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Abstract

The study of the low-lying1 strength of the neutron-rictiNe nucleus was studied by
using the Coulomb dissociation. In the unstable nuclei with extreme neutron to proton
ratios, low-lying E1 strength at very low excitation energy was predicted. ¥bdie, a
coherent dipole vibration of the neutron skin against the the core was predicted in theory.
The current study aims at observing such an exotic collective excitation. Although the
final goal of this study is to derive the E1 strength distribution from the relative energy
spectrun?>Ne+n , we show here the preliminary analysis on the inclusive cross sections
and angular distributions for the breakup reaction chantiéle+Pb—22-2° Ne+n+x,
%Ne+Al—22-%Ne+n+x. This particular study aims at developing a method to distin-
guish the Coulomb dissociation component from the nuclear breakup.

The experiment was performed at RIKEN Projectile fragment Separator RIPS. The
unstable beam dfNe was produced by RIPS and bombarded Pb and Al targets to excite
and breakup this projectile. The outgoing Ne fragment was detected in coincidence with
a neutron.

Breakup cross sections &fNe into?2-2°Ne with Al and Pb targets were obtained as
well as the angular distributions of these fragments. In the analysis, we have observed
distributions of two components of angular distribution, so called narrow and wide com-
ponent. The wide component was explained by the fragmentation model. On the other
hand, narrow component and cross sections were not well understood yet. Further analy-
sis and theoretical studies are thus to be done for the near future.
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1 Introduction

1.1 Neutron-rich nuclei

Recent development of high-energy heavy-ion accelerators has opened a new era. A
large number of radioactive unstable nuclei lying far fromhgtability line is accessible
by using new heavy ion accelerators. About six thousand of the radioactive nuclei were
theoretically predicted which is huge compared to three hundred stable nuclei. Most of
these radioactive nuclei are still to be explored in such a facility.

One of the interesting phenomenon has recently been found for weakly bound neutron-
rich nuclei with extreme neutron to proton ratios , such as neutron the halo and the skin.
In Fig.1.1, the light region of the nuclear chart is shown, where neutron halo nuclei are
marked. The halo structures are characterized by a twofold structure composed of a satu-
rated dense core and a neutron halo with lower density extending out of the core as shown
in the upper part of Fig.1.1. Such a structure was first indicated by systematic measure-
ments of interaction cross sections for Li isotopes at 800 MeV/u by Taniata[1].

The large interaction cross sections observed'forindicated the extremely large r.m.s
radius of 3.10 fm, which is about 20 % larger than that expected for the standard nuclei
(R= 1.2A/3 fm). In a subsequent experiment, Kobayashi!.[2] found that the trans-
verse momentum distribution 8i emitted from the fragmentation éfLi at 800 MeV/u

has much narrower width than those for usual nuclei expected by the Goldhaber scaling
law[3]. Since the observed momentum width represents the momentum of two valence
neutrons oft'Li, these neutrons should extend spatially outside the usual nuclear radius
according to the uncertainty principal. In other words, two valence neutrons form a neu-
tron halo surrounding the saturatdd core. Evidences for the halo structure'éLi are

also found from the narrow angular distribution of neutrons emitted in the fragmenta-
tion 'Li[4], the narrow longitudinal momentum distribution of emittéld in the same
reaction, and the similarity of the quadrupole moments betWeieand ' Li[8].
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Figure 1.1: Nuclear chart for light nuclei. The neutron-rich nuckus located in the
neutron-rich region around N=20. The exotic neutron halo is near the neutron drip line.
Neutron halo is attributed to the small separation energy which forces the wave function
to penetrate out from the range of the potential week by the quantum tunneling effect.

1.2 Low-lying E1 strength

At excitation energies above the patrticle threshold, the nuclear response of stable nuclei
is dominated by collective vibrations of various multipolarities, i.e., giant resonance as
listed in Tablel.1. For the instance, the excitation energy for the isovector E1 mode(Giant
Dipole Resonance(GDR)) is as high as about 10-20 MeV. However, for the nuclei with
neutron halos, appreciable E1 strengths has been observed at much lower excitation ener-
gies compared to the usual GDR region. For the one-neutron halo ntB&b, 7] and
19C[9], the observed dipole strength at very low excitation energies was interpreted as a
guantum- mechanical threshold effect, involving nonresonant transitions of the valence
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spin isospin multipolarity I E.
Isoscalar(T=0)| monopole 0 80A1/3
quadrupole 2 65A1/3
octopole 3 30A~1/3, 120A°1/3
Isovector(T=1)| monopole 0O 60A /3
dipole T 31A'/3+21A°1/6 [80A/3]
quadrupole 2 130A1/3

Table 1.1: The list of the Giant Resonance.[18]

neutron into the continuum instead of the resonances’H@and''Li, a coherent dipole
vibration of the two halo neutrons against the core was discussed. The first attempt to in-
terpret the phenomenon addressed a notion of so-called Soft Dipole Resonance(SDR)[17].
This resonance may occur as an oscillation of a core nucleus against the halo neutrons
with low frequencies. The excitation energy may be low since the restoring force be-
tween the core and valence neutron should be weak due to the low density of valence
neutron. This mode is decoupled from the major oscillation mode which occurs between
the saturated protons and neutrons in the core. Although the vibrational picture for the
SDR was suggested in the theory, the interpretation of the experimental data is still under
discussion. Such a mode, in literature sometimes referred as pygmy resonance, may arise
if less tightly bound valence neutrons vibrate against the residual core (Figl1.3).

A pioneering work of the low lying GDR has been performed at GSI on the Oxygen
isotopes [11]. In this work, the evolution of giant dipole strength with the neutron-rich
oxygen isotopes from A=17 to A=22 was measured. For all neutron-rich isotopes investi-
gated, the dipole strength appears to be strongly fragmented with a considerable fraction
observed well below the giant dipole resonance, much in contrast to the dipole response of
stable nuclei. To which extent the low-lying dipole strength observed in the neutron-rich
oxygen isotopes involves coherent excitations or this is due to single particle transitions
remain a subject of detailed theoretical study.

