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Abstract

Kinematically complete measurements of Coulomb dissociation of 24 MeV /A ®He into
®He and two neutrons have been performed. Momenta of incident beam particles and
outgoing decay products from the ®He dissociation were measured in coincidence.

The two neutron removal cross sections were extracted from inclusive (*He+n+X) and
exclusive (He+2n) data sets. The cross sections from the two data sets differ by a factor
of two. This discrepancy can be understood with an assumption of the sequential decay
mechanism via the “He resonance.

Evidence of the mechanism is found in relative energy distributions between ®He and
neutron Fg_,. A prominent peak observed at Eg_,~0.4 MeV is well reproduced with
a Monte Carlo simulation assuming the sequential decay mechanism. Furthermore, the
neutron momentum distributions were reproduced well with those calculated with the
simulation and the cluster orbital shell model approximation (COSMA) wave function
assuming the sequential decay mechanism.

The momentum distributions of ®He and neutrons in the ®He rest frame were recon-
structed. The distributions were fitted with gaussian functions, and the obtained width
parameters of the function were compared with those of recent measurements.

With the kinematically complete measurements, the excitation energy distribution of
8He can be reconstructed. The measured excitation energy distributions for lighter targets
show a prominent peak which is consistent with the known excited state of ®He (E,=3.57
MeV, I'=0.50 MeV and J"=27). The distribution for Pb target were found to have broad
structure, indicating the E'1 continuum state, as observed in measurements of other halo
nuclei. With the measured excitation energy distribution, the photonuclear cross section

o1 and the dipole strength function dB(E1)/dE,; were deduced for the first time.
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Chapter 1

Introduction

Recent development of the radioactive nuclear beam (RNB), produced through high en-
ergy fragmentation reactions of heavy ions, has led us to explore structures and reactions
of nuclei far from stability. In studies of nuclear structure using the RNB, intriguing fea-
tures were first found in measurements of interaction cross sections of light neutron-rich
nuclei at the Bevalac in the Lawrence Berkley Laboratory (LBL)[1]. Secondary beams of
light neutron-rich nuclei with energies of 800 MeV /A were produced, and the interaction
cross sections for those nuclei with Be, C and Al targets were measured. With the mea-
sured cross sections, root mean square radii were deduced and found to be remarkably
larger, particular for the ''Li nucleus, than in neighbouring nuclei. These data provide
important information on nuclear sizes and present questions about the existence of a
so-called neutron halo or neutron skin[2].

Furthermore, evidence of the neutron halo structure has been found in measurements of
momentum distributions from projectile fragmentation reactions of the halo nuclei at 800
MeV/A[3]. The measured transverse momentum distributions of °Li from projectile frag-
mentations of ! Li showed a much narrower width than that expected from the Goldhaber
model, which considers the Fermi motion of nucleons[4]. The narrow width was interpreted
as a large spatial extent of two valence neutrons surrounding a °Li core. Such a halo
property of the 'Li has been also confirmed in subsequent measurements of a quadrupole
moment relative to that of °Li |Q(*'Li)/Q(°Li)| [5], of neutron angular distributions from

fragmentation reactions[6] and of (-delayed particle emissions[7]. To clarify the detailed

11
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14C |15C |16C [17C [18C
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Figure 1.1: Overview of ascertained neutron-rich halo nuclei.

structure of 'Li, several exclusive measurements have been performed[8, 9, 10].

The halo structure has also been ascertained for He, 8He[2, 11] and other heavier iso-
topes (see Fig. 1.1). Since the structure of 5He, described as a *He core and two neutrons,
is relatively simple, intensive studies have been made both experimentally and theoreti-
cally. On the other hand, only little attention has been paid to 8He because the structure
is considered to be more complicated. Owing to the weak binding of the ’He nucleus, ®He
cannot be regarded as having the ®He core surrounded by two valence neutrons. On the
other hand, the *He nucleus still exists as a core without large modification of its wave
function. Therefore, 8He rather has a structure of *He+4n. A large two-neutron sepa-
ration energy of 8He (S »,=2.14 MeV) as compared to that of °He (S 5,=0.975 MeV),
owing to a completely filled 1ps/» shell with the four valence neutrons, is also suggestive

of this structure.
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Evidence of the *He+4n structure was also found from the measurements of interaction
cross sections[2, 12]. According to the Glauber model, the two-neutron removal cross

section 0_y, and the interaction cross section o; would satisfy a relation
a_zn(SHe) = aI(SHe) — 0'1(6He) (1.1)

for 2n-halo nuclei. However, the experimental cross sections do not satisfy this relation,

but instead satisfy a relation
0'_2n(8He) + 0_4n(8He) = 0'1(8He) — 01(4He) (12)

indicating 4n-halo structure.

The 8He nucleus is intriguing, because its neutron-to-proton ratio is the largest among
known bound nuclei. The ground state (J™=07) has a dominant configuration of the *He
core (J™=0") and four valence neutrons in the 1ps/, shell. Recently, several experiments
have been performed to search for excited states of 8He. In measurements of 8He-+p elastic
and inelastic scattering, a first excited state was observed at F,=3.571+0.12 MeV with
['=0.50+0.35 MeV([13]. With measured angular distributions, spin-parity of the state is
assigned as J™=27", which is in good agreement with shell-model calculations[14, 15, 16].
A measurement made by proton pick-up reactions yielded E,=3.59 MeV with I'=0.80
MeV([17]. The configuration of the first excited state is understood to be (1p3;2)~" (1p1/2)",
just as for the 2% state in '2C. In addition to this state, three additional excited states
have been reported in measurements of two-proton pick-up.[18]. The measured excited
states are presented in Fig. 1.2.

An interesting property of some halo nuclei is the existence of a low-lying, unbound
excitation. While most of the dipole strength for stable nuclei is known to be exhausted by
a giant dipole resonance (GDR) with excitation energies E, ~78A471/3  an enhancement
of the dipole strength at E, ~1 MeV was first observed in ''Li[8, 9, 10]. In addition,
the low-lying excitation is observed in the halo nuclei "' Be[19] and %He[20]. To explain
such an excitation, a new collective mode, a so-called a soft dipole resonance (SDR), was

proposed[23]. The model assumes that the low-lying excitation is an oscillation of the
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144)
6.03(10) _____
4.54(15)
3.57 (2+)
2.14
6He+2n
0 O+

8He

Figure 1.2: A level scheme of ®He. Level energies of ®He excited states are taken from
references(see text).
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core nucleus against the halo neutrons. Thus, the excitation energy of the SDR, for which
the restoring force on the core comes only from the halo neutrons, is lower than that of
the GDR. However, the existence of the SDR has not been confirmed so far.

Measurements of the low-lying excitation are important to clarify the collective struc-
ture in halo nuclei. However, no experimental study has yet been dedicated to the 8He
nucleus. Recently, measurements of breakup reactions of ®He at 240 MeV /A on C and
Pb targets have been performed[21, 22]. Momentum distributions of *He and neutrons
revealed that a dominant reaction mechanism is a sequential decay via a "He resonance.
Although the excitation energy distribution of 8He was reconstructed, no crucial informa-
tion on the low-lying excitation was presented.

In order to clarify the interpretation of the low-lying excitation and the reaction mecha-
nism of ®He, a kinematically complete measurement of Coulomb dissociation of 24 MeV /A
8He on a Pb target was performed. In addition, measurements on Sn and Al targets were
performed to evaluate contributions of nuclear dissociation. Momenta of outgoing decay
products, He and two neutrons, from the dissociation of ®He on the targets were mea-
sured in coincidence. The kinematically complete measurements allowed us to reconstruct
an excitation energy distribution of ®He and momentum distributions of *He and neutrons
in the 8He rest frame. With the measured excitation energy distributions, a photonuclear
cross section and a dipole strength function were deduced for the first time.

Recently, the Coulomb dissociation reaction has been widely used as a probe in studies
of the nuclear structure since the electromagnetic interaction is well known as compared to
the strong interaction. In measurements of the Coulomb dissociation reaction, a projectile
is excited by the Coulomb field of a high-Z target nucleus. If the excitation energy is
above a particle emission threshold, the excited projectile may break up by emission of
that particle. By measuring the Coulomb dissociation cross section, the photonuclear
cross section and the dipole strength function can be determined as follows.

The double differential cross section d?c./dE,dQ} for an electromagnetic excitation
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with electric multipole order A is expressed in a first order perturbation theory as[24]

d’o, (ZT6>2a_2)\+2 dfex(6,€)

= B(EA, I;—1 E 1.3
dE,dQ ~ \ hw a0 BEALi—15)ps(Ey) (1.3)

where v is the relative velocity, Zre is the target charge, a is half the distance of closest

approach in a head-on collision, ps is the density of final states and £ = E,a/hv. The

reduced transition probability B(FE ) is related to the photoabsorption cross section ath)\Oto

by
photo __ (271')3()\ + 1)

Opx = m(kv)z'\le(E%Ii—Jf)Pf(Ev) (1.4)
where k, = E,/hc. With the above two relations, the Coulomb excitation cross section
can be rewritten as

d?c, 1 dng)y photo (1.5)

dE,dQ B, do P

where

dngy A(2X 4+ 1)112 e\ dfpa(9,€)
i = 2 P 1) mz(%) T)

with the fine structure constant o = € /hic. The function dngy/d represents the virtual

(1.6)

photon number per unit solid angle. Note that the function only depends on the projectile
energy and the excitation energy and does not depend on the internal structure of the

projectile.



Chapter 2

Experiment

The experimental aim is to determine the excitation energy of the He+2n system in
the Coulomb dissociation of ®8He. The determination requires kinematically complete
measurements of outgoing decay products from the dissociation of the photoexcited 8He.
In this chapter, descriptions of the experimental setup are provided.

The experiment was performed at the National Superconducting Cyclotron Laboratory
(NSCL) in the Michigan State University. A schematic drawing of the experimental
setup is shown in Fig. 2.1. To measure all momenta of the outgoing decay products,
the detector system is composed of fragment detectors for the detection of ’He and the
Neutron Wall Array for the detection of neutrons. Details of the each detector are

described in following sections.

2.1 8%He beam

The 8He beam was produced by utilizing projectile fragmentation reactions. A 1.9 g/cm?
°Be target was bombarded with an 80 MeV/A O®" primary beam produced by the
K1200 superconducting cyclotron at the NSCL. Then, a secondary beam of ®He was
analyzed and separated by two dipole and several quadrupole magnets of the A1200
Fragment Separator[25] and degraded to 25 MeV/A before reaching the experimental
area. Momentum slits of the Fragment Separator were set to (Ap/p) = 1 %, so that the

energy spread of the 8He beam was +0.5 MeV/A. A summary of the beam energies is

17
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Neutron Walls

Dipole magnet E-detectors ~ -

PPAC's

Figure 2.1: A schematic drawing of the detector setup. The fragment detectors consisting
of Si-strip AF detectors and plastic E-detectors are installed in a vacuum chamber. The
Neutron Wall Array are centered on zero degrees from the beam axis.

listed in Table 2.1.

An average intensity of the ®He beam was a few x 10? particle/sec corresponding to
15 % of the total number of beam particles. A major impurity of the beam was 85 % 44
MeV /A '?Be, whose events were distinguishable from the ®He beam with the fragment
detectors.

Since the size of the beam spot was rather large, about 2.5 cm (horizontal) x 1.2
cm (vertical) in full width at half maximum (FWHM), the incident angle and the target

position had to be measured to determine the emission angle of the outgoing *He from the

Beam kind Bp (Tm) Incident (MeV/A) Center of the Pb target (MeV/A)
®He 2.8930 24.902 23.979
(12Be) 2.8930 43.831 42.162

Table 2.1: Rigidities and energies of beam particles used in the experiment.
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dissociation of 8He precisely. Hence, the incident angle of each beam particle was measured
with two position-sensitive parallel plate avalanche counters (PPAC’s)[26]. A schematic
drawing of the counter layout is shown in Fig. 2.2. The two PPAC’s were located upstream
of the target and separated by 91.4 cm. The angle and the position of the incident beam
particles at the target were calculated from two-dimensional position information of the

2, With the position information of the two

counters over its sensitive area 5 x 10 cm
PPAC’s, a two-dimensional spectrum for a beam profile on the target could be calculated.
An example of beam profile spectra for the ®He beam at the target is shown in Fig. 2.3.

