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Abstract

In this study, excited states of unstable 8C 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 8C by using the missing mass

method at the accelerator facility GANIL. Resonance states in 8C were populated via

the (p, d) and (p, t) reactions with 55 MeV/u 9C and 10C secondary beams and a liquid

hydrogen target. Resonance states in 7B, 6Be and 5Li were also measured via the (p, d)

reaction in the same setup.

We successfully obtained the excitation energy spectra of 8C. The first 2+ 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 8He. The

moderate value of the mirror energy difference suggests the mirror symmetry is preserved

in the 2+ 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 5Li.
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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-Weizsäcker 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 α-cluster [5, 6], halo [7] and di-neutron correlations have

been suggested. A state with the α-cluster structure in 12C was predicted in 1954 by

Hoyle [8] and the corresponding state known as Hoyle state was experimentally observed

soon after as the 0+ excited state at 7.65 MeV [9]. The two-neutron halo structure was

firstly claimed in the ground state of neutron-rich 11Li 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 11Li [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 Schrödinger

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 8Be with the Green’s function Monte Carlo method ex-

hibited the cluster structure composed of two α 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 8C 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 11C and 11B 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
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Fig. 1.1 Low-lying level schemes of a pair of mirror nuclei 11C and 11B 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 8He, which is the mirror nucleus of 8C,

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 2+

state of 8C is expected to appear around the excitation energy of 3.5 MeV.

The low-lying level schemes of 8C and 8He are shown in Fig. 1.2. The level schemes

of neighboring even-even nuclei 6Be and 6He 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 6Be and 6He up to an excitation energy

of 10 MeV. The total decay width of the 2+ state in proton-rich 6Be is about ten times

larger than that in neutron-rich 6He. 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 8He 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 106 times difference. For example, the decay

width of the ground 0+ state of 8Be is 5.57 eV while that of the excited 4+ state of 8Be

is 3.5 MeV [31]. The life time of a resonance state is inversely proportional to the decay

width as

τ =
h̄

Γ
. (1.1)
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Fig. 1.2 Low-lying level schemes of 8C, 8He, 6Be and 6He. 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 × 10−22 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 6×10−23 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 5He was calculated as a five-

body problem and compared with the experimental data of two-body neutron and 4He

scattering [35]. The bound and resonance states of 6He was also calculated as a six-body

problem to study the three-body resonance property of two neutrons and 4He [36]. These

calculations are expected to develop to more than three-body resonance, such as five-body

resonance in 4He and four nucleons in 8C and 8He 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. "C(p,d}"C deuteron spectrum at 15'. The target was a
1.03-mg/cm' Mylar foil; this thickness represents ~45-keV
energy loss to 19-MeV deuterons. Over-all energy resolution in
the neighborhood of 100 keV is indicative of single turn extrac-
tion as the individual turns are separated by ~80 keV.

checked to be accurate to better than 1%. The beam
current was varied from 1—60 nA, depending on the
angle at which the counters were placed relative to the
beam.

The counters were mounted on an arm which could
be remotely positioned to an angular accuracy of &0.4';
the target angle was determined to within &2'.
Counters were mounted in a AE—E counter telescope
configuration. The AE counter was a silicon surface
barrier detector whose selected thickness varied be-
tween 150 and 770 p, depending on the particular target
in use and on the counter arm angle; the E counter was
a lithium-drifted silicon detector with a nominal thick-
ness of 3 mm. With this system, deuterons with energies
from 7 to 35 MeV could be detected and identified. The
angle subtended by the counter in the scattering plane
was 1' or less.

Pulses from the E and AE detectors were amplified
and routed to a Goulding particle identification
system. " The resulting deuteron spectra were stored
in a 4096-channel analyzer. For the particular case of
'Li(p, &)'Li, the energy resolution for the entire system
was 125 keV, the major portions of which were elec-
tronic noise ( 70 keV) and target thickness ( 75 keV).

The experimental apparatus used for the measure-
ment of elastically scattered protons was similar to
that described above for (p,d) reactions with the follow-
ing exceptions. A cylindrically shaped cesium iodide
crystal, 0.5-in. long and 0.25 in. in diameter, mounted
on a photomultiplier tube was used as the proton
detector. The over-all energy resolution obtained for
these measurements was approximately 500 keV.