In the experiment, we have attempted to search for the SDR of the neutrofiiieh
isotope which is located near the drip line as shown in Fig.1.1.29¥e was predicted as
the candidate of a SDR[26]. It shows that the stabide has a main peak centered at the
GDR energy of 20 MeV in Fig. 1.3. On the other hand, for the neutron-rich isdtdpe
the calculation predicts a strong redistribution of the strength, a low energy component
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appearing clearly at 8 MeV excitation energy, corresponding to a sizeable portion of the
energy weighted sum rule in the upper part of Fig. 1.3.
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Figure 1.2: The schematic view of the dipole motion. In the dipole breakup, the final
states is continuum states instead of a resonant state. In the SDR, the resonance is the
oscillation of a core nucleus against the halo neutrons with low frequencies. In the GDR,
the resonance is the oscillation between the proton and the neutron.
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Figure 1.3: The schematic view of the E1 calculation’fdte and?’Ne. In?**Ne, the peak
of the GDR is centered at about 20 MeV. On the other hand, the peak of GBfR\ieiis
fragmented. In the experiment, We search for the pygmy resonance about 8 MeV.
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2 Experimental Considerations

2.1 Neutron-rich nuclei, 2°Ne

The radius of?®Ne is known to be 2.86 fm(r.m.s).[22]. The one neutron separation
energy and two neutron separation energy is 5.6 MeV and 9.8 MeV, respectively. The
excitation energies and spin assignments for the low lying states are illustrated in Fig. 2.1.
Some calculations for the isovector giant dipole resonance strength predicts a strong redis-
tribution of the strength, a low energy component appearing clearly at about 8 MeV|[26].
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Coulomb excitation reaction serves as one of the powerful spectroscopic tools for in-
vestigating excited states of nuclei. An appealing feature of this reaction is the clear
understanding of its reaction mechanism. In the classical Coulomb excitation experi-
ment, the incident energy is usually set bellow the Coulomb barrier in order to avoid the
influence of excitations via a strong interaction.
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In this experiment, the energy of the incident beam is 58 MeV/u. The relative energy is
the following.

B, ~ 1400 MeV (Pb)

The present works, nevertheless, utilized®sle beam with the intermediate incident
energy of 58 MeV/u, which lies far above the Coulomb barrier of 170 MeV(see Ap-
pendix A.1). The reason to use higher incident energy is that the reaction yield is much
higher, which is important in the experiment using a secondary beam whose intensity is
generally weak. The high reaction yield is due primarily to the large cross section of
the Coulomb excitation, which often dominates over other reaction channels and almost
eliminates the ambiguity caused by the contribution from the nuclear reaction. The large
cross section is attributed to the long range nature of the Coulomb interaction, having a
dependence of1/r* ) for the A\-th multipolarity. As shown in Fig. 2.2, at the inter-
mediate incident energies, the cross sections are relatively large evepf6rMeV. In
applying Coulomb excitation to unstable nuclei, it is practical to employ the radioactive
nuclei provided as a beam. Hence, a projectile is to be excited by a Coulomb field of a
high-Z target. The basic phenomenon of Coulomb excitation in the intermediate and high
incident energy domains is shown in Fig. 2.1. As seen in the figure, a Lorentz- contracted
electric field acts on a projectile nucleus when the projectile passes fast by a high-Z tar-
get at an impact parameter In this electric field, the incident nucleus absorbs a virtual
photon 2.4. Hence, Coulomb excitation can be expressed as a photo-absorption process
induced by a virtual photon, as schematically represented in Fig. 2.1 (b). This picture is
treated by the so-called the equivalent-photon method[19, 20]. In this method, Coulomb
excitation cross section at excitation energyis expressed simply as a product of photo-
absorption cross sectimf*(Ex) and virtual photon numbe¥ ) (E,.) which is obtained

by integrating/Vg, (E,.,b) (photon flux at a impact paramet&r from the cutoff impact
parameteb, to infinity, i.e.,

do_c(Ex) o > NE/\(Exab) E)\
= /b by o A () 2.1)
= NexE) o) (2.2)
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where\ represents a multipolarity of the transition. The photo-absorption cross section
is related to the reduced transition probability.

(27)* (A + 1)
NE2ESIE

By dB(EN)
ﬁ)% — (2.3)
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Figure 2.1: a) Schematic drawing for Coulomb excitation process. An electricAield
illustrated by lines of electric force, is provided in the projectile rest frame, and thus is
Lorentz-contracted in the beam direction. The final state is depicted as a dissociated state
(Coulomb dissociation). b) The electric field from the target is interpreted as a virtual
photon flux (equivalent photon method). The absorption of one photon in the typical
direction is illustrated.

Depending on the succeeding decay process, Coulomb excitation cross sections can
be measured in different ways. The decay processes are categorized as follows: 1) If the
excitation energy is above a particle-decay threshold, the excited state will pre dominantly
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Figure 2.2: Electromagnetic(Coulomb) excitation cross section of E1, M1 and E2 transi-
tions of2’Ne as a function of incident energy. These curves are calculated by the equiva-
lent photon method.

decay by a particle emission (Coulomb dissociation). 2) If the excitation energy is below
any of particle thresholds, the excited state will decay byray emission. In the case

of 1) further~-ray emission follows when the decay product is in bound excited states.

In Fig. 2.3, such excitation and decay schemes are show#fX&. The main part of

the present work employed the breakup case, where the cross section was determined by
measuring the dissociation cross section.(Case 1) We also independently studied Coulomb
excitation of?*Ne to the bound state. ThB(Z2) of this transition by using Coulomb
exaltation was previously measured at MSU[12], so that we can use this excitation as a
reference.(Case 2) We also searched for new level scheme below a particle threshold of
reaction products.(Case 3)
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Figure 2.3: Decay schemes for the Coulomb excitation and for searching for the new
bound excited states.
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Figure 2.4: Virtual photon spectrumVz; (E,), estimated for thé°Ne projectile with
58 MeV/nucleon and 500 MeV/nucleon, respectively on a Pb target. Note that the photon
numbers decreases wilf), and the decrease is slow with the energy of the incident beam.
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3 Experimental Setup

3.1 Production of2°Ne Rl Beam

The experiment was performed at RIKEN Projectile-fragment Separator RIPS [13].
Schematic views of RARF and RIPS are shown in Figs 3.1 and 3.2, respectively. The
primary beam ofi?Ar at 95 MeV/nucleon bombarded a 2-mm-thick Be target and var-
ious isotopes were produced by the projectile fragmentation reaction in Fig D.1. The
secondary beam dfNe was collected and analyzed by RIPS. The average intensity and
purity of the?’Ne beam were about 6 kcps and 80%, respectively, with 58 MeV/nucleon
just before the reaction target.