The PPAC’s were filled with iso-octane gas at a pressure of 5 Torr, and a negative bias
of approximately 720 V was applied to a central electrode foil. A signal created by passage
of an ion was resistively divided into four signals at up, down, left and right electrodes.

With the four signals, two-dimensional position of the incident ions was obtained. The

efficiency of the PPAC’s for ®He was found to be better than 98.4 %.
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Si-strip detectors

\

Figure 2.2: A layout of beam detectors consisting of two position-sensitive parallel plate
avalanche counters (PPAC’s), a target, and two Si-strip detectors. An angle and a target
position of incident ions are determined by position information of the two PPAC’s.
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Figure 2.3: A ®He beam profile at the target position. The incident
positions of ®He ions are calculated with two-dimensional position in-
formation of the two PPAC’s. The size of the beam spot is about 2.5
cm (horizontal) x 1.2 cm (vertical) in FWHM.
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2.2 Targets

The experimental task was to measure the Coulomb dissociation reaction cross sections
induced by absorption of photons from the Coulomb field of a high-Z target nucleus.
However, the dissociation reaction consists of two components, Coulomb dissociation and
nuclear dissociation. Hence, it was necessary to evaluate a contribution of the nuclear
dissociation reactions. To evaluate each contribution, three different targets were used. In
addition, measurements without a target (target-out runs) were also performed to subtract
background events which are mainly caused by reactions in the fragment detectors. For
the target-out runs, the energy of the ®He beam was degraded to 23.1 MeV/A, so that
the energy of the beam particles was the same at the entrance of the Si-strip detectors
between the target-in and the target-out runs. A list of the targets is summarized in
Table 2.2.

The choice of thickness was determined by constraint of two effects, reaction rate and
energy resolution. The former favors a thick target. On the other hand, an increase of
energy loss in the target and a sizable multiple Coulomb scattering would cause ambigu-
ities in an energy determination of the decay products. As a compromise, a thickness of
about a 400 mg/cm? for the Pb target was chosen. For the other targets, the thickness

was selected so that the energy loss in them was almost the same as that in the Pb target.

Target  thickness Energy loss (Total)
28Ph 397 mg/cm? 1.87 MeV/A (15.0 MeV)
1208n 364 mg/cm? 2.13 MeV/A (17.0 MeV)
2TAl 247 mg/cm? 2.11 MeV/A (16.9 MeV)

Table 2.2: Summary of targets used in the experiment. Energy losses are calculated for
8He ions.
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2.3 Fragment detectors

The fragment detectors were designed to measure charged fragments and were composed
of Si-strip AFE detectors and plastic E-detectors. The detectors were installed in a vacuum
chamber whose pressure was kept at a few x 10~° Torr. Downstream from the Si-strip
detectors, a dipole magnet was placed to deflect charged fragments. A schematic drawing
of the detector layout is provided in Fig. 2.4. Detailed descriptions of the Si-strip detec-
tors, the E-detectors and the dipole magnet are found in sections 2.3.1, 2.3.2 and 2.3.3,
respectively.

After 8He dissociates into SHe+2n at the target, the emission angle and energy loss

Thin aluminum window

Ui
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o
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Si-strip detectors \

Targets E-detectors

Figure 2.4: A schematic drawing of fragment detectors consisting of Si-strip detectors
and E-detectors. The emission angle and the energy loss of the decay product °He are
determined by the Si-strip detectors. Then, the ®He is deflected by the field of the dipole
magnet and is stopped in the E-detectors. All of the fragment detectors are installed in
a vacuum chamber.
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AE of ®He are measured with the Si-strip detectors located downstream from the target.
Then, ®He is deflected by the field of the dipole magnet and is stopped in the E-detectors,
giving a remnant energy F. Particle identification is made with the AF — E information,
and a momentum vector of the ®He (ps) is determined by the angle and the energy
information.

Since beam particles also stop in the E-detectors, they may react with C and H in the
E-detectors producing neutrons, y-rays and high energy protons, which may be detected
by the Neutron Wall Array. As the timing signals are the same as those of real events,
those background events appear as coincidence events which are difficult to distinguish
from real events by software and hardware means. Although ®He beam (A/Z=4, 24.9
MeV/A) is deflected by 18.7 degrees by the dipole magnet, which is out of coverage of
the Neutron Wall Array (+11.3 degree), those backgrounds are still not negligible. To
further reduce the background events, sizable shielding materials consisting of copper
and brass were placed behind the E-detectors. Hence, the backgrounds were effectively
reduced by the shield.

The neutrons from ®He dissociation at the target go straight through the vacuum
chamber and are detected by the Neutron Wall Array. At the end of the chamber, a
thin aluminum window supported with a honeycomb structure was used. The effective
thickness of the window was about 2 mm, which produces almost negligible scattering

and attenuation of the neutrons at the present energy.

2.3.1 Si-strip detectors

The Si-strip detectors are composed of two MICRON position-sensitive silicon double
strip detectors (5 cm X 5 cm x250 pm thick). Each detector has 16 horizontal strips on
one side and 16 vertical strips on the other. The width of each strip is 3.125 mm. The
two detectors are located at 15.2 cm downstream from the target and placed side by side.
A schematic drawing of the detector layout is provided in Fig. 2.5.

Two detectors give 32 (horizontal) x 16 (vertical) square pixels. Position information
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Si-strip detectors\

Figure 2.5: A schematic drawing of Si-strip detectors. The detectors consisting of two
MICRON position-sensitive silicon double strip detectors give energy loss and emission
angle information of charged fragments. Each detector has 16 horizontal strips on one
side and 16 vertical strips on the other, so that two detectors can give 32 (vertical) x 16
(horizontal) square pixels position information. The emission angle is determined by the
pixel which the fragment traversed. A typical energy and an angular resolution are about
8 % (FWHM) and 1.2 degree, respectively.
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and the emission angle of the ®He are determined by the pixel that the fragment traversed.
The strip width and the distance from the target induce an ambiguity of about 1.2° x
1.2° in determination of the emission angle. Also, that distance and the overall size of
the detectors define a geometrical acceptance for charged fragments of 18.2° (horizontal)
X 9.3° (vertical). The corresponding ®He momentum components are |P,| < 390 MeV/c
(horizontal) and |P,| <200 MeV /c (vertical) at the present beam energy.

An energy loss AFE of charged particles is also obtained by the Si-strip detectors and
used for particle identification. A detailed description of the particle identification is
presented in section 3.1. A typical energy loss for the ®*He in the present beam energy was

about 4.3 MeV, and the energy resolution was found to be better than 8 % FWHM.

2.3.2 E-detectors

A schematic drawing of the E-detectors is provided in Fig. 2.6. The detectors are composed
of 16 Bicron BC-408 plastic scintillators, the size of each being 4 cm X 2 cm X 40.6 cm
long. The 16 detectors are arranged vertically from high momentum side E1 (closer side
to the beam axis) to low momentum side E16 and closely so that there is no dead space
between them. The sensitive area covers 64 x 40.6 cm? in total.

After passing through the Si-strip detectors, SHe is deflected by the magnetic field
of the dipole magnet and stopped in the E-detectors. Scintillation light produced in
the detector is read out by two photomultipliers (PMT’s) attached to top and bot-
tom ends. Then, signals from the PMT’s are integrated with charge-sensitive analog-
to-digital converters (QDC’s). The light read out by the top and the bottom PMT’s
(Qtop and Qpottom) depends on the vertical position where particle impinges, expressed as
Qiop.bottom = Qoe~W/2E2)/A where @ is an initial luminosity, A is an attenuation length,
[ is a length of the scintillator and z is a distance between center of the scintillator and

the light source. Therefore, ()y can be deduced from

\V Qtop'Qbottom = QOeil/(p\) (21)

independent of the position.
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Figure 2.6: A schematic drawing of E-detectors consisting of the 16 Bicron BC-408 plastic
scintillators (E1~E16). Photomultipliers are attached to top and bottom ends of the each
scintillator. Charged particles are deflected by the magnetic field of the dipole magnet
and stopped in the detectors. Deposited energies of the charged particles are extracted
by measurement of the light produced in the scintillator.
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Since )y is a nonlinear function of energy and also depends on the mass and charge
of the incident particle, calibrations of the E-detectors were made for various isotopes at
several energies. Details of the calibrations are described in Appendix A.2. As a result of
the calibrations, a typical energy resolution for He-isotopes at the present beam energy

is found to be better than 5 % FWHM.

2.3.3 Dipole magnet

The C-type dipole magnet with a pole area of 61.0 x 33.0 cm?

and a gap height of
19.1 cm was installed to deflect charged particles. Prior to the experiment, the magnetic
field was mapped with a Hall probe for four horizontal planes. One measurement was
performed for a mid plane which was the same height as the beam axis, and the other
three measurements were performed above the mid plane by 2.54, 5.08 and 7.62 cm. Below
the mid plane, the field was assumed to be symmetric to that above the mid plane. The
measured field in the mid plane is plotted in Fig. 2.7. In the figure, the beam axis is
indicated by an arrow.

With the magnetic field mapped, trajectories of ions can be calculated. The calculated
trajectories of He-isotopes at 24.9 MeV /A are shown in Fig. 2.8. In present setting, 8He,
SHe and “He ions are typically deflected by 18.7, 23.9 and 32.5 degrees and detected with
the E-detectors E2, E5 and E10, respectively. The beam particles, including the major
impurity of '?Be at 44 MeV /A, are mainly detected by E2, while He is detected by E5.

Hence, a clear separation between the beam particles and the ®He is made.
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Figure 2.7: A measured magnetic field in the mid plane. The magnetic field in the central
region of the pole is about 1.4 Tesla. The incident beam direction is indicated by an

arrow.
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Figure 2.8: Calculated trajectories of He-isotopes at 24.9 MeV/A. In
the present setting, ®He, ®*He and “He are detected by E2, E5 and E10,

respectively.
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2.4 Neutron Wall Array

Large area position-sensitive neutron detectors, the Neutron Wall Array, was constructed
at the NSCL[27]. A picture of the Neutron Wall Array is presented in Fig. 2.9. The
wall consists of 25 position-sensitive neutron detectors. Each detector is made with Pyrex
rectangular glass cells with an inside size of 6.35 cm x 7.62 cm X 200 cm long filled with
NE-213 liquid scintillator. The 25 cells are horizontally mounted on an aluminum frame
so that the sensitive area is 2 m X 2 m in total. The outside of the each cell is not treated
with any reflective coating so that the scintillation light is collected only by total internal
reflection. To prevent light leak from the outside, the frame is covered by an aluminum
sheet as shown in Fig. 2.10. The thickness of the aluminum sheet is 0.8 mm which is
almost negligible for neutrons at the present energy.

The two walls consisting of the 50 cells are installed in the N4 vault of the NSCL and
arranged in two layers at 5m and 5.84m from the target position as shown in Fig. 2.1. The
two walls are centered at zero degrees because most of the neutrons from ®He dissociation
are emitted at forward angles. Since the vertical opening angle of the dipole magnet,
determined by the gap height, is smaller than the acceptance of the Neutron Wall Array,
the 16 cells in the central region (out of the 25 cells) for the each wall were used in the
experiment.