EXPERIMENTAL RESULTS

6Li(P,d) Li

Figure 2 is a deuteron energy spectrum taken at
gi,b=15' showing deuteron groups corresponding to
the ground state (J =—,'—) and 16.65-MeV state
(J'= ~3+) of 'Li. The location of the broad ground state
of 'Li (I'=1.3—1.4 MeV) just above the n+P separa-
tion energy (Fig. 3) is an inducement to use a simple
cluster model" description of the state, consisting
of an n particle coupled to a proton with orbital angular
momentum /=1. Possible spin and parity assignments
for this configuration are ~ and —,' . A very broad ~~

level (I'=3—5 MeV) has been reported at an excitation
energy of 5 to 10 MeV. ' A deuteron group correspond-
ing to this level has not been identified in the energy
spectra, but because of its large width, it may be im-
possible to isolate it from the background due to three-
body breakup. It is also possible that a significant
fraction of the yield of this —,' level lies below 5-MeV
excitation energy, and that the deuterons corresponding

1000-
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FIG. 2. 'Li(p, d}'Li deuteron spectrum at 15'. The long tail
on the ground-state peak may include a contribution from a pre-
viously reported J = ~ state.

Targets

The 'I.i targets were made by rolling isotopically
enriched lithium (99.32% Li) to a thickness of approxi-
mately 1.8 to 1.9 mg/crn'. Except for brief periods of
exposure to air, the targets were kept in a vacuum or
in an argon atmosphere to avoid oxygen and nitrogen
contamination. The ~I i targets were similarly fabricated
from isotopically enriched lithium (99.993% Li) with
thicknesses of about 2.3 mg/cm'. The QBe target was
commercially purchased 2.06-mg/cm' foil of natural
beryllium (100% 'Be). These thicknesses represent an
energy loss of 60—75 keV for 30-MeV deuterons.

'F. S. Goulding, D. A. Landis, J. Cerny, and R. H. Pehl, K. Wildermuth and Th. Kanellopoulos, Nucl. Phys. 1, 150Nucl. Instr. Methods 31, 1 (1964}. (1958}.

Fig. 1.3 Deuteron spectrum from the 6Li(p, d)5Li 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 9C. 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 9C(p, d)8C reaction can be estimated by the experimental result of

the 6Li(p, d)5Li reaction, where 5Li is one of the isotones of 8C. The experimental result of

the 6Li(p, d)5Li reaction is shown in Fig. 1.3 [37]. Two peaks were clearly observed, one was

the ground 3/2− state of 5Li and the other was the excited 3/2+ state at 16.87 MeV. This

experimental observation can be simply understood by the single-particle configuration.

The possible single-particle configuration of the 6Li(p, d)5Li reaction is shown in Fig. 1.4.

The ground state of 6Li is understood as the full occupancy in s1/2 and one proton and

neutron in p3/2. When a neutron in p3/2 is removed, the 3/2− ground state of 5Li is

populated. On the other hand, when a deeply bound neutron in s1/2 is removed, the

highly excited state of 5Li at 16.87 MeV is populated.
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Fig. 1.4 Possible single-particle configuration for the 6Li(p, d)5Li reaction.
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52.8
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77.3

do (g.s.)
12.01
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4.63
2.28
1.62
1.25
0.554
0.393
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df (16.7 MeV)
5.62
2.23
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0.473
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0.024

1.40
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0.22
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0.07
0 ~ 05
0 ' 04
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0.050
0.040
0 ~ 040
0.030
0.014