3.1.1 Riken Projectile-Fragment Separator(RIPS)

A separation of isotopes was performed by using two dipole magnets(D1-D2) and an
Al degrader(F1). In the magnetic field, a charged particle follows Lorentz force in EQ.3.1.

A

where

B: magnetic filed strength

p. radius of curvature
e Z: atomic number

e A: mass number

This shows that the particle is spatially separated by A/Z, which facilitates a separation of
isotopes in the D1 dipole magnet section of RIPS. The energy loss of a charged particle
passing though a matter is given by the following.
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Figure 3.1: Layout of the RIKEN Accelerator Research Facility (RARF). “Afr

beam was pre-accelerated with the AVF Cyclotron and was mainly accelerated up to
95 MeV/nucleon with the Ring Cyclotron. The beam is transported through the beam
transport line in the room D onto the production target at RIPS. The fragment separator

RIPS [13] lies in the room D and EG6.
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Figure 3.2: Layout of the radioactive beam line RIPS. The separation of the secondary
beam is achieved in two stages: FO-F1 and F1-F2. The F3 focus was used to locate the
secondary target.
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2

AFE o % = Z?*TOF? (3.2)
where
e AF: energy loss of a charged particle
e Vv: velocity
e TOF: time of flight

A Charged particles passing though a matter can be separated by the Z number Eq. 3.2.
By the different amount of the energy loss at F1, different isotopes may have diffégpent
values after F1, which facilitates a separation of isotopes in the D2 dipole magnet section
of RIPS. Therefore, the selection of A/Z was performed by D1 magnet and the selection
of Z was performed by an Al degrader located at F1. The incident particle was analyzed
by the second dipole magnet (D2) though the

3.1.2 Target

In the experiment, a natural Pb target with 0.23 g/thickness for the Coulomb dis-
sociation reaction and a natural Al target with 0.13 ¢f/éon the evaluation of the nuclear
breakup contributions were used, respectively. Runs with no target placed in the target
frame (labelled 'empty’) were also performed in order to subtract the background events
caused by reactions with materials other than the target.

3.2 Detector System

This section is the description of the detectors which was used in this experiment and
the schematic views of the setup is shown Fig.3.3.

3.2.1 Incident Beam Detectors

Incident beam detectors were constituted by the plastic scintillator at F2 (F2PL) and
a set of two parallel-plate avalanche counters (PPAC’s) [14] placed at F3 (F3PPAC-A,
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F3PPAC-B). The schematic view of the F2 plastic scintillator and PPAC is shown in
Fig. 3.4 and 3.5, respectively.

The purpose of the F2PL is the identification of the incident particles and the measure-
ment of the velocity of the incident particles. The identification of the incident particles
was performed by the TOE-E method (see Eq. 3.2). The plastic scintillator was 0.5 mm
thickness. The scintillation light was read out from both left and right ends of the detector
by photo-multiplier tubes.

The incident angle of the beam was measured by two PPAC’s. The incident momentum
vector of the beam was measured by using both from F2PL and the incident angle from
PPAC’s. These two PPAC’s were 30 cm apart from each other along the beam axis.
Delay-line-type PPAC’s were used in this experiment [14]. The active area of the PPAC
was 100 mmx 100 mm. PPAC was composed of one anode plate, and two cathode plates
which were strip type. From both side signals on the strip, incident position of the beam
can be read.

3.2.2 Detector for Reaction Products

This section is the description of the detectors which is placed backward F3, and the
schematic view of the detectors is shown in Fig.3.6.

3.2.3 Silicon Strip Detector

Identification of the reaction products was necessary for reaction channel selection,
since a large variety of isotopes were produced in the secondary fragmentation reaction.
In this experiment, particle identification of the fragments was performed by using four-
layer Si strip detectors (SSD) composedXf and £ counters located at about 1.2 m
downstream of the targetAE stands for the energy deposit in the first two layers of
the silicon telescopes, anid denotes the sum of the energy deposit in the second two
layers of the silicon telescopes. Figure 3.7 shows a schematic view of the silicon detector
telescope. The first two layers were composed of eight Si detectors which were used
for position detection. The position and intrinsic energy resolutioA Bfcounters were
5 mm and 2% (FWHM), respectively. The last two layers werefheounter composed
of eight Si(Li) detectors with 3 mm thickness, and an intrinsic energy resolution of 3%
(FWHM). In non-relativistic kinematics, the kinetic energy of a particle can be expressed
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in terms of the mass number A and the TOF as follows.

1, 5 A
From Eq. 3.2 and Eq. 3.3,
EAE o AZ? (3.4)

Therefore, by théZ A F, the particle identification of the fragments can be measured.

The position of the fragments was performed by using the strip (see in Fig. 3.8). This
position resolution is 5 mm. The momentum of the fragments was analyzed from the
E of SSD. Thus, the momentum vector of the fragments was calculated by using both
the angle of the fragments from the position of fragments and from the momentum of it.
The angle of the reaction products in the laboratory flame was determined by the position
information both PPAC and SSIP;, was measured by the F2PL and PPALG,; was
measured by the SSD.