The scintillation light produced in the cell is read out by two Philips Photonics
XP4312B/04 photomultipliers (PMT’s) attached to the left and right ends. The time
difference between the two signals from the PMT’s gives the horizontal position informa-
tion of the incident neutron. The time resolution is found to be better than 1 ns FWHM,
corresponding to a horizontal position resolution of 8 cm FWHM. On the other hand,
the vertical position information is obtained by the number of the cell fired. Thus, the
vertical position resolution is determined by the height of the cell (7.62 cm). With the
two-dimensional position information, a directional vector of the incident neutrons can be
determined. The energy of the neutrons can be determined by the time-of-flight (TOF)

obtained from the mean time of the PMT signals with respect to the mean time of the
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Figure 2.10: A schematic drawing of the Neutron Wall Array. The wall consists of
25 Pyrex rectangular glass cells filled with NE-213 liquid scintillator. The 25 cells are
mounted on an aluminum frame and are covered by a thin aluminum sheet to prevent
a light leak and to protect the glass. The thickness of the aluminum sheet is almost
negligible for neutrons at the present energy.
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fragment E-detector PMT signals. In the present setup, the resolution of the TOF mea-
surements for 24 MeV neutrons is about 1.4 %, corresponding to an energy resolution of
2.8 %.

Since the Neutron Wall Array covers a large area, a large number of background
~v-ray and cosmic-ray events is present during the experiment. By using the NE-213
liquid scintillator, each cell of the walls is capable of neutron/y-ray discrimination by a
pulse-shape discrimination (PSD) method. It is known that the light emitted by the NE-
213 scintillator has two components, fast decay component and a slow component. The
method utilizes the different ratio of the two components between neutrons and y-rays. In
the experiment, the signals from the PMT’s were converted to a total and a fast component
by pulse-shape circuits and integrated with charge-integrating FERA (Fast Encoding
Readout ADC) units. The correlation between the charge-integrated pulse of the total
(Qtotar) pulse and the fast (Qy.st) component gives a clear neutron/y-ray discrimination.
A representative plot of the total pulse (Qqota) versus the fast component (Qy,st) for a
cell in the Neutron Wall Array is provided in Fig. 2.11. The cell was irradiated with
neutrons and ~-rays from a Pu-Be source. An inset of the figure shows the same plot,
but for Qtar <2 MeV electron equivalent (MeVee) region. A clear discrimination for
Qiotar <1 MeVee is seen in the figure. The cosmic-ray pulses are in the same group as the

v-ray pulses.

2.5 Acceptance and resolution of the total detector
system

To estimate the effect of the acceptance and the resolution of the total detection system,
Monte Carlo simulations were performed. In the simulations, simple models, a sequential
model or a direct model, were employed to describe the 8He dissociation. The sequential
decay model assumes that ®He is excited by a target nucleus with a certain excitation
energy and decays into the "He+n subsystem. Since “He is particle unstable with respect

to neutron emission by 0.44 MeV, "He subsequently decays into ®He+n (see Fig. 3.5).
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Figure 2.11: A representative plot of the total pulse (Qjoa1) versus a fast component
(Qfqst) for a cell in the Neutron Wall Array. A clear discrimination between neutrons

and ~y-rays from a Pu-Be source is seen. An inset shows the same plot, but for Qe <2
MeVee.
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On the other hand, the direct model assumes that the ®He is excited and dissociates into
SHe+2n directly, where excitation energies are partitioned into *He and two neutrons
according to the three-body phase space distribution. The simulations include all contri-
butions of effects from the beam spreads in energy, angle, position on target, the target
thickness, the multiple scattering in the target, intrinsic resolutions and acceptances of
the detectors. Details of the model calculations are described in section 3.4.

The calculated acceptance according to the sequential and the direct models as a
function of decay energy E, (excitation energies above two neutron emission threshold) is
shown by filled circles and open squares in Fig. 2.12(a), respectively, where the acceptance
is defined as the ratio of the number of decayed particles recorded in the detector system
to the total number of events. Two results are found to differ more and more as the decay
energy increases, reaching a difference of 0.0032 at E;=4.5 MeV, which is a 30 % effect.
The difference over all decay energies between two models

The resolution of the decay energies is also estimated with the simulations as follows.
The 8He is assumed to be excited by a target nucleus to a certain excitation energy par-
titioned between the decay products depending on the models. Then, momenta of the
decay products are calculated including the intrinsic resolutions and acceptances of each
detector. With the momenta, the decay energy can be reconstructed. Ideally, the calcu-
lated decay energy distributions should be é-functions. However, the finite acceptances
and resolutions make it a finite width reflecting the resolution of the detection system for
the respective decay energies. In this way, the distributions for F;=0.5~4.5 MeV in 0.5
MeV steps were calculated according to the two models. Since the two results were al-
most identical, only the result assuming the sequential model is presented in Fig. 2.12(Db).
Consequently, the typical resolution is found to be about 0.38 MeV (FWHM) at E;=1

MeV and roughly proportional to the square root of the decay energy.
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Figure 2.12: (a) Calculated acceptance of the total detector system as
function of the decay energy E4. Filled circles and open squares show
results assuming the sequential and the direct model, respectively. (b)
Decay energy distributions calculated for fixed decay energies. The
distributions reflect the resolution of the total system for the respective
decay energies.
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Chapter 3

Results

This chapter describes results of the data analysis. In section 3.1, particle identification
of charged fragments is described. After °He is identified, neutron removal cross sections
are extracted and shown in section 3.2. Then, results from the *He+n+X coincidence
data are described in section 3.3. Finally, results from the He+2n coincidence data are

described in section 3.4.

3.1 Fragment data

Charged fragments are identified with Si AE and plastic E signals from the fragment
detectors. Fig. 3.1(a) shows a two-dimensional AF — E distribution for a sum of the 16
E-detectors, requiring a coincidence with more than one neutron. The abscissa shows
energy per nucleon for ®He particles. As the light response of the plastic scintillator
depends on incident isotopes in general, the energy scale is not correct for particles other
than SHe.

In Fig. 3.1(a), two groups are seen. One group shows a locus of ®He particles and has
a horizontal tail to lower energies. Most of the events in the group have the same AF,
but different Es. If ®He dissociates in the E-detector, the Si AFE signal is the same as that
for a dissociation at the target, but an energy deposition in the E-detectors is different as
neutrons carry out some energy. Hence, the tail events are attributed to 8He dissociation

in the E-detectors. The other group has the Si AE and the plastic £ of about 2.8 MeV

38
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Figure 3.1: Two dimensional distributions of Si AFE versus plastic £ in
which a coincidence with more than one neutron was required for (a)
sum of the 16 E-detectors and (b) only E5. The abscissa is normalized
for SHe in units of MeV /A (see text).
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and 40 MeV/A, respectively. This is found to be « particles produced in dissociation
reactions of 44 MeV /A '?Be particles, which are the major impurity of the incident beam.

Since the beam particles mainly inject into the E2 detector, the horizontal tail is not
seen for the other E-detectors. Fig. 3.1(b) shows a similar distribution as Fig. 3.1(a),
but only for E5. Instead of the horizontal tail, a locus corresponding to 22 MeV /A SHe
particles is seen, because the ®He particles have different rigidity from the beam particles
and are separated by the dipole magnet. With the AE — E distributions of the individual
E-detectors, charged fragments can be well separated.

These particle identifications are further verified with one-dimensional distributions of
particle identification (PID) number. The PID number is defined as follows. An empirical

relation between the light-output of the scintillator L and the deposited energy E is[28]

E1.12
x 7/0.633 40.301

L (3.1)

in the present energy region. Then, the energy loss in the Si-strip detectors AE can be

approximated as

E\ —o.79
2
AE x Z (Z) (3.2)
for various particles. With two relations, the PID number can be defined as
PID = L(AE)"*" o 2219 A%%20 (3.3)

The PID number for 8He is adjusted to be 135, so that the numbers for ®He and o are
calculated to be 105 and 75, respectively.

Fig. 3.2(a) shows a distribution of the PID number for He isotopes, requiring a co-
incidence with more than one neutron. Note that ®He is not selected with the AE — E
distributions in the figure, but a peak around PID=105 corresponding to *He is observed.
In addition, two peaks corresponding to a and 8He and a bump between the peaks of
a and ®He are also observed, even though the distribution results from subtraction of
target-out runs in order to reject events from reactions in the E-detectors and the Si-strip

detectors.
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Figure 3.2: (a) A PID distribution requiring in which a coincidence
with more than one neutron was required. The solid line shows a fit
with a triple-gaussian distribution. (b) A similar distribution, but using
one of the individual E-detectors (see text). The solid line shows a fit
with a single gaussian distribution. A clear separation is seen in the
distribution.
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It is worthwhile to point out why the events on these peaks were not removed by
subtraction of the target-out runs. There are two possible reasons for these unsubtracted
events. One reason is the beam impurity of 44 MeV /A 2Be. When the ?Be particles
dissociate in the target into charged particles such as «, these events may be detected in
coincidence with neutrons and not be subtracted by the target-out runs. In fact, most
of the a particles on the PID distribution have energies of 40 MeV/A similar to the
energy of 44 MeV /A ?Be after passing through the target and the Si-strip detectors.
The other reason is the subtraction of the spectrum by the target-out runs. As mentioned
previously, many reaction events at the E-detectors from the ®He dissociation are observed,
appearing as the ’horizontal tail’ on the AE — E distribution. When the dissociation
occurs at the E-detectors, neutrons may escape from the detectors and be detected by the
Neutron Wall Array. To prevent such events, the sizable shielding materials have been
placed behind the E-detectors as mentioned in section 2.3. Owing to a limited size of
the shielding materials, these events have not been completely suppressed for the target-
in runs. Furthermore, a contribution of beam spread caused by the multiple Coulomb
scattering at the target is not negligible where there is no contribution for the target-out
runs. Thus, condition of the subtraction between the target-in/out runs is not exactly
the same. As a result, the subtraction may not be perfect.

In order to separate the ®He particles from the other charged fragments accurately, 16
two-dimensional AE — FE distributions were made, one for each E-detector are made. See
Fig. 3.1(b), for instance, where only the *He particles are selected by the distributions for
each E-detector. The separation is verified in a PID distribution as shown in Fig. 3.2(b),
which is a similar distribution to that Fig. 3.2(a), but it selects only ®*He. Consequently, a
clear separation is seen in the distribution. After He is identified, the energy distribution
of 8He is obtained as shown in Fig. 3.3. In the figure, a symmetric peak around Eg=132

MeV is seen.
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Figure 3.3: (a) Distributions of ®He energy Egq for the Pb target (solid
histogram) and the target-out (dashed histogram). The distribution
for the target-out was normalized to the Pb target runs for the same
number of incident ®He. (b) A similar distribution, but with subtraction
of the normalized target-out runs.
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3.2 Neutron removal cross sections

After the 5He identification, 2n-removal cross sections o_,, can be extracted from three
sets of data, i.e., fragment singles (*He—®He+X), ®He+n+X coincidences (*He—®He-+n+X)
and He+2n coincidences (3He—%He+2n) data. Since the fragment singles data were
downscaled by a factor of 500, sufficient statistics were not obtained to determine the 2n-
removal cross sections. For the 4n-removal channel, *“He+n+X coincidence data (*He—*He+n+X)
were used to extract the 4n-removal cross sections o_4y,.

To obtain the cross sections from the neutron coincidence data, the acceptance of the
total detector system needs to be estimated. Because of the complexity of the system, the
acceptance could not be calculated in a straightforward manner. To evaluate all contribu-
tions of the system, Monte Carlo simulations were performed. Details of the simulations
have been described in section 2.5. As discussed there, the acceptance depends on the
model. Thus, a systematic error of the acceptance was determined by two components,
viz. , the uncertainty in the calculated neutron detection efficiency and the uncertainty
depending on the model. As a result, the acceptance to detect 1n and 2n out of 2n
(*He—°®He+n+X and ®He—°®He+2n) and 1n out of 4n (®He—*He+n+X) are estimated
to be 25.7+4.0 %, 3.0+£0.7 % and 38.7+0.1 %, respectively. With these acceptances, the
cross sections for the three targets are obtained and summarized in Table 3.1, and the
cross sections as functions of target charge are plotted in Fig. 3.4.