In the case of 'He populated here via 'Li(n, d)'He,
evidence for states at 13.4+ 0.5 (I' =1.2 MeV) and
at 15.3 + 0.3 MeV has been presented. ""The
evidence for the 13.4 MeV state comes mainly
from 'Li(P, 2P)'He at 156 MeV, "while the evidence
for the 15.3 MeV state comes from Ref. 19 and
from 'Li(w, y)'He measurements. " However,
more recent and improved (p, 2p) data, '' while
showing a broad structure with possible internal
structure extending from =13 to 18 MeV excitation,
do not resolve states at 13.4 and 15.3 MeV nor
do 60 MeV 'Li(d, 'He)'He data" with 200 keV re-
solution show this doublet structure.
In the present 'Li(n, d)'He data there does appear

to be some structure extending from about 13 to
18 MeV excitation. In particular there is possible
evidence for states near 13.6, 15.4, and 17.7 MeV
(+0.5 MeV) excitation. However, the structure
pattern was not always consistent from angle to
angle and identification of individual states is made
difficult by the limited statistics obtained during
nearly 100 h of beam. As in the case of 'He, one
cannot rule out the presence of other weaker or
broader states. Therefore in the data analysis the
states in the structure from 13 to 18 MeV excita-
tion were combined so that the whole structure
was integrated above an arbitrary "smooth" back-
ground such as that shown by the dashed lines in
Fig. 3. The average excitation was taken to be
15.6 MeV. There is evidence, Fig. 3, for struc-
ture near 23.7 MeV excitation and its appearance
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above the continuum at 30' but it is not so clear at
more forward angles and suggests a transfer of
I ~ 2. From 'Li(v, y)8He measurements, 'o a broad
structure is reported at 23.2+ 0.7 MeV.
The absolute cross sections were obtained by

normalizing to the n-p differential cross sections
which are known to about 2.5% near this energy"
and can be extrapolated using phase shift fits. '4
The absolute normalization is estimated to have an

Fig. 1.5 Deuteron spectrum from the 7Li(n, d)6He reaction. Two groups of peaks

were observed. The figure is taken from Ref. [39].
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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 7Li. The experimental result of the 7Li(n, d)6He reaction is shown in Fig. 1.5 [39],

which is similar to that of the 6Li(p, d)5Li. In the case of the 7Li(n, d)6He reaction, the

ground state and first excited 2+ state at 1.8 MeV of 6He 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 6Li(p, d)5Li and 7Li(n, d)6He reactions, the first excited state

of 8C is expected to be populated by the 9C(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 9C(p, d)8C reaction, the 10C(p, t)8C

reaction was also measured with a 10C beam. The resonance states of 8C are expected

to decay via five-particle, an α 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 9C(p, d)8C and 10C(p, t)8C reactions, the Q-

values are -12 MeV and -27 MeV, respectively. The large negative Q-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 12O and 13O were success-

fully observed with relatively high statistics and reasonable resolution. The 10C(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 9C beam produced by the fragmentation reaction, the N = 3 isotones 8B, 7Be

and 6Li are inevitably included as described in Sect. 2.2.1. Therefore, the 9C(p, d)8C,
8B(p, d)7B, 7Be(p, d)6Be and 6Li(p, d)5Li reactions can be measured simultaneously in

one setup. For the 8B(p, d)7B and 7Be(p, d)6Be reactions, highly excited states in 7B

and 6Be, which have not been reported, may be populated by removing a deeply bound

neutron in s1/2 as in the case of the 6Li(p, d)5Li reaction.

1.4 Thesis objective

In this thesis, we present an experimental research of the excited state of 8C. We performed

an missing mass experiment of the (p, d) and (p, t) reactions to populate particle-unbound

excited states of 8C 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’Ions 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 12C beam accelerated by CSS1 and CSS2

was used as the primary beam. The typical beam intensity was 1.8 eµA. 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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GANIL OPERATION STATUS AND UPGRADE OF SPIRAL1 
O. Kamalou, O. Bajeat, F. Chautard, P. Delahaye, M. Dubois, P. Jardin, L.Maunoury,  

GANIL, Grand Accélérateur National d’Ions Lourds, CEA-DSM/CNRS-IN2P3, 
Bvd H. Becquerel, BP 55027 14076 Caen Cedex 5, France

Abstract 
The GANIL facility (Grand Accélérateur National 

d’Ions Lourds) at Caen produces and accelerates stable 
ion beams since 1982 for nuclear physics, atomic physics, 
radiobiology and material irradiation. Nowadays, an 
intense exotic beam is produced by the Isotope Separation 
On-Line method at the SPIRAL1 facility. It is running 
since 2001, producing and post-accelerating radioactive 
ion beams of noble gas type mainly. The review of the 
operation from 2001 to 2013 is presented. Due to a large 
request of physicists, the facility will be enhanced within 
the frame of the project Upgrade SPIRAL1. The goal of 
the project is to broaden the range of post-accelerated 
exotic beams available especially to all the condensable 
light elements as P, Mg, Al, Cl, etc. The upgrade of 
SPIRAL1 is in progress and the new beams would be 
delivered for operation by the end of 2015. 