Pin : Pout

0 = arccos ————
| Pin || Pout |

(3.5)

3.2.4 Gamma-Ray Detectors

An array of 152 Nal(Tl) scintillation detectors (DALI2) was placed around the target to
detecty rays emitted from the excited fragments in flight{ ~0.3). The schematic view
is in Fig. 3.9. The high granularity of DALI2 allowed us to measure the angle of-ifay
emission. The angular information was used to correct for the large Doppler shift, which
was caused by a moving reaction products emittimgys in a high velocity«(/c ~ 0.3).
For 2 MeV v-rays, the efficiency was calculated to be around 13% (see in Appendix 4.7)
with an intrinsic energy resolution of 7% (FWHM).

3.2.5 Neutron Detector

The neutrons produced in the reaction were detected by the neutron wall (see in Fig. 3.10).
The neutron wall located 3 m downstream of the target was composed of 4 layers. Each
layer had 29 plastic scintillators. The 28 veto counters were installed in front of the neu-
tron counter. The veto counter rejected events in which a charged patrticle hits in the
neutron wall. Two photo-multipliers, coupled to both ends of each scintillator in the hor-
izontal direction, read out light-outputs of the scintillator. The average of the two PMT
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timings was used to define the neutron TOF between the target and NEUT. The timing
difference between PMT'’s determined the neutron hit position in the horizontal direction.
The vertical position was distinguished by identifying the rod.

3.2.6 Trigger for Data Acquisition

The data for the present experiment were stored event-by-event, using a data acquisition
system. We took particular care of reducing the dead time in data acquisition and the con-
tribution from background events mainly caused by the incident beam with no reactions
in the target. Therefore combinations of the following conditions were imposed.

e DSBFEAM: the signal generated once each five hundsédA M signals

e BEAM®SSDRNEUT: alogical AN D of the trigger logicBEAM andSSD
andNEUT

e BEAM®SSD®DALI: a logical AN D of the trigger logicBEAM and SSD
andGAMMA

Figure 3.11 shows a trigger logic diagram employed in the present experiment. The
DSBEAM was used to monitor the beam profile during the experiment.

3.3 Data Set

Table 3.1 shows a list of experimental data set taken in the present experiment. The
data are categorized into those for the calibration runs and those for extracting the spectra
of interests. Calibration runs 8fNe were performed to measure the absolute energy
of SSD. Calibration runs of proton and deuteron runs were performed to measure the
absolute energy of NEUT. Calibration runs’®fe brass which produced large number of
~ rays were performed to measure the absolute timings of NEUT. The experimental runs
aiming at obtaining the interesting spectra were performed using three different target,
Pb, Al, empty (see the section of target).
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Secondary Beam Target Trigger

ZNe (58 MeV) Pb COINorDSBEAM
*Ne (58 MeV) Al COINorDSBEAM
*Ne (58 MeV) empty COINorDSBEAM
ZNe for gamma products BrassCOINorDSBEAM
%Ne (60, 55, and 50 MeV) for SSD Pb COINorDSBEAM
proton (70, 50, 40 MeV) and triton (87 MeV) for neutron counter  PbCOINorDSBEAM
proton (30 MeV) for Veto counter emptyCOINorDSBEAM

Table 3.1:COIN isthe trigger of BEAM®@SSDRINEUT)®(BEAMRSSDRGAMMA).
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Figure 3.3: Schematic view of the setup backward F3. The detectors system comprises
152 NAI(TI) detectors for detecting-rays, AE — E Silicon Strip Detector for detect-

ing outgoing reaction products, and Neutron Wall for detecting neutrons produced in the
reaction.
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Figure 3.4: Schematic view of the F2 plastic scintillator.

Figure 3.5: picture of the PPAC
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Figure 3.6: Schematic view of the setup backward F3.
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Figure 3.7: The Schematic view of SSD. Left:particle identification of the fragments was
performed by using four-layer Si strip detectors (SSD) compose&diotind £/ counters
located at about 1.2 m downstream of the target.

.............. e X

<
Y 45mm
lapping Xstrip plates over Ystrip ones

Figure 3.8: readout position of SSD. Red line was for X strip at the first layer. Blue line
was for Y strip at the second layer. The position of the reaction products was measured
by the signal from both X and Y strips.
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3 Experimental Setup
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Figure 3.9: Schematic view of 152 Nal(T) scintillation detectors (DALI2).
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Figure 3.10: The schematic view of Neutron Wall(NEUT))
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4 Analysis

4.1 Beam line detectors analysis

4.1.1 Timing calibration for TDC at Radio Frequency (RF), plastic
scintillator and PPAC'’s

160
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2 80
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1000 20 -
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] L L L L L L 0 500 1000 1500 2000 2500 3000 3500
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Histogram ID = 101 channelfch]
Channel

Figure 4.1: Plot of channel versus timing'ﬂwgure 4.2: _TDC pglse Hlstpgram_ | His-
ns. This calibration was fitted by a lineQ@ram obtained using the time calibrator
function of the timing. module.

In order to extract physical information from the obtained data, digital data taken by
the data acquisition system have to be converted to the physical quantities. For this pur-
pose, we took calibration data, which were clearly related to the corresponding physical
guantities. In this subsection, timing signal of RF, plastic scintillator and PPAC'’s were
calibrated by using a time calibrator module. This module generated a start signals fol-
lowed by a stop signal, and timing of the stop signal with respect to the start signal was
changed directly and periodically with a given interval. To convert the obtained digital
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data to ns, the following function was used (Eq. 4.1). The figure 4.1 and 4.2 show 20 ns
pulse plot in the TDC channel and the result of the calibration of timing, respectively.

T(ns) = ¢1X(ch) + ¢y (4.1)

4.1.2 Particle Identification by using the F2 Plastic Schintillator

In this subsection, particle identification ®Ne run and**Ne run, is described. The
desirable incident beam including other particle which was unable to be rejected at RIPS
was able to be selected by using F2PL. Particle identification was performed by using
TOF between FO to F2 versusE at F2PL (see in Eg. 3.2). To compare the obtained data
at F2PL with the data from yield estimation cdB8&'ENSITY [15], particle identification
was performed.