As listed in the table, the 2n-removal cross sections extracted from ®He+n+X and
SHe+2n coincidence data differ by a factor of about two. Similar results have also been
reported by the GSI experiments|[22]. They have measured the nuclear breakup reactions
of 8®He at 240MeV /A on a C target and found that an average neutron multiplicity in
coincidence with a SHe fragment was close to one. These results could be explained
by assuming that the dominant dissociation of ®He into ®*He+2n is connected with a 1n-
removal process, viz., a sequential decay via an intermediate state of "He. This assumption
is further verified with relative energy distributions of the éHe+n system and momentum

distributions described in section 3.3. In this picture, the first neutron removed by a target
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Data set Quantity 208pp 120G 2TAl
8 He—°%He+n+X data 0_9n 0.3940.07 0.33+0.06 0.13+0.02
8He—°%He+2n data O _on 0.214+0.06 0.21£0.06  0.048£0.016
o_m(Coulomb)  0.13+0.07  0.14+0.06 (0.00)
0_on(nuclear)  0.0784+0.026 0.068+0.023 (0.048)
® He—*He+n+X data O_4n 0.050+0.003 0.037+0.003 0.03140.002

Table 3.1: The obtained 2n (0_s,) and 4n (0_4,) removal cross sections for three target.
The values are in units of barns.

nucleus would be largely scattered out or absorbed by the target nucleus and may not be
detected with neutron counters. This may decrease the multiplicity of neutrons. With the
cross sections, the reaction channel of the process is estimated to occupy approximately 60
% of the total for the Al target. This result is comparable to that of the GSI experiments.
For the Sn and the Pb target, approximately 40 % of the reaction channel is required to
explain the cross sections. Since the process is attributed to the nuclear interaction and a
ratio of the nuclear interaction to the Coulomb interaction decreases as the target charge
increases, the process may be suppressed for the heavier target.

As mentioned previously, the dissociation cross section has the Coulomb component
and the nuclear component as 0_s, = 0coul + Tnuct- 10 evaluate the nuclear component,

the nuclear dissociation cross section o,,q is assumed to be factorized as[29]

Onucl = YPYPT (3.4)

vpr = Ri(P) + Ri(T) (3.5)

where yp is constant length and R;(P) (=2.484+0.03 fm[1]) and R;(T) are interaction
radii of a projectile and a target, respectively. The constant vp can be obtained with an
assumption of negligibly small Coulomb dissociation cross section oy, for the Al target.
With the above relations, the nuclear dissociation cross sections can be estimated from
the 2n-removal cross section extracted by the ®He+2n coincidence data and shown by the
dashed curve in Fig. 3.4. Furthermore, the estimated Coulomb and nuclear dissociation

cross sections are summarized in Table 3.1.
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Quantity Energy (MeV/A) Target Cross section(b)
0_2n

$He—%He+n+X (ref.[21, 22]) 240 12C 0.27+0.03

$He»SHet X (ref.[3]) 800 20 0.20240.017
0 _4n

SHe*Het X (ref.[3]) 800 20 0.095:+0.009
O _ont0 _4n

$He—%He+X or *He+X (ref.[30]) 0~53.4 28Gi 0.55+0.03

Table 3.2: Summary of two (0 _s,) and four (o _4,) neutron removal cross sections taken
from references.

Previously, 2n (0 _3,) and 4n (0 _4,) removal cross sections of ®He on light targets
have been measured by projectile fragmentation reactions of 240 MeV/A[21, 22] and
800 MeV/A[3] 8He on a C target and 0~55.3 MeV/A ®He on arrays of Si-detectors[30].
The cross sections taken from the references are summarized in Table 3.2. Results of
refs. [3, 21, 22| are close to the present result on the Al target, even though the beam
energies of the other measurements are higher. While beam energies of the measurements
of the ref.[30] are close to those of our measurement, the obtained result on the Al target
differs by more than a factor of two. Since the 2n and the 4n removal cross sections could
not be extracted from the fragment singles data, as mentioned previously, the results
obtained may not be directly compared with their results. However, the discrepancy may
possibly be attributed to a contribution of a two neutron absorption process. For further

analysis, this contribution needs to be taken into account.
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3.3 S%He+n+X coincidence data

This section describes results of the analysis of the SHe+n+X coincidence data. Section
3.3.1 describes relative energy distributions of the *He-+n system suggesting the sequential
decay mechanism via the intermediate state of “"He. This assumption is further justified

by momentum distributions of neutrons described in section 3.3.2.

3.3.1 Relative energy distributions of ‘He-+n system

As discussed previously, the discrepancy of the 2n-removal cross sections extracted from
the ®He+n+X and the ®He+2n coincidence data can be explained with the assumption
of the sequential decay mechanism via the intermediate state of "He (see Fig. 3.5). The
sequential decay mechanism could be verified with the relative energy distributions of
the SHe+n system, because the ground state of "He would manifest itself in the relative
energy distributions.

The relative energy of the *He-+n system is given by

Eo o = 1/(e6 +€n)? — (Psc + Puc)? — (Mg + My)c? (3.6)

where ¢, p and M denote the total energy, the momentum and the rest mass of relevant
particles. The distribution for the Al target is provided in Fig. 3.6.

Having described the experimental distribution, let us now turn to discuss a model
calculation via a Monte Carlo simulation. According to the analysis of the two neutron
removal cross sections discussed previously, 60 % of the 8He dissociation is assumed to
proceed via the intermediate state of “He (path (a) in Fig. 3.5). Since "He is particle
unstable with respect to neutron emission by 0.44 MeV, the "He nucleus subsequently

decays into He+n with a Breit-Wigner type function given by

1 I'(Es »)
IBW(Eﬁfn)O(% (Fo n — Fo)® + (T(Bo 2)/2)? (3.7)

_ T(Eﬁ—n)
I'(Es-n) = Fom
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Figure 3.5: Level scheme for the sequential decay mechanism of He.

where the resonant energy E, and the width [’y are taken to be 0.44 and 0.16 MeV,
respectively, corresponding to the ground state of "He[31]. The width ['(E) is energy
dependent, and spin J"=3/2" for "He, a transmission coefficient of p-wave neutrons T'(E)
is included. Owing to the energy dependence of the width, the Breit-Wigner function gives
an asymmetric shape and reaches zero at Fg_,=0. On the other hand, the other 40 %
of the dissociation is assumed to proceed via the first excited state of ®He (path (b) in
Fig. 3.5). A detailed description of the decay via the first excited state is found in section
3.4.2. The simulation also includes all contributions of effects from spreading of the beam,
energy straggling of the fragment in the target, a detector acceptance and resolutions of
the detector system. The result of the Monte Carlo simulation is shown by the histogram

in Fig. 3.6. The distribution of the data points is well reproduced by the simulation. This
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shows the result of the Monte Carlo calculation assuming the sequential decay mechanism
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text). The points are the experimental data.
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indicates validity of sequential decay property in 8He dissociation.

Furthermore, the relative energy distribution for the Pb target was reconstructed, and
it is shown by the points in Fig. 3.7. In contrast to the distribution for the Al target,
the Pb distribution is rather broad and has a tail at the higher energies. As discussed
in section 3.2, approximately 40 % of the sequential decay process for the Pb target
is required to explain the neutron removal cross section. While the other 60 % of the
decay channel is attributed to a direct decay via the E'1 Coulomb excitation discussed in
section 3.4.2. To describe the measured distribution, a Monte Carlo simulation assuming
the sequential decay mechanism with 60 % admixture of the direct decay process was
performed. The result of the simulation is shown by the histogram in the figure. It is

seen that the measured distribution roughly agrees with the simulation.

3.3.2 Neutron momentum distributions

In studies of nuclear structure of light neutron-rich nuclei, there has been much interest in
momentum distributions of fragments and neutrons from projectile fragmentation reac-
tions. For instance, measurements of the transverse momentum distributions of °Li from
the projectile fragmentation of 800 MeV /A 'Li were performed at the Bevalac in the
LBL and they found that the momentum distributions of °Li have an extremely narrow
width([3]. Assuming simple models, such as the Serber model[32] or the sudden approx-
imation, the momentum distribution can be related with internal motion of the nuclei.
Since the momentum distribution of ?Li is equivalent to that of the center of mass (c.m.)
of the two neutrons, the narrow width is interpreted as a large spatial extent of the two
neutrons in !Li.

Transverse and longitudinal momentum distributions of neutrons in coincidence with
the SHe fragments were extracted from the present data. The distributions for the Al
target are displayed in Fig. 3.8. Owing to the limited acceptance of the detector system,
the transverse component of the momentum distribution has a narrow width compared to

that of the longitudinal component. To take the contributions of these detector acceptance
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Figure 3.8: (a) Longitudinal and (b) transverse components of neutron momentum distri-
butions in coincidence with the ®*He fragment for the Al target. Histograms show results
of the Monte Carlo simulation described in the previous section. Dashed and solid curves
show results of the model calculation (COSMA) with and without a correction of the final
state interaction (FSI) of the "He resonance, respectively.

into account, a Monte Carlo simulation was performed. The Monte Carlo simulation code
assuming the sequential decay mechanism is the same as used in the previous section. As
mentioned previously, the simulation includes all contributions of experimental conditions.
Thus, calculated distributions can be directly compared with those obtained from the
experimental data. The calculated distributions are shown by the histograms in Fig. 3.8
and are in good agreement with the experimental data. As a result of the simulation, the
momentum distributions can be well reproduced with the assumption of the sequential
decay mechanism.

Recently, a simple five-body cluster orbital shell model approximation (COSMA) has
been proposed[34, 35| and extended to the 8He case in order to describe the ®He ground
state wave function[36, 37, 38]. The model calculations have been used for the recent
experimental data[22, 36, 37, 38] and were found to reproduce the measured momentum

distributions well by considering the sequential decay mechanism.
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According to the COSMA, the ground state wave function of 8He is obtained in a five-
body (a+4n) approach and each valence neutron is assumed to occupy the 1ps/, state
relative to the o core. Thus, the ground state wave function of ®He is expressed with the
Slater determinant constructed with the single-particle wave functions ;(k) (i=1,...,4)

as
1m; %ui

Vi(k)=vi(ry, o) = (k) Z C%%+1_iyimi(rk)XVi(k) (3.8)

m;,V;

o) =[5 () (39)

where X,,,»; = &3 are the spin wave function and ¢(r) is the standard 1p radial oscillator

wave function with the parameter ro. The parameter ry=2.2 fm was calculated according
to the experimental matter r.m.s. radius of ®He (R=2.52 fm[33]) and was fixed in the
following calculations, so that there was no free parameter, except for vertical scale factor,
in fitting with the experimental distributions.

Assuming the Serber model, or the sudden approximation, the momentum distribution
of neutrons corresponds to the Fourier transform of the COSMA wave function. For
neutrons, the momentum distribution is calculated as

d 2 .2
J Pa) (3.10)

ISerber(pn) — E X 37_‘_%71)51%2 eXp(_ﬁ
n 0

where p, is c.m. momentum of neutrons and py=Fh/rg. Thus, the longitudinal component

of the distribution is obtained by integrating over unobserved variables as

do
dpn,

= /IS per (Pn)dPxdDy X L(l—i— pnzz)exp(—pnz2) (3.11)
erber \Mn x4y 37r%p0 2 p02

This distribution function is shown by the dashed curve in Fig. 3.8(a). As shown in the
figure, the calculated distribution is considerably wider than the experimental distribu-
tion.