 

Figure 1: GANIL layout. 

OPERATION REVIEW 
Multi-beam delivery is routinely done at GANIL using 

its 5 existing cyclotrons. Up to five experiments can be 
run simultaneously in different rooms with stable beams 
(Fig. 1): 
 

1. Beams from C01 or C02 are sent to an irradiation 
beam line IRRSUD (<1MeV/u). 

2. A charge state of the ion distribution after the ion 
stripping downstream CSS1 is sent to atomic 
physics, biology and solid states physics line D1 
(4-13MeV/u).  

3. A high-energy beam out of CSS2 is transported to 
experimental areas (<95MeV/u). 

4. An auxiliary experiments shares the previous CSS2 
beam (10% of the pilot experiment time) 

5. Finally, stable beams from SPIRAL1 source can be 
sent to LIRAT (<10 keV/q) or post-accelerated by 
CIME and used for testing detector for example. 

 
During radioactive beam production with SPIRAL1, 

the combinations are reduced to the four first (cases 1, 2, 
3, 4) and radioactive beam is sent to the experimental 
areas.  

 

2001-2012 GANIL OPERATION STATUS 
Since 2001 (Fig. 2), more than 40000 hours of beam 

time has been delivered by GANIL to physics, which 
correspond to 92 % of scheduled experiments. 

  

 
 

Figure 2: Beam time available for physics over 12 years. 
 
The number of beam delivered per year (Fig. 3) has 

increased until 2010. Owing to the construction and 
assembly of the new SPIRAL2 accelerator, the running 
time has been shrinked to devote more human ressources 
to the project, in particulier in 2012 with only 2000 hours 
of running time (instead of 3500 hours per years). 
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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 12C

primary beam. Two secondary beams, the 9C beam and the 10C 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 9Be 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 ∆p/p = ±2.5 % and the angular acceptance of ∆Ω = 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 Bρ − ∆E − Bρ method [45]. By the

selection of magnetic rigidity between the production target and the first dispersive focal

plane, the A/Z × 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 Bρ 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 (∆E) 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 Bρ 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 Bρ 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 A2.5/Z1.5 value. The values of A2.5/Z1.5 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 LISE3.

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 × 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 × 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 A2.5/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 8B, 7Be and 6Li were contaminants in

the 9C secondary because of similar values of A2.5/Z1.5 ≃ 16.5. On the other hand the
10C secondary beam was almost pure because the value of A2.5/Z1.5 of 10C is equal to

about 21.5 and no other nuclei has close value. This is because 9B and 8Be, the isotpne

of 10C, are unbound though they have the value of A2.5/Z1.5 close to 21.5. In the present

case, 8B and 7Be are also RI and they can provide new data. The reaction with 6Li 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 12C beam setting was higher to transport not fully-stripped 12C but
12C5+ to reduce the total intensity of the beam. The almost all of 12C5+ 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 A2.5/Z1.5 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 2×10−6 mbar.

2.3 Reaction Target

ຊઅʹ͍ͭͯɺ5 ҎʹࢽࡶͰߦץ༧ఆͷͨΊɺඇެ։ɻ
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Table 2.1 Parameters of the LISE spectrometer.

9C 10C 12C

Primary target (Be) thickness [µm] 2156 2156 2156

Degrader (Be) thickness [µm] 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 ±5 ±2

Slit F43 Horizontal [mm] ±10 ±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 MUST2 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 cm 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 ×
70 mm2. The chamber anode is a plane of 71 gold plated tungsten wires which have a

diameter of 10 µm 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 µm thick Mylar foil. The

cathode pitch is 2.54 mm and the inter strip width is 0.2 mm. Two additional 1.5-µm

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 (C4H10) 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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Fig. 2. Exploded view of a CATS chamber.

read-out, good timing characteristics and high
counting rate capabilities.