4.1.3 Particle Identification of incident2*Ne beam

In the incident®®Ne beam, the estimation of the yield estimation was shown in ta-
ble. reftab:25Ne, and the obtained data from experiment was shown in Fig. 4.3 and
Fig. 4.4. The’>Ne beam can be identified by using these three result.

Fragment Rate (nucleon/sec) TOF(F0-F2) (ns)

25Ne 6.2¥10 201.4
26Na 6.8*10 191.1
2"Na 9.0%10 197.4
28Mg 5.0%10° 189.0
29Mg 9.8*10° 194.8

Table 4.1: The result of the estimation of both intensity and TOF(F0-F2) by using IN-
TENSITY CODE for?’Ne incident beam. This fragment was produced by the primary
beam™Ar with 95 MeV .
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Figure 4.3: TOF versudE from experimen!:'gure 4.4: TOF spectrum of the incident

e
tal data at’Ne incident beam beam at*Ne incident beam.
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4.1.4 Particle Identification of incident?Ne beam

In the incident®Ne beam, the procedure of the identification was same as in the case of
Ne. As a result, the estimation of the fragment and the obtained data from experiment
was shown in Table.4.2, Fig.4.5 and Fig.4.6 respectively.

Fragment Rate (nucleon/sec) TOF(FO0-F2) (ns)

25Ne 6.2 201.4
26Na 6.9 191.1
2"Na 9.0 197.4
28Mg 5.0° 189.0
29Mg 9.8 194.8

Table 4.2: The result of the estimation of both intensity and TOF(F0-F2) by using IN-
TENSITY CODE for?Ne incident beam. This fragment was produced by the primary
beam*’Ar with 95 MeV .
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8 8
counts
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N
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T TOF(F2- FO) (ns
TOF( F2- FO) (ns)

_ _ Figure 4.6: TOF spectrum of the incident
Figure 4.5: TOF versuAE from experimenpeam from experimental data #tNe inci-
tal data aNe incident beam. dent beam.
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4.2 Purity estimation of the incident beam

The purity of*Ne, 2Ne at F2PL was estimated. The definition of the purity is the
following equation.

purity = (4.2)
where
e Ng.: Number of the desired particle
o Ni.ia1: total number of the incident beam
The purity of?? Ne and?**Ne is the following.

purity =32%:=79.6%

purity 2%:77.3%
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4.2.1 Determination of the incident beam momentum

From the momentum of the incident beam at D2 by using the magnetic field strength
in NMR, the incident momentum of the beam in front of the target taking account of the
energy loss passing though the material was calculated. In this analysis, the momentum
of the incident beam was approximated by the function in Eq.4.3.

2
Paftermaterial = C4 + CSPbeforematerial + CGPbeforematerial (43)
o Pbeforematerial: momentum

® Pfiermaterial: MOMentum corrected

The table.4.3 shows the result of the incidérdnd momentum between the obtained
date calibrated by approximation and the estimation calculated by using the Bethe-Broch
equation. Figure.4.7 shows the momentum distribution in front of the target which is
calibrated above the procedure. This non-symmetric shape was caused by the acceptance
of the RIPS.

calculation exp
B2 0.3427 0.3425
Pasierig/A  316.75[MeV]  316.70[MeV]
Battertgt 0.32194 0.3220

Eattertgt/A  52.3803[MeV]  52.41[MeV]

Table 4.3: The comparison the experimental data corrected energy loss with the energy
loss calculation. The experimental data was almost same as the calculation data.
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Figure 4.7: the momentum distribution of the incident be#iNg in front of the target.
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4.3 Analysis of PPAC
4.3.1 Efficiency calculation of PPAC

In the single hit event of a PPAC, the sum of the both side timingt %) is constant.
By using this feature, we set a gate to, {T,) for each cathode of all the PPAC’s to
exclude multi-hit events. The table of result in efficiency and typical histograms are shown
in Table. 4.4, and Fig. 4.8, respectively. Incident angle of the beam at the target was made
by extrapolation of the position information obtained by two PPAC’(see in appendix.A.2).
The obtained spectrum of the incident angle is in Fig. 4.9. By using this angle, the result
of the profile of beam size and and momentum vector of the incident B&denin front
of the target can be calculated. Figure. 4.10 and 4.11 are the result of these , respectively.

X L-X
(Thet, + Thrignt) = v + —~ - L/V o constant (4.4)

26

eﬁ|C|ency(P PAC)— Ner2pL®(Tright +Tleght =constant)

26Nepapr,

efficiency
PPACa 96.9%
PPACb 96.1%

PPACa&PPACh 93.4%
Table 4.4: The table of efficiency in the two PPAC’S (PPAC-A,PPAC-B)
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Ti ming Sum
Figure 4.8: Spectra of the sum of timing,(fT,) of both electrodes attached to a PPAC.

Single hit events constitute a sharp peak, while multi hit events exhibit smalleT{).
The single hit events are selected by the gates indicated by the arrows in the spectra.
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Figure 4.9:0 at target. The plot was made by extrapolation of the position information
obtained by two PPAC’s before the target.
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Target | mage

Figure 4.10: Beam spot size #iNe. The plot was made by extrapolation of the position
information obtained by two PPAC’s in front of the target.
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Figure 4.11: momentum vector of the incident beam. Momentum information was ob-
tained by F2PL.



4 Analysis 39

4.4 Particle Identification of Reaction Products

4.4.1 Energy Calibration of Silicon Strip Detector

AFE,.. is the energy which is the total energy of the first layer and the second layer.

AFEiotal = AExpack + AEvpack (4.5)

The reaction products are stopped in the third layer or the fourth layer. The total kinetic
energy, Ei.i. Of the reaction products is the total energy of all SSD layer in case of
stopping the reaction products.

Etotal = AEwtotaul + LK (46)

where
o AF ... total energy ofA E counters
o AFxpaa, AFEvhack: €nergy loss of the first layer and the second layer, respectively
e [ energy ofE counter
o ... total energy of reaction products

The Energy calibration of the four-layer-Si strip detectors (SSD) was performed by
using the’’Ne beams with 60 MeV/A, 55 MeV/A, and 50 MeV/A respectively. Table. 4.5
shows the result of the calibration.