As discussed in the previous section, the relative energy distributions of the ®He-+n
system are found to be well described with the simulation assuming the sequential decay
mechanism. In this scheme, the neutron momentum distribution would be affected by a

final state interaction (FSI) of the "He resonance, i.e., 'He decay into *He+n. Thus, the



CHAPTER 3. RESULTS %)

Quantity 2TA] 1208 208ph
oL 20.94+1.5 17.3+1.0 23.3£1.9
o 21.5+2.0 29.842.8 28.5+1.9

Table 3.3: The width parameters extracted from the transverse component(c,) and
the longitudinal component(o)) of neutron momentum distributions from the reaction
$He+target—SHe-+n-+X.

neutron momentum distribution can be expressed with a product of the “He motion and
the FSI. To describe the "He motion, the COSMA wave function Eq. 3.10 is employed. A
Breit-Wigner type function Eq. 3.7, used in the Monte Carlo simulation in the previous
section, is employed to describe the FSI. Hence, the neutron momentum distribution

considering the FSI of the "He resonance is expressed as

d
(55) o [ Tserse (70 I (0")8(0' + " = p)dp'p" (3.12)
Pn/ FsI

with

p, = —7p’ (3.13)

where p, and p” are the momentum of the neutron removed by the target nucleus and the
neutron in the “"He rest frame, respectively. To compare with the experimental distribution
for the transverse component, Eq. 3.12 needs to be integrated over unobserved variables
and also to be corrected for the limited acceptance of the detector system. The effective
acceptance of the transverse component is also estimated by the Monte Carlo simulation
and is shown in Fig. 3.9. As a result of the simulation, it was found that the curve
is constant up to |p,| ~25 MeV/c and reaches zero at |p,| ~60 MeV/c. On the other
hand, the acceptance curve for the longitudinal component was almost constant over the
measured momentum region. The calculated momentum distributions with the correction
are shown by solid curves in Fig. 3.8. With the correction, the calculated curves are in
good agreement with the experimental distributions.

Consequently, the distributions were well reproduced by assuming the sequential decay

mechanism. This indicates that the distributions were strongly affected by the FSI of the
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Figure 3.9: Acceptance curve for transverse component of neutron momentum
distributions. The curve is obtained by the Monte Carlo simulation.
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Figure 3.10: (a) Longitudinal and (b) transverse component of neutron momentum dis-
tributions for the Pb target. Histograms show results of the Monte Carlo simulation
assuming the 60 % direct decay process via the E1 Coulomb excitation with 40 % ad-
mixture of the sequential decay process. Dot-dashed curves show a fit with gaussian
distributions.

"He resonance and lose information on the ground state wave function of 8He. Thus, it can
be concluded that a dominant reaction mechanism in the ®He dissociation is attributed
to the sequential process.

In contrast to the momentum distributions for the Al target, the distributions for the
Pb target are rather wide, as shown in Fig. 3.10. To compare the width quantitatively,
the distributions were fitted with gaussian distributions. Since the acceptance curve for
the transverse component is not flat, as shown in Fig. 3.9, the gaussian distribution needs

to be corrected with the acceptance curve as

o< exp(—-—5 )€(pPn) (3.14)

where €(p,) represents the acceptance as a function of the transverse component of the

neutron momentum p,. On the other hand, the longitudinal components are free from
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the correction. In the correction, contributions of beam spread, target thickness and
detector resolution had to be taken into account to extract the intrinsic width. Since the
contribution of the target thickness (Ap/p~3.8 %) is rather larger than the beam spread
(Ap/p~1 %) and the detector resolution (Ap/p~1.5 %), a fit was made only with a
correction for the target thickness. The width parameters o of the gaussian distributions
extracted from three targets are summarized in Table 3.3 and also plotted in Fig. 3.11.
As a result, the width parameters obtained for the Al target are in good agreement with
those of the recent measurement 0=20.5+1.5 MeV/c[22]. For the Sn and Pb targets,
the extracted width parameters for the longitudinal component are larger than those
extracted for the transverse component.

Furthermore, the momentum distributions for the Pb target are calculated with a
Monte Carlo simulation. The simulation assumes a 60 % direct decay process via E1
Coulomb excitation with a 40 % admixture of the sequential decay process as described in
the previous section. Since the simulations and the data in the Fig. 3.10 are in agreement,
it may be concluded that the wider width for the Pb target is attributed to the direct

decay process.
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Figure 3.11: Target charge dependence of width parameter o of the gaussian
fits. Filled circles and diamonds show the width parameters extracted from
transverse and longitudinal components of the neutron momentum distributions,
respectively.
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3.4 %He+2n coincidence data

This section describes results of the analysis of the ®He+2n coincidence data. In section
3.4.1, momentum distributions of ®He and neutrons are reconstructed in the 8He rest frame
and fitted with gaussian distributions. The obtained width parameters of the gaussian
distributions are compared with those extracted from the ®*He+n+X data described in
section 3.3.2. Finally, the decay energy distributions of the 8He are reconstructed and
compared with several model calculations in section 3.4.2.

One difficulty in measurements of two neutrons in coincidence is to identify neutron
cross-talk events from real two-neutron events. Neutron cross-talk occurs when one neu-
tron is detected in two different detectors, which looks like two neutrons are detected in
coincidence. Thus, these events distort the coincidence measurements of two neutrons
and need to be rejected.

Previously, the cross-talk in the Neutron Wall Array was studied using neutrons
with energies of about 25 MeV from the "Li(p,n)"Be reaction, and most of the cross-talk
events were found to be rejectable[39]. In the following analysis, a similar scheme to reject
the cross-talk events is used. A brief review of the cross-talk rejections is presented in
Appendix B. Note that the cross-talk rejections are applied for all distributions in this

section.

3.4.1 Momentum distributions in the 8He rest frame

In section 3.3.2, the neutron momentum distributions extracted from the SHe+n+X co-
incidence data of the Al target was found to be strongly affected by the FSI of the "He
resonance. These momentum distributions have important information on the nuclear
size and the decay mechanism. To clarify the detailed structure, the distributions need
to be measured in the ®He rest frame. However, all of the recent measurements were
performed inclusively[3, 22] and no data of exclusive measurements such as in the ''Li
case[8, 9, 10] are available so far.

With the kinematically complete measurements, the momentum distributions can be
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reconstructed in the rest frame of ®He. Momentum vectors of °He and two neutrons p¢
(i = 1,2,3) in the 8He rest frame are determined by the Lorentz transformation expressed

as

p; = 7(piy — BEi/c)

P;1. = DPiL

where p; is the momentum of relevant particle in the laboratory frame, and parallel and
perpendicular signs refer to components relative to the velocity of the 8He rest frame v=cg.
The momentum distributions of neutrons and SHe for the three targets are provided in
Fig. 3.12. To extract width parameters, the distributions are fitted with the gaussian

distribution integrated over solid angle expressed as

dN i

. D2 exp(—I;—i) - &(pi) (3.15)

where €;(p;) is a detector acceptance as a function of the momentum for °He (i=6) or
neutron (i=n). The detector acceptance is estimated with a Monte Carlo simulation.
In the simulation, a simple model assuming the sequential decay mechanism is used to
describe the 8He dissociation. A detailed description of the Monte Carlo simulation is
found in section 3.4.2. The acceptance is defined as the ratio of the number of decay
particles recorded in the detector system to the total number of events. The calculated
acceptance curves as functions of neutron and °He momenta in the 8He rest frame are
shown in Fig. 3.13 by the solid and dashed curves, respectively.

With the acceptance curves, the experimental distributions are fitted with the gaussian
distribution (Eq. 3.18) as shown by solid curves in Fig. 3.12. The obtained width param-
eters of the gaussian distributions are summarized in Table 3.4 and plotted in Fig. 3.14.
The neutron width parameters are comparable to those extracted from the ®He+n+X
coincidence data within the error bars. Furthermore, the width of the *He momentum

distribution for the Al target is in good agreement with the recent measurement o4=56+3
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Figure 3.12: Momentum distributions of neutrons and *He in the ®He rest frame.
The distributions for the Al, the Sn and the Pb targets are shown in upper,
middle and lowest row, respectively. Solid curves show results of gaussian fits
considering the detector acceptance.
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Figure 3.13: Acceptance curves of the detector system as functions of momentum of
neutron (solid curve) and ®He (dashed curve) in the ®He rest frame. The curves are
calculated with the Monte Carlo simulation.
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Quantity 2TAl 1208 208pp
o 30.549.9 MeV/c  21.142.8 MeV/c  29.8+4.3 MeV/c
o6 53.24£14.0 MeV/c  66.6+17.4 MeV/c 70.8+15.1 MeV/c

Table 3.4: Width parameters of the gaussian fit for neutron (¢,) and ®He (0,) from the
reaction 8He-+target—S%He+2n-+target.

MeV/c[22]. They have measured the transverse momentum distribution of ®He from the
projectile fragmentation of 8He at 240 MeV/A. On the other hand, a similar measure-
ment of the projectile fragmentation at 800 MeV /A shows even wider width og=77+5
MeV/c[3]. A similar beam energy dependence of the momentum width has also been

observed in measurements of ''Li fragmentation[40].
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Figure 3.14: The target charge dependence of width parameter o of the gaussian fits for
neutron (filled circles) and ®He (filled squares) momentum distributions. An open circle
and an open square show the parameters for neutron and ®He taken from Ref.[24]. A
diamond shows the parameter for ®*He taken from Ref.[3].
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3.4.2 Decay energy distributions

By measuring all decay products from the dissociation of 8He, an excitation energy can

be reconstructed. The excitation energy F, is related to the decay energy E,; given by

E, = Eg+S s (3.16)

Ey = > e2=>p}-> Mc (3.17)

where ¢;, p; and M; (i = 1,2,3) are the total energy, the momentum and the rest mass
of two neutrons and ®He and S_,, is a separation energy of two neutrons. The measured
decay energy distributions dN/dE,; for the Al and the Sn targets are reconstructed and
provided in Fig. 3.15. As shown in the figures, a prominent peak corresponding to the
first excited state of ®He (E,=3.57 MeV, '=0.50 MeV and J"=2"[13]) is observed for
the distributions. As discussed in section 3.2, the dominant reaction channel in the 8He
dissociation was found to be the one-neutron-removal process (path (a) in Fig. 3.5) in
particular for lighter target. On the other hand, the reaction channel of path (b) can be
confirmed by the observed peak in the distributions.

The decay energy distribution for the Pb target was also reconstructed and is shown in
Fig. 3.16. In contrast to those of the Al and the Sn targets, the distribution has a rather
broad structure. To describe the decay energy distribution, simple model calculations
were performed as follows. To take all restrictions of the experimental conditions into
account, the model calculations were made with Monte Carlo simulations. As discussed
in section 3.2, it was found that the ®He dissociation for the Pb target is dominated by
the Coulomb component from the target charge dependence of the neutron removal cross
section. Therefore, the simulation assumes that the dissociation of ®He proceeds via its
first excited state by E2 Coulomb excitation and decays into “He+n (path (b) and (d) in
Fig. 3.5).

