113.70 11.02 206.13
T3 -102.20 -103.70 176.60 T4 -102.20 103.03 176.70
T3 -113.77 -11.43 205.09 T4 -11.87 103.30 212.80
T3 -2352 -11.40 24143 T4 -23.36 11.28 242.24
T5 -49.77 2941  589.65 T6 48.39  -30.07 589.98
T5 -49.99 118.12 549.78 T6 4830 -118.69 549.85
TS5  47.28 118,51  550.09 T6 -48.99 -118.62 550.00
T5  47.51 29.80 58995 T6 -4893 -30.01 590.13
T7 -194.45 -48.63 86.03 T8 144.74 48.77 166.95
T7 -193.92  48.86 86.02 T8 199.10 49.10 86.36
T7 -139.72  48.53 166.656 T8 199.77  -48.22 86.39
T7 -140.23 -48.91 166.69 T8 145.39 -48.54 167.01

2.5.1 Electric circuit

MUST2

Totally 272-channels of charge signals from the DSSD and the CsI detector were generated
by MUST?2. These signals were processed by ASIC chips, called MATE, assembled on the
MUFFEE board [50] equipped at the back of the telescope. The analog signals from the
detectors were processed by preamplifiers. The amplified signal was divided into two.
One was shaped by a fast-timing amplifier (FTA) with a 1-us shaping time. The other
was discriminated and the time difference with respect to the stop signal from CATS2
was converted into an analog pulse with a corresponding height by a time-to-amplitude
converter (TAC).

All the generated analog signals were sent to a digitization module, called MUVI, after
the signal processing on the MUFFEE board. The signals from up to four telescopes can
be treated by a MUVI module. The signals were digitized by a 14-bit analog-to-digital
converter (ADC). The dynamic range of about 16 kch was divided into two regions. The

positive signal from the X strips is allocated to the region from 8 kch to 16 kch in increasing
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order, while the negative signal from the Y strips, the Csl crystals and the TAC modules
is from 8 kch to 0 kch in decreasing order. The dynamic ranges were typically set to be
about 60 MeV for the DSSD and 200 MeV for the Csl scintillator, respectively.

The trigger of the respective telescopes (MT; for the i-th telescope) were also created
by the MUVI module when one of the DSSD strips had a sufficient signal amplitude over
a threshold. In the present experiment, the threshold was set to be 0.5 MeV.

CATS

The charge signals from the cathode strips were processed by a pre-amplifier. The signals
were then digitized by a 14-bit QDC module in the VXI crate. The signal from the anode
strips was used for the generation of a logic pulse. The signal was shaped by a FTA
module and a logic pulse was then generated by a constant-fraction discriminator (CFD).
The logic pulses, CAT'S; and C AT'S, respectively, were used as the trigger source. The
time difference with respect to the RF signal was measured for the the time-of-flight of the

beam particle. The time difference was converted to an analog signal by a TAC module
and digitized by a 14-bit ADC module.

Plastic
The charge signal from the photo multiplier tube of plastic scintillator was digitized by
a 14-bit QDC module in the VXI crate. The signal was also discriminated by a CFD

module and the generated logic pulse PLA was used as the trigger source.

2.5.2 Trigger

In the present experiment, the GANIL Master Trigger (GMT) module in the VXI standard
was used for the triggering of the data acquisition. The GMT module has 16-channel
trigger inputs. Three kinds of trigger sources were prepared. The single triggers from
the MUST?2 telescopes, MT; (i=1-8), the triggers from CATS, CATS; (i=1, 2), and the
triggers from the plastic scintillator, PLA, were put as the trigger inputs. The trigger of
MT; corresponds to the recoil particle detection by each MUST2 telescope to accumulate
the physics data by the transfer reactions. The triggers of C'AT'S; were prepared to count
the number of the beam particles. The trigger of PLA was also prepared to estimate
the transmission at the liquid hydrogen target. Using the down-scale module, C'AT'S;
and PLA were down-scaled by 3x10* and 1x10%, respectively. The master trigger Trig

employed in the present experiment was defined by

Trig=MT UCATSUPLA (2.1)
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where MT is the logical sum of MT; (i=1-8) and CAT'S is the logical sum of CAT'S; (i=1,
2). The typical rate of T'rig was about 0.7 kHz and a mean dead time was 12%.

2.6 Data set

The data with three secondary beams, ?C, °C and '2C sets, was recorded. The data set
is summarized in Table 2.4. Apart from the physics data with the liquid hydrogen target,
the data without liquid hydrogen, called the empty target, was taken for the background

subtraction.
Table 2.4 The summary of the data set.
Beam setting Nuclei (purity) Average intensity [pps] duration [s] target

1 100 (100%) 1.2 x 10° 1.1 x 105  LH,

2 10C (100%) 1.2 x 10° 3.6 x 10> Empty
°C (5%),*B (10%),

3 (5%) ( °) 1.3 x 10° 2.5 x 10°  LH,
"Be (65%),°Li (20%)
°C (5%),°B (13

4 (5%),°B (13%), 1.3 x 10° 4.8 x 10*  Empty

"Be (65%),°Li (20%)
5 12C (100%) 1.1 x 105 5.7 x 10% LH,
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Appendix A

Multi-wire proportional

chamber CAVIAR

During the beam time, one tracking detector was placed in the LISE beam line. CAVIAR
detector was placed to monitor the time of flight (TOF) and the horizontal position at
a dispersive focal plane for Bp measurement of the beam particles at the upstream of
the Wien filter. This detector was placed to prepare for the lower purity of the °C than
expected. In that case, we had to open the first slit wider and the momentum range
of the particle would be wider though the total intensity would become higher. Two
problems could occur. One is for the secondary beam particle identification (PID). In this
experiment, the PID was performed from TOF of RF-CATS detector as described later.
With the wide range of momentum, the TOF values could overlap for the neighboring
particle. In that case, the Bp deduced from the position measurement will help to perform
the PID. The other is for the missing mass reconstruction. The energy resolution of the
excitation energy from missing mass depends on the beam energy, though the effect is not
so large in the usual case. In case the beam energy spreading will affect the excitation
energy resolution, it could be also corrected by the Bp value.

A schematic view of the CAVIAR detector is shown in Fig. A.1 The sensitive area of this
detector is 96 mm in the horizontal plane and 32 mm in the vertical plane, which covers
the secondary beam sizes and maximum aperture of the slits in the dispersive plane. The
CAVIAR detector is composed by 96 gold plated tungstain wires of 10 pm in diameter
with 1 mm step between each of them. Two 1.5 um thicknesses Aluminum Cathodes foils
are placed 3.4 mm distance from the anode.

Detector is filled with Isobutene (C4Hjg) gas less than 50 mbar. Two Kapton windows
of 8 pum thicknesses are used. They isolate the detector from beam line vacuum. The

CAVIAR detecotr is a low interceptive detector for high energy beams.
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Window sizes: 96mm x 32mm Connector Dif 41612

Distance Wires-Cathodes 2 X 3.4mm

Wire plane:
96 wires, step lmm
Gilded Tungsten 10um

Fig. A.1 A schematic view of the CAVIAR.

In the present analysis, the data of CAVIAR was not used.
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