To convert the obtained digital data to energy, the following function was used.
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table of calibratiort>Ne beam[MeV/A]
Epo AF,.a | deviation| Ei.. | deviation
60.04 MeV/A(cal) | 10.16 50.0
(exp) 10.03 -0.13 49.3 -0.7
55.41 MeV/A (cal)| 11.19 43.91
(exp) 11.20 -0.01 | 43.96 0.05
49.55 MeV/A (cal)| 13.48 36.81
(exp) 13.51 0.03 | 36.83 -0.02

Table 4.5: The result of ADC calibration obtained for the silicon detector telescopes with
the?°Ne beams with 60 MeV/A, 55 MeV/A, and 50 MeV/A respectively.

4.4.2 Particle Identification of Reaction Products

Figure. 4.12 shows thA E-E correlation of the reaction products frofiNe incident
beam at 58.7MeV/nucleon.
In this analysis, in order to identify clearly the reaction produkts,. was redefined.

. 1
Eiotal = £+ §AE (4.8)

The equation 4.8 shows that the total mean energy Io}ZsAE[ZB]. The PID value is
defined as

, 1
PID = AFEiaFiota = AE(E + §AE)01 ~ AZ? (4.9)

¢, is a constant. In this analysis; was 0.75. Figure. 4.13 shows that Masé-
correlation of the reaction products for Al target. The trigger condition of this figure is
BEAM®SSD®NFEUT and the 5 MeV threshold of pulse height in the neutron counter
was performed.
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Figure 4.12:A F versusFE of the reaction products.

4.4.3 Improving the mass resolution of SSD

Figure 4.13 shows that the fragment was mixed with the tilke beam because of the
energy struggling of the target . To improve the mass resolution, the position information
of SSD was used(see in Fig. 4.14). The angular distribution from the position information
shows that the angle dfNe outgoing the target is forward angle because of no reaction
on the target(see in Fig. 4.15). The results of the mass spectrum rejecting this component
at Pb and Al targets and empty are shown in Fig.(see in Fig. 4.16, 4.17, 4.18), respectively.
The table of mass resolutianfrom these mass spectrum is in Table. 4.6.
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dE(MeV) vs Mass

Figure 4.13: The mass versus dfF at Al target. The trigger condition is
BEAM®SSD®NFEUT. The 5 MeV threshold of pulse height on the neutron counter
and multiplicity of zero on veto counters were performed. The Ne isotopes is mixed with
the2Ne beam because of the energy struggling of the target.
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Figure 4.14: The position of SSD. The space of each strips are 5 mm.
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Figure 4.15: The mass versus of angulat Al target. The angle dfNe beam is almost
forward angle.

m Pb target

Figure 4.16: The mass identification of Ne isotopes on SSD after cutting the forward
angle for Pb target.
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°°° | Al targe

counts

Figure 4.17: The mass identification of Ne isotopes on SSD after cutting forward angle at
Al target.

Enpty ru

counts

Figure 4.18: The mass id‘entification of Ne isotopes on SSD after cutting forward angle
at empty target.
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RUN | 2Ne+Pb 2Ne+Al 2°Ne+empty
2Ne 0.238 0.224 0.279
BNe 0.259 0.244 0.250
2Ne 0.259 0.222 0.232
BNe 0.282 0.226 0.226
2Ne 0.257 0.218 0.218
2INe 0.304 0.228 0.228
Ne 0.477 0.294 0.254

Table 4.6: The table of with Gaussian fitting of mass distribution.

45
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4.5 Analysis of Gamma Rays

4.5.1 Energy calibration

The analog data of DALI taken by the ADC modules were calibrated by using stan-
dard~-ray sources of?Na (511 keV and 1275 keV}°Co (1173 keV and 1333 keV),
137Cs (662 keV), and the mixture of Am-Be (4439 keV, 3928 keV and 3417 keV). The
process ofy-rays from the mixture of Am-Be source is explained in the appendix. Ta-
ble. 4.5.1 shows the resolute of the DALI calibration.
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Figure 4.19: ch versus keV

source Energy(KeV)| exp Energy(KeV)| deviation(KeV))
137Cs 661.660 660.7 -0.3
Co 1173.237 1174. 0.6
1332.501 1335. 2.5
2Na 1274.532 1276. 15
511 506.2 -4.8
9Be+**'Am 4439.1 4428. -11.1
3928.1 3955. 27.
3417.1 3402. -15.

The function is
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E, =c1Eq + ¢ (4.10)

4.5.2 Timing Gate for Background Reduction

The~-ray detectors were sensitive not only to theays from the reaction products but
also to the charged particle, neutrongays from the detectors, and natural background
~ rays. In order to select true coincidence events, a gate widtfray detection time was
set. Figure 4.20 shows a time spectrum of the Nal(Tl) scintillation detectors. The timing
data were calibrated in the same way as described in Beam line section.

w0 |- timng gate

g

—> I «—

counts
§

g

“Nal (TI) tining(ns)

Figure 4.20: Time spectrum of Nal(TI) scintillators detectors. Fhays from the reac-
tion products are selected by the gates indicated by the Gaussian component. The constant
component was due to the background components.

Fitting function is

T
Y = ciexp[———] + ¢4 (4.11)

o T=Tropr, — Tpanr

The constant, is independent of timing. This is interpreted as background compo-
nents. To select Gaussian component in Fig. 4.20, a clear peak corresponding to the true
coincidence events can be taken.
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4.6 Doppler shift correction

In this experiment, we detectedrays emitted from moving reaction products with a
velocity v/c~0.32. Hence Doppler-shifteg-ray energies were measured by theay
detectors.

152 Nal detectors

from RIPS
d ited
e-excited!!! gamma-ray
26Ne beam 26Ne* beam

TR
ARSI theta
e
)
ARSI
N
SR

excited!!!

beam axies

25
A

*___.reaction target

Figure 4.21: Schematic view of in-beapspectroscopy. The theta is theray detection
angle with respect to the beam axis in the laboratory frame.