The Coulomb dissociation cross section do./dE, is related to the photonuclear cross

section ogs by
do,
dFE,

OE2
E,

= MNEg2 (Ez)

(3.18)
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Figure 3.15: Measured decay energy distributions for (a) the Al target
and (b) the Sn target. The function ey,(E,) refers to an acceptance to
detect two neutrons in coincidence as a function of the decay energy Ej,.
A prominent peak E4; ~1 MeV corresponding to the first excited state
of 8He is observed in both distributions.
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Figure 3.16: Measured decay energy distribution for the Pb target. The function €y, (Ejy)
refers to an acceptance to detect two neutrons in coincidence as a function of the decay
energy F;. The solid curve shows a good fit of the calculated distribution to the exper-
imental data obtained by varying parameters of the Breit-Wigner function. The dashed
and the dot-dashed curves show results assuming the sequential and the phase-space decay
models via the first excited state of He.
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Here, the function ngs(E,) is the virtual photon numbers for an electric multipole A=2.
An analytical form of the function at relativistic projectile energies is given in an approx-
imate expression[41]. Since the difference from the exact calculation is almost negligible
for the present beam energy, the function is calculated with the relativistic expression
written as

Zia (c v?
o 2

472

4 4 2
nEQ(Ex) = / ) 826_7”7{?[.[{12 +.TKOK1 +$2Kg] —|—.T}2 (2 — ) K%}dﬂ (319)

v C

where Zr is the target charge, a is the fine structure constant, v is the relative velocity
and ¢ (=1/sin(f/2)) is the eccentricity parameter. The K’s are the Bessel functions
of the argument z = en = €E,a/hyv. The calculated virtual photon numbers for the
three targets are shown in Fig. 3.17. Note that the shapes of the curves are identical
for the three targets. The photonuclear cross section gy can be parameterized with a
Breit-Wigner-type function with parameters of the resonant energy Ey=1.46 MeV and the
width ['y=0.50 MeV to describe the first excited state. As the state has a configuration
of (1ps/2) '(1p1/2)!, the width parameter of the function has the energy dependence of
the p-wave neutron owing to the centrifugal barrier as described in section 3.3.1. Since
"He is particle unstable with respect to neutron emission at 0.44 MeV, "He subsequently
decays into He+n. To describe the "He decay, the Breit-Wigner type function used in
section 3.3.1 is also employed. The calculated distribution for the Pb target is shown by
a dashed curve in Fig. 3.16.

As an alternative model, direct decay of the excited ®He into ®He+2n is considered
(path (c) in Fig. 3.5). In the rest frame of the excited ®He, the decay energy can be
expressed as

Eg= By n + By_n (3.20)

where Fg_,, is the relative energy between He and the c.m. of two neutrons, and E,_,
is the relative energy between the two neutrons. To describe such a decay mechanism,
the decay energy is assumed to be partitioned between Eg ,, and E, , according to the

three-body phase space distribution. Furthermore, a Monte Carlo simulation assuming
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Figure 3.17: Calculated virtual photon numbers for E2 absorption. Solid, dashed
and dot-dashed curves show results of the calculation for the Pb, the Sn and the
Al targets, respectively.
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the direct model was performed, and the calculated decay energy distribution is shown by
the dot-dashed curve in Fig. 3.16. Regarding the decay energy distribution, the calculated
distribution should be identical to that of the sequential model owing to the energy
conservation law. However, the two calculated distributions are slightly different as shown
in the figure owing to the different response functions of the detector system depending
on the models as described in section 2.5. As seen in the figure, the broad experimental
distribution are not quite reproduced with those two calculated distributions.

In several measurements of the dissociation of the halo nuclei such as ''Li[8, 9, 10]
or ''Be[19], it is known that the E1 strength is much larger than the E2 strength. Fur-
thermore, the E'1 continuum state was observed in recent measurements of the breakup
reactions of 240 MeV /A ®He into *He+2n on a Pb target[20]. In the present analysis, it is
not feasible to separate out a contribution of the E2 strength. Therefore, in the following
analysis, to make an estimate of the E'1 strength, we assumed that 8He is excited to the
FE1 continuum state and then decays into ®*He and two neutrons (Fig. 3.18).

To describe the experimental distribution, the F'1 photonuclear cross section og; was
assumed to be parameterized with the Breit-Wigner function, and Monte Carlo simula-
tions with variation of the parameters of the function were performed. For the electric
dipole, the Coulomb dissociation cross section do./dE, is related to the photonuclear

cross section og; by
do,
dFE,

OF1
E,

The function ng; (EF,) represents the virtual photon numbers for the electric dipole given
by[41]
2 o o anfC\% [® 1e2-1 5 , 5
nea(B) =~ Zhante ™ (0) [T eae( T Ko + kGG (322)
where €y is the minimum eccentricity parameter. The function Kj,(en) is a modified
Bessel function of imaginary order and the function Kj, (en) is the derivative of Ky, (en)
with respect to the argument en. The virtual photon numbers for three targets as functions

of the excitation energy of 8He are calculated and provided in Fig. 3.19.
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Figure 3.18: Level scheme for E1 excitation followed by the direct decay process. The
dashed line represents a continuum state of ®He via F1 Coulomb excitation.
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Figure 3.19: Calculated virtual photon numbers for E'1 absorption. Solid, dashed
and dot-dashed curves show results of the calculation for the Pb, the Sn and the
Al targets, respectively.
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As discussed in section 3.2, the dissociation cross section has the Coulomb component
and the nuclear component. For the Al target, most of the 8He dissociation was attributed
to the nuclear component. Furthermore, with the observed peak in the decay energy
distribution, it was found that the dissociation for the Al target proceeds via the first
excited state of ®He. Therefore, it can be concluded that the nuclear dissociation proceeds
via the first excited state. To describe the first excited state, the Breit-Wigner-type
function, as used previously, was employed. The strength of the nuclear component for
Pb target was evaluated by the factorization of the 2n-removal cross sections as also
discussed in section 3.2. This component was taken into account in the Monte Carlo
simulation; the experimental distribution was fitted with those calculated assuming the
Coulomb component and the nuclear component.

A good fit to the experimental distribution was obtained with the resonant parameter
Ey=2.1 MeV and the width parameter I'y=1.0 MeV, the fit is shown by the solid curve
in Fig. 3.16. Owing to the complicated response function of the detector system, it
is not feasible to unfold a true decay energy distribution do./dE,; from the measured
distribution. Instead, the true distribution do./dE4, deduced by the good fit of the
calculated distribution to that observed (solid curve in Fig. 3.16), is shown in Fig. 3.20(a).
Since the Coulomb dissociation cross section is related to the photonuclear cross section
o1 by Eq. 3.21, the photonuclear cross section can be calculated as shown in Fig. 3.20(b).

Then, the dipole strength function can be calculated with the relation

do,  167° ( )dB(El)
dE,  Ohc PN\ TaE

(3.23)

and is shown in Fig. 3.20(c).

In addition to the decay energy distributions, momentum distributions of ®He (pg) and
neutrons (p,) in the ®He rest frame and between two neutrons (p, ,) were reconstructed
and are provided in Fig. 3.21. Furthermore, the momentum distributions were calculated
by the Monte Carlo simulations assuming the Breit-Wigner-type photonuclear cross sec-
tion function with Ey=2.1 MeV and ['(=1.0 MeV described previously. The fit are shown

by solid curves in the figure. In the simulation, the decay energy was assumed to be par-
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Figure 3.20: (a) A true decay energy distributions do./dE,4 (b) a
photonuclear cross section og; and (c) a dipole strength function
dB(E1)/dE, determined to produce a good fit to the measured decay
energy distribution for the Pb target.
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Figure 3.21: Momentum distributions of neutrons(p,) and ®He(pg) and between two
neutrons(p,_,) in the rest frame of 8He for the Pb target. A solid curve shows a re-
sult of the Monte Carlo simulation by parameterizing the photonuclear cross section with
the Breit-Wigner function(Ey=2.1 MeV and I'=1.0 MeV). A dashed and a dot-dashed
curves show results of the Monte Carlo simulation assuming the sequential decay and the
direct models via the first excited state, respectively.

titioned between He and neutrons according to the three-body phase space distribution
as described previously. We see that the overall distributions are well reproduced by the
calculated curves. Moreover, simulations assuming the sequential decay model and the
direct models via the first excited state were also performed. The results of these cal-
culations are shown by dashed and dot-dashed curves in the figures, respectively. These
two results are almost identical and predict somewhat narrower distributions than the
measured distributions.

In summary of this section, the nuclear structure and the reaction mechanism of
8He dissociation were discussed with the SHe+2n coincidence data. The kinematically
complete measurements allowed us to reconstruct the decay energy distributions and the
momentum distributions in the ®He rest frame. The observed peak in the decay energy
distributions for the Al and Sn targets is roughly consistent with the energy of the first

excited state of ®He. On the other hand, the decay energy distribution for the Pb target
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has a broader distribution than those of the Sn and the Al targets.

To describe the measured decay energy distribution for the Pb target, Monte Carlo
simulations assuming simple models were performed. According to the target charge
dependence of the neutron removal cross section, it was found that the dissociation of 8He
may be attributed to the Coulomb excitation. First, Monte Carlo simulations assuming
the sequential and direct decay via the first excited state were performed. The measured
broad decay energy distribution was not well reproduced by these simulations.

In several measurements of the dissociation of the halo nuclei such as *He, ''Li or ! Be,
it is known that the E1 strength is much larger than the E2 strength. Since it is not
feasible to separate the contribution of the E2 strength in the present analysis, we have
estimated the F'1 strength by assuming that all of the strength is attributed to that of the
E1 excitation as a first order approximation. By assuming that the E'1 photonuclear cross
section og is parameterized with the Breit-Wigner function, the measured decay energy
distribution dN/dFE,; can be reproduced. The good fit to the measured distribution yields
the parameters of the function EFy=2.1 MeV and I'y=1.0 MeV. With these parameters,
the true decay energy distribution do./dE,, the photonuclear cross section og; and the

dipole strength function dB(FE1)/dE,; were deduced for the first time.



Chapter 4

Discussions

4.1 Cluster model

The di-neutron cluster model was proposed for 'Li[42], and the calculated total E1
strength was found to agree with the measurement[9]. The model calculation is applied
to present data in the following. The model assumes the halo nucleus has a cluster-like
structure, i.e., a bound di-neutron system coupled to a core. According to the model, the

electric dipole strength function is given as

dB(E1) 3R’ <Z6M2n = Z2nM6>2 VS (B — S )*”
Mg E;

xr

(4.1)

dE, T2 16— 2n
where Z and M are the charge and mass of the relevant particles, and g s, is the reduced
mass of the cluster system. The calculated dipole strength function is shown by a dotted
curve in Fig. 4.1(c). Furthermore, the photonuclear cross section og; and the Coulomb
dissociation cross section do./dE,; can be calculated, and the calculated results are also
shown in the figure. As shown in the figure, absolute values of the dipole strength are
roughly comparable to the model calculation.

In addition, the model calculation is compared with the measured decay energy dis-
tribution dN/dE,. To take all experimental restrictions into account, the calculation is
made with a Monte Carlo simulation. A result of the simulation is shown by a dotted
curve in Fig. 4.2. The model predicts a peak around E4 ~0.6 MeV, which is appreciably
lower than observed peak. A similar tendency has been reported for the cases of ''Li

8, 9.
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Figure 4.1: (a) A true decay energy distributions do./dE4, (b) a
photonuclear cross section og; and (c) a dipole strength function
dB(E1)/dE, determined from a fit to the measured decay energy dis-
tribution (see section.3.4.2). Dotted curves are calculated according to
the cluster model.
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Figure 4.2: Measured decay energy distribution for the Pb target. The function €x,(Ejy)
refers to an acceptance to detect two neutrons in coincidence as a function of the de-
cay energy Ey. The solid curve shows a good fit of the calculated distribution to the
experimental data obtained by varying the parameters of the Breit-Wigner-function (see
section.3.4.2). The dotted curve shows the result of a Monte Carlo simulation assuming
the cluster model.
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4.2 Sum rules

With the measured decay energy distribution, the dipole strength function can be derived
from the relation Eq. 3.23. By integrating the function, one can obtain the integrated
energy-weighted dipole strength. The function extracted from the Pb target was thus
integrated, and the obtained energy-weighted dipole strength S’e% is listed in Table 4.1.
Owing to the limited acceptance of the detector system as described in section 2.5, the in-
tegrations were made up to E;=3 MeV. Furthermore, the energy-weighted dipole strength
can be extracted by integrating the dipole strength function deduced by the Monte Carlo
simulation assuming the E'1 direct decay as described in section 3.4.2. These integrations
were also made up to Fz=3 MeV and E;=o0o MeV, and the obtained strengths SZ! are
listed in Table 4.1.

It is known that the total strength for a given multipolarity is limited by the sum rule.