2. Description of the detectors

The CATS MWPC consists of two elementary
cells with a common anode (see Fig. 2). The active
area of the detector is 70!70 mm!. The chamber
anode is a plane of 71 golden tungsten wires which
have a diameter of 10 !m and are 1 mm spaced.
The opacity due to the presence of these multiplica-
ting wires represents 1% of the surface of the cham-
ber. All the wires are connected in parallel and the
operating positive voltage, between 600 and 800 V,
is supplied via a 10 M! resistor. This anode plane
is located between two perpendicularly segmented
cathode planes at a distance of 3.2 mm. The 28 gold
strips of each plane are evaporated (thickness
around 2000 As ) on a Mylar foil (1.5 !m) stretched
and glued on an epoxy frame. The cathode pitch is
2.54 mm and the interstrip width is 0.2 mm. Two

additionnal 1.5 !m self supporting Mylar windows
close the gas circulation volume, to avoid any de-
formation of the cathode and preserve the uniform-
ity of the electric "eld. The low thickness of these
four windows ensures the transparency. The de-
tector is "lled with pure isobutane (C

"
H

#$
) at

a pressure varying from 6 to 15 Torr, depending on
the incident beam.

3. Mechanics and electronics

3.1. Mechanics

The measurement of the beam particles incidence
angle requires at least two positions, i.e. the use of
two CATS chambers. The detectors were designed
to "t any beamline at GANIL. An overall view of
a CATS is presented in Fig. 3. For most of the
experiments, the detectors are mounted on a com-
pressed air propeller, allowing to put them in
or remove them of the beam line remotely. This

478 S. Ottini-Hustache et al. / Nuclear Instruments and Methods in Physics Research A 431 (1999) 476}484

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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Figure 2.8: Top: Scattered view of the di↵erent stage of a MUST2 telescope. Bottom
left: the three stage assembled without frame. Bottom right: a complete telescope.

MUVI board can digitalize the signals from 4 telescopes and perform low level fil-
tering such as pedestal subtraction. 4 DNL cables are needed per telescope (High
Voltage, Low Voltage, Digital Signals Out, Analogue Signals Out) for the 576 chan-
nels of one telescope.

All the electronics is parametrized through the standard DAS interface of the
GANIL acquisition system. A scheme of the logic electronic associate to the MUST2
detection can be found in App.C.

2.5.2 20µm Silicon detector

Figure 2.6 shows that most of the 3He projectiles of interest are stopped in
the first stage of MUST2. Therefore, with MUST2 alone they can be identified
only by time of flight (TOF). The later identification separates only in mass, so
3H and 3He are mixed together, whereas the higher energy 3He will mix with the
4He particles. In order to perform an E-�E identification of low energy particles
(3He below 22MeV) we added a 20µm thick Silicon stripped detector in front of

Fig. 2.6 Configuration of the MUST2 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 α particles were detected in the

present experiment. This detector is designed for operation under a vacuum of the order

of 10−6 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(Tl)). 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 (∆E) and time measurements for each particle. The second or third layer layer

measures the remaining energy (E). The remaining energy were measured by Si(Li) or

CsI(Tl). This allows identification of the particle in charge and in mass by ∆E − E

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 µm thick

and 98×98 mm2. 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 µm. About 0.4 µm

aluminum layers are evaporated as electrodes at the surface of the DSSD. The thickness

of the SiO2 layer, deposited on the silicon substrate and then doped at the strips to create

the p and n junction, is of about 0.1 µm. 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 MUST2 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 9C(p, d)8C 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 10C(p, t)8C is shown by black solid and dotted line.
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5.5 MeV α 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 µA.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

100×50 mm2. The geometrical coverage to a DSSD is about 65%. The energy resolution

is about 130 keV FWHM with 5.5 MeV α source. The stopping power is not enough

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

CsI(Tl).