The~-ray energy in the rest frame of the incident partiﬁlg"j and they-ray energy
in the laboratory frameEQ“b are connected by the velocity of the incident particle and
the ~-ray detection angle with respect to the beam axis in the laboratory ffarmée
introduction of the Doppler shift corrected spectrum is given by the following.

Epoife N [y =By ) [ E¥/e
Pproj N By plab

Eg“’j: ~ energy in the rest frame of the incident particle

Pri: ~ particle momentum in the rest frame of the incident particle

EX":  energy in the laboratory frame

P'3b: ~ particle momentum in the laboratory

(- relativistic velocity

~v: Lorenz factorl /y/1 — (32
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roj _ lab lab
EM9je=yES" [c —yBP

Relativistic velocity is the

6= Bcos 0
e 3: § of the production products

e O: laboratory angle with respect to the beam axis

B = hv
h hv
P:—:—
A c

P 1
E%ab c

Therefore,

EP) = Elvabv(l — [ cosh)
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(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)
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Figure 4.22: Energy spectrum ofrays detected in coincidence with tHféNe reaction
products.(right)Energy spectrum in laboratory frame.(left)Doppler-correcteys en-
ergy spectrum with=0.32. The peaks at 2020 keV is clearly seen while they are vague
in right indicating good quality of the Doppler correction.

4.6.1 Result of the obtained spectrum from Ne isotopes

4.6.2 Energy resolution of the Doppler correctedy-ray spectrum

Due to the finite accuracy of angular information and the velocity spread of the projec-
tiles, thev-ray energy peaks were broadened compared to the intrinsic energy resolution
of the detectors. Based on equation 4.17, the resollﬂﬁﬁﬁ is approximated,

AppoN® o gsimos \T L (8RB —cost)\T ag, (AR
EPrl ~ \1-pcos glab (A037)+ 1 — 3 cos 0> ( I6; )+ Elab
(4.18)

From the correlation between energy andhe intrinsic energy resolution of the de-
tectors is introduced as following.

o =19VE — 26.97 (4.19)
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4 Analysis

fragment | E(exp)[keV] o E(previous)keV] deviation[keV] statt

%Ne 2020 109 2020 0 A — ¢.5)

HNe 1688 89 1702 -14 unknow

2Ne 1978 98 1981.6 3.6 2t - g.s

%Ne 1716 134 1701 15 7/2 = g.s
1294 170 1298 -4 5/27 —1/2%
1001 159 1017 -16 1/2% = g.s
785 120 805 -20 3/27 —1/2%

2Ne 1263 85 1274.5 -11 2t = g.s
848 171 - - -

Table 4.7: Gamma-ray energies of Ne isotopes from A of 26 to A of 22. The energies

deduced in the present work are compared with the literature values.

source B7Cs | 60C 22Na Am-Be
Energy[keV]| 661 | 1173 1332 511 1274] 3417 3928 4428
olkeV] 26 | 32 36| 25 36| 84 105 95

Table 4.8: The energy resolution of the obtained value from the standsodrce.

Energy resolutions are evaluated using realistic conditibof 0.32 andy of 1.06

with Ad,,... of 20 degrees in laboratory frame of 90 degrees adgl;, of O degrees in

laboratory frame of O degrees respectivelyj/j3 of 11.5% including the energy loss in
the secondary targe\ EX*" is thes from 4.6.2.
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fragment

24Ne

22Ne

Energy[keV]

2020

1688

1978

1263

olexp][keV]

109

89

98

85

o[calc|[keV]

121

102

119

78

52

Table 4.9: Energy resolutian of the obtained Doppler corrected spectrum. &ha the

present work compared to the calculated
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Figure 4.23: Gamma-ray energy spectra obtained in coincidence with the reaction prod-
ucts26Ne *Ne.
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Figure 4.24: Gamma-ray energy spectra obtained in coincidence with the reaction prod-
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Figure 4.25: Ne fragments gamma ray spectrum

Figure 4.26: Gamma-ray energy spectra obtained in coincidence with the reaction prod-
ucts22Ne.
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Figure 4.27: Energy resolution function gfray energy emitted from moving sources .
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Figure 4.28: Energy resolutions for 2 Me\tray emitted from moving sources with
v/c=0.32. Enet is the energy resolution of the Doppler corrected spectrum.
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4.7 Efficiency calculation of the DALI

58

The efficiency of the DALI for the 2 MeV, ray was estimated B BEANT code[?]. The
energy of 2 MeV~y ray was for the To check the efficiencyray detection efficiencies
were checked by using standayetay sources. The standard sourcg€sCs, 2?Na and
%0Co were used.

. Yielddetected
‘= Yieldemission (420)
source 137Cs 2Na Co
Energy[keV] 661 1173,1332 511,1274
intensity(T=0)[kBq] 46.6 359 41.2
half time¢, /»)[year] 30.07 2.6019 5.2714
emission probability[%] 0.8521 0.999,0.9998 0.9994
Table 4.10: Table of standandsource data used in this experiment.
The efficiency from the standardsources was estimated as follows.
source 137Cs 60C 2Na
Energy[keV](exp) 661 1173 1332 511 1274
Yiledemission 4.25x107 | 3.82x10° 3.82x10" | 2.20x10° 1.10x10°
Yiledgetected 3.17x10* | 1.96x10° 1.77x10° | 6.40x10° 1.74x10°
Yiledgetectea(calibrated) | 1.35x10° | 6.31x10° 5.70x10° | 7.80x10" 2.14x 10"
efficiency[%)] 31.7 16.5 14.9 35.4 194

Table 4.11: Table of efficiency for standayetay sources.

Yiledgeteetea (calibrated) means

Nun atedeven . .
Yiledgetectea (calibrated) = —ungatedevent (DS — DALI trigger) * Yiledgetectea (4.21)

gatedevent
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Energy[keV] | 661 | 1173 1332 511 1274| E(2020kev; 2" — g.s)
efficiency[%](cal)| 31.0| 20.2 18.5|38.4 19.1 13.6

Table 4.12: The efficiency calculated froGEANT.

e DS-DALI trigger: Down scale factor

o Nunsaedeven - |y atime of DALI trigger

Ngatedevent

) Yz'eld511 = 2% Yield1274KeV in 22Na

The efficiency for the 2 Me\ ray by usingGEANT code which reproduces well the
measured efficiencies was estimated.