For isovector dipole transitions, the total strength can be evaluated with the Thomas-

Reiche-Kuhn (TRK) sum rule as

Stek = Y. (E;— E;)B(El;i—f) (4.2)
f
9 B* ZN ,
= oM A°C (4.3)

where ¢ and f refer to the initial and the final states, respectively and M is the nucleon
mass. The calculated sum is also listed in the table. As a result, the experimental sums
S’e% for E; <3 MeV was found to be 0.354:0.28 % of those calculated by the TRK sum
rule.

With the assumption that the #He has a cluster-like structure, i.e., a bound di-neutron

system coupled to a SHe core, one may decompose the total energy-weighted sum S} for

the electric dipole as[43, 44]
StEotl = SGEHle + SZE;;I + SGEHleon (44)

where the SE1 | SEl and SEL , refer to the sum rule for the core, the di-neutron and

the relative motion between the two clusters. Assuming the individual clusters are not
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Quantities > (Ef — E;)B(El;i—f) (e*fm?>MeV)
f
ST (B, <3 MeV) 0.078+0.062
SEL (E, <3 MeV) 0.082
SEL 0.1
St 22
S6EHle72n 2.9

Table 4.1: A summary of the energy-weighted sum. The experimental value S.;, was
extracted from the Pb target. The value SEZ! was obtained by integrating the dipole
strength function deduced by the Monte Carlo simulation. The SThx and the S&
are calculated with the Thomas-Reiche-Kuhn(TRK) sum rule and the cluster sum rule,

respectively.

excited, the total sum for the electric dipole is attributed to that of the relative motion
of the two clusters. Using Eq. 4.3, the sum rule for the relative motion S&L , can be

evaluated as
2
E1 i N, 211Z62He h 2

T 4r Adey, 2M° (45)

SBHe—Zn -

The calculated sum is also listed in the table and is 3.1+2.5 % of the experimental sum S, fz;
for E4 <3 MeV. Since the calculated sum rule gives an upper limit of the E'1 transition,
the measured FE1 strength is found to have a significant percentage of the total that is

possible.
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4.3 FE1 continuum state

For some halo nuclei, it is not always true that the level structure is described with the
standard shell model calculation. For instance, the spin-parity of the 'Be ground state is
found to be J™=1/2", whereas the standard shell model suggests a J™=1/2" assignment.
This parity inversion problem was first suggested by I.Talmi et al.[45]. Furthermore,
several theoretical calculations predict the parity inversion of the halo nuclei in the p-
shell[14, 15, 46, 47, 48]. For He-isotopes, the ground state and the first excited state of
%He are considered to be J™=1/2" and 1/2%, respectively. In addition, the models predict
the excitation energy E, ~1.5 MeV, indicating a weak sp-splitting in *He[15, 47, 48].

As discussed previously, we have found that the broad decay energy distribution for
the Pb target is attributed to the E1 continuum excitation. Since the spin-parity of the
8He ground state is J"=07, a possible spin-parity of the excited state via E1 excitation
is JT=1". Thus, the excited state needs to contain one halo-neutron in s or d orbit to
get the negative parity state. In this case, the excitation energy of the continuum state
is higher than that of the first excited state with configuration of (1ps/) '(1pi/2)!, as
observed in the decay energy distributions for the Al and Sn targets. This is consistent
with the obtained parameters Ey=2.1 MeV and I'y=1.0 MeV in contrast to those of the
first excited state Ey=1.4 MeV and I'y=0.5. Moreover, recent calculations predict that
the spin-parity of the second excited state in ®He is J™=1"[14, 15]. This indicates the
weak sp-splitting in 8He. Thus, an enhancement of the E1 continuum excitation may be
attributed to this effect. However, theoretical calculations need to be incorporated into

any further analysis.
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4.4 Contribution of the F2 excitation

In order to evaluate contribution of the E2 strength to the first excited state of ®He,
the strength was estimated in terms of the Weisskopf unit By,. For the electromagnetic

transition for a multipole A, By, (E ) is expressed as

Bw(E)) = “ff (%3)214”/362@111)” (4.6)
The calculated value of the unit for A=2 is listed in Table 4.2.

On the other hand, an experimental value of the E2 strength can be deduced from the
decay energy distribution for the Pb target. As all the strength is assumed to come from
the E2 excitation, this value gives an upper limit for the experimental E2 strength. The

E2 strength function dB(E2)/dE, is related to the Coulomb dissociation cross section
do./dE, by

dE, 4 \71/ ng(E,) E?dE,

With this relation, the upper limit of the E2 strength Bippe,(E2) is obtained and results

(4.7)

are listed in Table.4.2. Since most of the E2 strength is exhausted up to E; <2 as
shown by the dashed or the dot-dashed curves in Fig. 3.16, Bypper(E2) was obtained by
integrating up to Ey <2. As shown in the table, only a small amount of the experimental
strength found to be attributed to the Weisskopf units. Therefore, it may be concluded
that most of the strength is attributed to the E1 strength as discussed in section 3.4.2.
According to the cluster model, a maximum of the B(E1)/dE strength function is

located at E4 = (3/5)S from Eq. 4.1, where S is the neutron separation energy. Thus,

values (e’fm?)
B (E2;0-2) 6.0
Bupper(E2)(Eg <2) 18 £ 10

Table 4.2: Calculated Weisskopf unit By, (E2;0—2) and an upper limit of the E2 strength
Bupper(E2) determined by the experimental decay energy distribution for the Pb target
assuming all the strength at F; <2 is attributed to the E2 excitation.
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the decay energy distribution broadens as the neutron separation energy increases. If 8He
rather has the *He+4n structure, the strength at high decay energy may be attributed to

this structure. For further analysis, theoretical calculations need to be incorporated.



Chapter 5

Summary and conclusion

We have performed kinematically complete measurements of the dissociation of 24 MeV /A
8He into He and two neutrons at the NSCL in the Michigan State University. The kine-
matically complete measurements allow us to provide crucial information on the reaction
mechanism and on the presence of the E1 continuum excitation in the 8He dissociation.

First of all, we have confirmed the sequential decay property in the 8He dissociation. A
clue to the property was found in the analysis of the 2n-removal cross sections of 8He. The
obtained cross sections from the inclusive (°He+n+X) and the exclusive (*He+2n) data
sets were found to differ by a factor of about two. This discrepancy can be understood
with the assumption that the dominant dissociation of 8He into He and two neutrons
is a one-neutron removal process, i.e., the sequential decay via the intermediate state
of "He. With the cross sections, the reaction channel of the process is estimated to
be approximately 60 % of the total for the Al target. For the Sn and the Pb targets,
approximately 40 % of the reaction channel is required to explain the cross sections.

To verify the assumption of the sequential decay mechanism, relative energy distribu-
tions between SHe and neutron are reconstructed. An observed peak at Fg_,~0.4 MeV
in the distribution for the Al target is consistent with the ground state of “He. To take
account of the acceptance and the resolution of the detector system, a Monte Carlo sim-
ulation assuming the sequential decay mechanism was performed. The relative energy
distributions were well reproduced by the simulation.

Subsequent evidence of the sequential decay is found in neutron momentum distribu-
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tions extracted from the ®*He+n+X coincidence data. The distributions were compared
with those calculated with the Monte Carlo simulation used previously and were found to
be reproduced well. Moreover, the distributions were calculated according to the COSMA
wave function. By considering the FSI of the “"He resonant state, the measured distribu-
tions were also described well with the calculation. Consequently, two independent model
calculations assuming the sequential decay mechanism are found to reproduce the mo-
mentum distribution well. We therefore conclude that the dominant reaction mechanism,
in particular for lighter targets, is attributed to the sequential decay process via the "He
resonance.

The momentum distributions of *He and neutrons were reconstructed in the rest frame
of ®He. Furthermore, the distributions were fitted with the gaussian distributions and the
width parameters of the function were determined. As a result, it was found that the
parameters extracted from the *He4+n+X and the ’He+2n data agree with each other. In
addition, the parameters are consistent with those of recent inclusive measurements.

By measuring momenta of all decay products from the dissociation of ®He in coinci-
dence, the decay energy of the ®He can be determined. An observed peak on the decay
energy distributions for the Al and the Sn targets are consistent with the known first
excited state of ®He with J™=2T. On the other hand, the distribution for the Pb target
has a rather broad structure. To describe the broad structure, Monte Carlo simulations
assuming the sequential and the direct decay via the first excited state were performed.
The broad distribution was not reproduced with these simulations. In several measure-
ments of Coulomb dissociation of halo nuclei, it is known that the E1 strength is much
larger than the E2 strength. Since it is not feasible to separate the contribution of the
E?2 strength in present analysis, we have estimated the E1 strength by assuming that
all of the strength is attributed to that of the E'1 excitation as a first order approxima-
tion. By assuming that the E'1 photonuclear cross section og; is parameterized with the
Breit-Wigner function, the measured decay energy distribution can be well reproduced.

The good fit to the measured distribution yields the parameters of the function Fy=2.1
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MeV and I'y=1.0 MeV. With these parameters, we have deduced, for the first time, the
true decay energy distribution do./dE,, the photonuclear cross section og; and the dipole
strength function dB(FE1)/dE,. Furthermore, absolute values of the calculated quantities
are roughly comparable with those calculated with the di-neutron cluster model. This
tendency has also been reported for Li.

In the present analysis, the nuclear structure and the reaction mechanism of ®He
are discussed by Coulomb dissociation of 8He into ®He+2n. To further clarify ‘He-+4n

structure in ®He, a novel experimental method will be needed.



Appendix A

Calibrations of the detectors

This section describes calibrations of the detector system consisting of the Si-strip de-
tector, the E-detectors and the Neutron Wall Array. First, energy calibrations for the
Si-strip detectors using beam particles at several energies are described in Appendix A.1.
Second, energy calibrations for the E-detectors are described in Appendix A.2. Since the
light-output response of the plastic scintillator is non-linear in general, the energy cali-
brations have been made using various isotopes with several energies. Finally, time and

position calibrations of the Neutron Wall Array are described in Appendix A.3.

A.1 The Si-strip detectors

Energy calibrations for the Si-strip detectors were made with *He and °Li beams at two
different energies. In order to minimize energy spread of the beams, the momentum
slits of the A1200 Fragment Separator were set to Ap/p=1/4 %, so the energy spread
is AE/E=1/2 %. Since the Si-strip detectors consist of 32 (horizontal) x 16 (vertical)
strips, the beams were defocused to irradiate whole strips by shutting off two quadrupole
magnets located at the entrance of the experimental vault. In addition to the *He and the
9Li beams, other He, Li and Be isotopes were also used for the calibrations. The beam
particles used in the energy calibrations are summarized in Table A.1. A representative
plot of the energy deposition in the detectors versus the measured channel for a strip in

the Si-strip detectors is provided in Fig. A.1(a).
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Beam kind

Energies of beam (MeV/A)

Energy loss in the strip detector

a (Defocused)
a (Defocused)
9Li (Defocused)
9Li (Defocused)

SHe

SHe

8He

'Be

'Be
%He (Pb target)
8He (Pb target)
9Be (Pb target)

20.2
25.0
20.3
25.0
25.2
22.6
23.3
44.7
40.1
25.2
25.2
44.7

4.79
4.02
10.7
9.04
3.98
4.34
4.22
10.1
11.5
4.31
4.21
11.0
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Table A.1: Summary of beam particles used for the calibrations of the Si-strip detectors.
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Figure A.1: (a) An example of the calibration results for one strip of the Si-strip detectors.
(b) Calibrated energy loss spectrum in the Si-strip detectors for 25.0 MeV /A °Li beam.



APPENDIX A. CALIBRATIONS OF THE DETECTORS 91

With the calibrations, the energy resolution was found to be about 7 % FWHM. A sample
energy distribution of the detector for 25 MeV /A °Li beam is provided in Fig. A.1(b).