CsI(Tl)

16 CsI(Tl) 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 122×122 mm2 at

the entrance to 160×160 mm2 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-µm thick alminized Mylar foil. The front

of each CsI crystal is also covered by with a thinner 3-µm thick alminized Mylar foil to

minimize the dead layer of the detection. A Photodiode with 25.5×25.5 mm2 is attached

to the back side of each CsI 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 α 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 T5 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.

x [mm] y [mm] z [mm]

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 MUST2 telescopes.

x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]

T1 13.48 103.89 213.34 T2 115.85 -11.15 206.14

T1 103.78 103.86 177.17 T2 104.28 -103.37 177.50

T1 115.43 11.81 206.33 T2 13.78 -103.10 213.40

T1 25.15 11.82 242.49 T2 25.35 -10.88 242.03

T3 -11.99 -103.71 212.91 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 -23.52 -11.40 241.43 T4 -23.36 11.28 242.24

T5 -49.77 29.41 589.65 T6 48.39 -30.07 589.98

T5 -49.99 118.12 549.78 T6 48.30 -118.69 549.85

T5 47.28 118.51 550.09 T6 -48.99 -118.62 550.00

T5 47.51 29.80 589.95 T6 -48.93 -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 48.53 166.65 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 MUST2. 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-µs 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 CsI 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 CsI scintillator, respectively.

The trigger of the respective telescopes (MTi 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, CATS1 and CATS2 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 MUST2 telescopes, MTi (i=1-8), the triggers from CATS, CATSi (i=1, 2), and the

triggers from the plastic scintillator, PLA, were put as the trigger inputs. The trigger of

MTi corresponds to the recoil particle detection by each MUST2 telescope to accumulate

the physics data by the transfer reactions. The triggers of CATSi 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, CATSi

and PLA were down-scaled by 3×104 and 1×104, respectively. The master trigger Trig

employed in the present experiment was defined by

Trig = MT ∪ CATS ∪ PLA (2.1)
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where MT is the logical sum of MTi (i=1-8) and CATS is the logical sum of CATSi (i=1,

2). The typical rate of Trig was about 0.7 kHz and a mean dead time was 12%.

2.6 Data set

The data with three secondary beams, 9C, 10C and 12C 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 10C (100%) 1.2 × 105 1.1 × 105 LH2

2 10C (100%) 1.2 × 105 3.6 × 103 Empty

3
9C (5%),8B (10%),

7Be (65%),6Li (20%)
1.3 × 105 2.5 × 105 LH2

4
9C (5%),8B (13%),

7Be (65%),6Li (20%)
1.3 × 105 4.8 × 104 Empty

5 12C (100%) 1.1 × 105 5.7 × 104 LH2
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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 Bρ measurement of the beam particles at the upstream of

the Wien filter. This detector was placed to prepare for the lower purity of the 9C 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 Bρ 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 Bρ 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 µm in diameter

with 1 mm step between each of them. Two 1.5 µm thicknesses Aluminum Cathodes foils

are placed 3.4 mm distance from the anode.

Detector is filled with Isobutene (C4H10) gas less than 50 mbar. Two Kapton windows

of 8 µm 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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The angle of entry of the primary beam with respect to 
the axis of the spectrometer has been made variable (from 
0° up to 3.5°). This improvement allows the suppression 
of remaining incompletely stripped beam charge states in 
experiments with heavy beams (Z>30). 

A third selection was added in the early nineties to 
increase the rejection power. In order to filter out a given 
velocity, a device has been constructed, in which an 
electrostatic and a magnetic field are crossed in a 
“classical” Wien filter [2]. The flight path between the 
target and the final focus is around 43m. The line was 
named LISE3. 

In 2001, the new line LISE2002 was built for 
increasing magnetic rigidity (until 4.2 Tm) and beam line 
acceptance [3]. LISE2002 line is connected to old LISE 
line after the intermediate focal plane. It imposed 
quadruples and first dipole changing. 

More recently, according the various LISE features, a 
new rotating target was build. This target can accept beam 
power up to 2 kW [4]. 