A.2 E-detectors

As described in section 2.3.2, energies of fragments are obtained from light-output of the
E-detectors consisting of the 16 plastic scintillators. Since the light-output response of
the plastic scintillator is nonlinear in energy and depends on mass and charge of incident
particles, considerable work has been done to understand the nonlinear response. The first
successful semi-empirical model to understand the response was put forward by Birks[49].
Assuming the response to be ideally linear, Birks explained the deviations as being due
to quenching of light-output. According to the model, the light-output per unit length
dL/dFE is expressed as -
dL o=
5= SlerTwB% (A.1)
where S is a scintillation constant and kg is a quenching factor. Although the model
reproduced experimental data rather well, a higher-order correction is required to obtain
a better fit.
Recently, D. Fox et al. proposed an expression taking into account high energy elec-

trons or delta rays which may escape from the primary ionization column[50]. According

to this model, dL/dE may be expressed as

dL (1-F,)4E dE
g z SF,— A2
dE 11 kp(l— F)E "°% 0 (A-2)

F,, the fraction of the energy carried by delta rays, is given by

C1f, w@m/n
FS‘2<1 1n<<a/I>E/A>> (4-3)

where a = 4m./mg, m, is the electron rest mass, my is the nucleon rest mass, I is the
ionization potential of the scintillator (I ~ 0.048 keV for plastic scintillator) and Ty is
kinetic cutoff energy of electrons. Hence, the light-output L can be obtained by integrating
Eq. A.2 with respect to E as

L=SI (A.4)
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1<7<3 >3
T(] (keV) kB T(] (keV) kB
This work 3.800 7.368 2.169 10.44
D. Fox et al. 2.85 8.31 1.13 7.18

Table A.2: Parameters Ty and kp for light ion (1<Z<3) and heavy ion (Z>3). The
parameters are determined by fitting to the data.

ToA dE 2dE

aral kg [E (14 R)*%=
I:E—k/ & _gp "B & [ A5
"o 1+ kg 2 /A 2+ kp(1+ R)4E (4.5)

where R = In(Ty/I)/In((a/I)E/A). The free parameters S, T, and kp are obtained
by fitting to data. In order to obtain calibration points, the E-detectors were exposed
to a series of secondary beams from the A1200 Fragment Separator. A representative
AFE — E plot is shown in Fig. A.2. After the isotopes were identified, the light-output
was calculated and compared with obtained data. Fig. A.3 shows a relation between the
calculated and the measured light-output, where the free parameters deduced by D. Fox
et al. are used in the calculation. As shown in the figure, nonlinearity is still seen at
rather large light-output. Therefore, a satisfactory fit to the data is not achieved with the
parameters.

This nonlinearity was found to be attributed to the photomultiplier. Suppose the
nonlinear response of the photomultiplier is expressed as a function Fps7, then the light-

output Legiculatea Can be expressed as

Lcalculated = FPMT(I) (A6)

and Fpyrr can be expanded in a series in I as
Lcalculated = Sll + 5212 + 5313 + - (A7)

Then, a fit was made with Eq. A.7 up to the 4th-order term for each E-detector. Separate
fitting parameters were used for light ions (1<Z<3) and heavy ions (Z>3), respectively.
The parameters kg and T, were fixed as listed in Table A.2, and only the gain factors

S1,53, 53 and S, were varied. The fitted gain factors are summarized in Table A.3. A plot
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The E-detectors S1 So S3 Sy

El (1<Z<3)  4.3980 -9.4606x103 4.5903x10°° -1.9382x10° 7
(Z>3) 4.6763 -8.6804x107% 2.7172x10°%  1.6535x10°®

E2 (1<Z<3)  4.0962 -7.8860x1073 -2.3094x1075 1.4906x1077
(Z>3) 4.1141 -5.9052x107% -2.6795x107° 1.1333x1077

E3 (1<Z<3)  4.4310 -2.7150x107% 1.8797x10™* -5.7624x107"
(Z>3) 3.7329 -4.8455x107% -2.3041x10°° 7.0706x10°®

E4 (1<Z<3) 45102 -2.3991x10°% 1.0770x10* -2.3877x10°"7
(Z>3) 4.3500 -1.7226x107% 4.5120x107° -4.9089x10~®

E5 (1<Z<3)  5.0324 -2.4450x1072 1.0408x10~* -2.6943x10~7
(Z>3) 45382 -9.0560x107% -3.9175x107° 1.6854x10~7

E6 (1<Z<3)  6.1894 -3.7164x10°2 3.3640x10°* -1.2224x10°8
(Z>3) 6.3159 -1.0968x10 2 -7.6307x10 5 3.5692x10 "

E7 (1<Z<3)  4.4609 -1.0865x10 2

E8 (1<Z<3)  4.0986 -3.5215x1073

E9 (1<Z<3)  4.0379 -1.7054x1072

E10 (1<Z<3) 3.4699 7.6686x10 *

E1l (1<Z<3) 4.6629 -1.4691x102
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Table A.3: Gain factors S obtained by fitting with the fixed parameters Ty and kg listed
in Table A.2. Since enough data were not available for E7 to E11 of the E-detectors, the
fitting is limited for light ions (1<Z<3) only with the 2nd order term.

for the calculated versus the measured light-output using the factors is shown in Fig. A.4.
As shown in the figure, a good agreement between the calculated and the measured light-
output is seen. As a result of the calibration, the systematic error for the He-isotopes is

found to be less than 1 %.
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Figure A.2: A representative AE — F plot for secondary beams. Various isotopes
with various energies resulting from interactions of the primary beam of 2O on

the Be production target are seen.
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Figure A.3: Plots for calculated versus measured light-output for E1 to
E6 of the E-detectors. The free parameters obtained by D. Fox et al.
were used in the calculation.
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Figure A.4: Plots for a calculated versus a measured light-output for E1 to E4 of
the E-detectors. Data are fitted by varying only the gain factors S, 55,53 and
Sy.
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Figure A.5: Curves of calculated light-output L as a function of incident energy
for 8He (solid curve) and He (dashed curve) ions. The curves are calculated for
E1 of the E-detectors.
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A.3 Neutron Wall Array

The calibrations of the Neutron Wall Array consist of two parts, viz., the position and
the time calibrations. As mentioned in section 2.4, the position information is obtained by
the time difference of photomultipliers attached to the left and right ends of a cell. Since
the time difference has an arbitrary offset, it is required to determine the offset to obtain
the actual position. To determine the offset, Laser light was used. The light from the
Laser source is divided into 50 thin optical fibers. One fiber is attached to exact center of
each cell, so that the Laser light illuminates a small central region of the cell. Then, the
light was read out by two photomultiplier attached to the two ends. The time difference
of signals created by the Laser light gave the position information on the exact center of
the cell. The observed position distribution has a sharp peak and a broad distribution
corresponding to the Laser light and the cosmic rays, respectively. With the measured
peak position for each cell, the offset can be determined. The width of the peak is better
than 0.5ns (FWHM) corresponding to about 5 cm in position. The size of the broad
distribution is consistent with the length of the cell.

The energy of neutrons is determined by TOF measurement. The TOF of neutrons is

obtained by

TOF = ttargetffragment + tfragmenthW (AS)

where tigrget— fragment 15 the TOF measured between the target position and the fragment
detector and tf,qgment— nw is the TOF measured between the fragment detector and the
Neutron Wall Array. Since the tfrqgment—nw is determined by the mean time of signals
from two photomultipliers, an arbitrary time offset needs to be determined as the position
calibration. To determine the time offset, coincidence measurements of y-rays emitted
from a 5°Co 7-ray source were made. The source was placed at the position of the target.
The time offset was determined by coincidence events when vy-rays with energies of 1.33
and 1.17 MeV were detected by the E-detector and the Neutron Wall Array. On the

other hand, the ti,get—nw is calculated from the energy and mean flight path of the
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fragments. Since the trajectory of the fragment may vary only lightly, this does not affect

tiarget— fragment, Which was confirmed with a Monte Carlo simulation.



Appendix B
Cross Talk

A detailed description of the cross talk rejection in the Neutron Wall Array is found in
the reference[39]. Here, a brief review of the cross talk rejection is presented.

The cross talk in the Neutron Wall Array is categorized as two types, viz., cross talk
between the walls and within one wall. A schematic drawing of the two types is shown
in Fig. B.1. Cross talk between the walls happens when one neutron makes a signal in
one wall and another neutron in the other wall. On the other hand, cross talk within one
wall happens when a neutron makes one signal in a certain cell and another signal in a
neighbouring cell within one wall.

Among several processes which may produce scintillation light in the scintillator, n-p
scattering is dominant in the present energy region. Hence, a simple two-body kinematics
can be used to reject both types of the cross talk. By assuming the masses of a proton and
a neutron are the same, M, = M,, the energies of the incident neutron E,, the scattered

neutron E, and the recoil proton E, are related as
E, =FE,—-E, (B.1)

Ey = E,cos*6 (B.2)

where 6 is the scattering angle of the incident neutron. For cross talk between the walls,

the measured cos # can be determined by a relation

cosf. — o’ 7 Tn) (ry — 12)
" |t [Ty — 1y

(B.3)
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A S \“l VAR

Figure B.1: A schematic drawing of the cross talk (a) between the walls and (b) within
one wall.

where r is the position vector between the neutron source and the position where a neutron
was detected in the wall. In the meantime, E, can be determined by the measured TOF
of the scattered neutron AT, and the positions of the two n-p scatterings. With Eq. B.2,
cos 6 can be calculated. For a cross talk event, the difference between the measured cos 8,
and the calculated cos 6, is equal to zero. By plotting a cos 6,,-cos 8. distribution, the cross
talk events are peaked around zero and can be rejected.

For cross talk events within one wall, it is not feasible to determine the cos#,, by
Eq. B.3, because the position of a neutron is determined by the number of the cell fired
as described in section 2.4. Instead of information on the position, the measured light-
output can be used to determine the cos#,,. By using an empirical relation between the

light-output and the energy of the recoil proton E,[51], E, can be obtained. Then, E, is
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Event kind Rejected cross talk events Loss of true coincidence events

| cos B, — cosb,| >0.1
between the walls 72.1 % 6.7 %
within one wall 40.3 % 9.3 %
total 55.7 % 7.9 %

| cos 6, — cosB.| >0.2
between the walls 86.4 % 13.1 %
within one wall 55.2 % 17.6 %
total 70.3 % 17.6 %

Table B.1: Summary of rejected cross talk events and loss of true coincidence events with
selecting the events on | cos#é,, — cosf.| >0.1 and |cos b, — cosf.| >0.2.

calculated by E, and Eq. B.1. Consequently, the cosf,, is determined with the relation
Eq. B.1.

To estimate the cross talk contribution, a Monte Carlo simulation was performed.
The simulation is identical to that described in section 3.4.2. Calculated cos #,,-cosf.
distributions are shown in Fig. B.2. Solid histograms show all events, i.e., the true 2n-
coincidence events and the cross talk events, and dashed histograms show only cross talk
events. Upper, middle and lower figure show events between the walls, events within one
wall and total events. As seen in the figure, the cross talk events make a prominent peak
at (cos B, — cosf,) ~0, where the true coincidence events make a broad distribution.

As mentioned in section 3.4, the cross talk rejections are applied for all distributions
in the section. To reject the cross talk event, only events on |cos#,, — cosf.| >0.1 are
selected. According to the simulation, it was found that 55.7 % of the cross talk events
can be rejected, while 7.9 % of the true coincidence events are lost with the selection as
summarized in Table B.1. By selecting events on |cos#,, — cosf.| >0.2, 70.3 % of the

cross talk events can be rejected.
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Figure B.2: Results of a Monte Carlo simulation. Solid histograms show
(cos B,, — cos 8,) distributions for all events, i.e., the true 2n-coincidence
events and the cross talk events. Dashed histograms show only the
true coincidence events. Upper, middle and lower figures show events
between the walls, events within one wall and total events.
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