During an experiment carried out in 2002, a multi-wires 
proportional detector was placed in the dispersive plane 
of the spectrometer [5]. This detector named CAVIAR by 
the GANIL staff allowed measuring the magnetic rigidity 
of each fragment via its position in the focal plane, 
improving the mass-to-charge A/Q resolution. 

Activities on this detector began again in 2006 with α-
source and beam test before a real experiment. During the 
two last years, various improvements have been done. We 
will present in this paper the status of the detector. We 
will first describe the detector. Next, we will give the 
methodology to tune the system. Finally, few results will 
be presented.  

CAVIAR DETECTOR 
To take the maximum benefit of the secondary beam 

intensity produced in the target, momentum selection slits 
of the LISE dispersive plane must be opened. The 
expected counting rate can be increased by a factor 5. But 
the major difficulty is that heavy nuclides have too close 
mass-to-charge A/Q ratio and time of flight (which is the 
case for fragmentation beams). For the full slits aperture, 
nuclides can not be distinguished. Contaminant rates can 
largely dominate the very low production rates of the 
interesting nuclide. 

Identification can be provided using a MWPC [6] 
placed at the dispersive focal point (cf. Fig. 1). Each wire 
detects the horizontal position of the particle at this point. 
With a coincidence between CAVIAR and detectors 
placed at the final focal plane (LISE2000 or LISE3) and a 
time of flight measurement, we can reconstruct precisely 
the mass-to-charge ratio event by event. Maximum 
counting rate per wire is 10 kHz. 

FLNR JINR team performs MPWC and preamplifiers 
R&D according to their great experience [7-8]. 

CAVIAR is a powerful tool for research and nuclear 
spectroscopy on nuclides produced with very low cross 
section. For example, it will concern nuclides close to the 
proton or the neutron drip-lines. In addition, CAVIAR 

detector can be used during LISE tuning at the beginning 
of experiment. We obtain nuclides momentum 
distribution in the first LISE dispersive plane and 
optimize properly the spectrometer to the nuclide of 
interest. 

Mechanics 
The sensitive area of this detector is 96 mm in the 

horizontal plane and 32 mm in the vertical plane. These 
sizes are defined by the secondary beam sizes and 
maximum aperture of the slits in the dispersive plane. 
CAVIAR is composed by 96 wires of 10 µm in diameter 
with 1 mm step between each of them. Wires are in gilded 
Tungsten. Two 1.5 µm thicknesses Aluminum Cathodes 
foils are placed 3.4 mm distance from the anode (cf. Fig. 
2).  

 

Figure 2: Mechanical view of the sensitive area of 
CAVIAR. 

Detector is filled with variable and less than 50 mbar 
Isobutene (C4h10). Two Kapton (C22H10N2O5) windows of 
8 µm thicknesses are used. They isolate the detector from 
beam line vacuum [9]. CAVIAR is a low interceptive 
detector for high energy beams. 

CAVIAR detector can be easily inserted in the beam 
line using a classical gage, which has connections on the 
top for high voltage, gas circulation and 96 out signals 
from wires. On the beam axis, CAVIAR is located 45 mm 
after the selection slits. 

Gas System 
The Isobutene was choosen for his cost and good 

properties to nuclides and energy range. For safety reason, 
gas filling system is located outside the experimental 
room (cf. Fig. 1). This gas unit, developed at GANIL, is 
inside the experimental room. We can control it by 
software. The gas unit system is working in such a way to 
protect the detector in case of any trouble. Without gas 
regulation, valve is open to obtain the same vacuum in the 
detector and in the beam vacuum chamber. 

Signal Pre-amplification 
Directly fixed to the propeller, 6 boxes of 16 channels 

of pre-amplification are connected. Each wire is 
individually read out. Using this type of charge 
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Fig. A.1 A schematic view of the CAVIAR.

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

M2C chamber
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Appendix C

Correlation of the parameters

of fit to excitation energy

spectra
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Marléne, Olivier, Adrien and Dr. Gheorghe Iulian Stefan for their support in my life at

GANIL for about half a year in total. I also thank the support of the group of Prof. Nigel

Orr at LPC Caen for my stay at GANIL in 2017. I enjoyed the life in GANIL with the
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