Figure 4.7 shows plot of the photo-peak efficiencies as a functiopraly energies.
The solid line was calculated BBEANT code. For 2 MeV, efficiencies was estimated
attained to be about 13.6 % and this curve is within the 20% deviation. In 2 feV
ray, the efficiency was 13.6 % and the systematic erderfrom this figure was 20%,
respectively.

data from GEANT ~ +
deviation=10%

x
Poxox
g X

15 5

10 L L L L L L L
400 600 800 1000 1200 1400 1600 1800 2000

Figure 4.29: Plot of photo-peak efficiencies as a function-odly energies. The values
measured by using-rays standard sources are plotted. The solid line represents the
calculated values b§EANT code, which reproduces well measured efficiencies.
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4.8 Acceptance Correction of SSD

The acceptance of the SSD was estimated by a Monte Carlo simulation. We first eval-
uated the detector acceptance in case where the incoming beam has no angular spread.
Only the detector geometry is considered in this simulation. To check this calculation, the
result of the simulation was compared to the result of the analytical calculation. Analyti-
cal calculation is from the geometry information by using the Eq.4.22.

2K T K Tpeal

¢ = 25T * Treal (4.22)

2% mxT
Figure 4.30 and Figure 4.31 show the detector acceptance as a function of angular

range, wheré represents the angle of the laboratory frame. The SSD covers the angle
from 1.5 degrees to 5.0 degrees.

*wafﬁwwwi geonetric

calcul atiaq

ks

accept ance

o[ deg] -

Figure 4.30: Detector acceptance of the SSD as a function of the angle in the laboratory
flame. The data is obtained from the geometrical calculation.

As a next step, we took into account the finite size and the angular spread of the incident
beams. The input profile of the incident beam for the simulation is in Fig 4.32. The result
of the acceptance including the beam profile is shown in Fig. 4.33. The efficiency, ratio
of SSD for the fragments was estimated and the results are shown in Table. 4.13 and
Fig. 4.34.

As a system check of the acceptance for the SSD, the cross-section obtained from
Pbf%Ne 2*Ne*) was used. The first excited state, (2020 K&V g.s) for?*Ne has already
been measured[21] and this cross-section has already been estimated[12]. The result of
the cross section (2020 K&)#—g.s) is shown in Fig.4.35 and Table.4.14.
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Figure 4.31: Detector acceptance of the SSD as a function of the angle in the laboratory
flame. This data is obtained from the Monte Carlo simulation and Only the detector
geometry is considered in the simulation.
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Figure 4.32: The input profiles of Y versdg, and X versugy from the PPAC informa-
tion. These show that the incident beam is focused on the SSD.
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Figure 4.33: Detector acceptance of the SSD as a function of the angle in the laboratory

flame from the Monte Carlo simulation. The finite size and angular spread of the incident
beam is take into accounted in the data.

fragments(system)| before correction after correction ¢

25Ne Pb(lab) 9795 46471 21.1%
25Ne Al(lab) 3445 14304 24.1%
24Ne Pb(lab) 17487 85769 20.4%
24Ne Al(lab) 9700 33806 28.7%
23Ne Pb(lab) 13994 73276 19.1%
23Ne Al(lab) 7838 23298 33.6%
22Ne Pb(lab) 15956 81470 19.6%
22Ne Al(lab) 10227 29456 34.7%

Table 4.13: The number of events between before correction of SSD and after correction
of SSD. Empty run has been already subtracted.
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Figure 4.34: Plot of efficiency ratio for acceptance in the Ne fragment at Pb and Al,
respectively.
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Figure 4.35: Left: They-ray spectrum before acceptance correction for SSD in the Pb
target. Right: They-ray spectrum after the acceptance correction for SSD.
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Pb
before(photo-peak count) 1236
after(photo-peak count) 3101
ratio(%) before/after 39.8
o[mb](exp 58 MeV/nucleon) 68.2(13.6)
o[mb](previous[12] 41.7 MeV/nucleon) 74(13)

Table 4.14: The counts and cross section of the photo-peak at 2020KéNierat Pb
target. The correction of the efficiency for Nal was perform&EANT). The further
analysis of the angular distribution in center of mass frame was not performed.
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5 Result and Discussion

5.1 Reaction Cross Section

Reaction cross sections ¥Ne+Pb(Al)— 2272°Ne+n+x, are listed in Table 5.1, and are
also shown in Fig.5.1. Here the acceptance for the fragment in SSD is corrected, but not
for the neutron. The trigger condition BEAM®SSD®NFEUT. The 5 MeV threshold
of pulse height of the neutron counter, and multiplicity of zero on veto counters were set.

RUN | 2Ne+Pb(error)[mb] 2°Ne+Al(error)[mb]
%Ne 119(1.9) 10(0.3
2INe 211(2.9) 29(0.6
2Ne 167(2.7) 22(0.5
2Ne 197(3.1) 31(0.7

Table 5.1: The list of reaction cross sections tabl&bie+Pb(Al)— 22-2°Ne+n+x

reacti on cross s

250.0

o ‘\/
150.0
\ —— /b

100.0 Ar

& o(mb)

30.0

2.0

Figure 5.1: The reaction cross sectiongie+Pb(Al)— 22-2°Ne+n+x
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As a simple model to estimate the Coulomb dissociation ffdde— 22-2°Ne+n+x on
the Pb target, the ratiarp, /o) Was extracted. This value may be used to estimate the
Coulomb dissociation contributions in tA&Ne+Pb— 22-2’Ne+n+x reaction, when we
assume that the same reaction from the Al target is produced only by the nuclear breakup.
From Fig. 5.2, the ratio of A=25 is larger than that of any other fragment. This contributes
two probabilities on the coincidence with neutron. This enhancement féttleechannel
may be attributed to either of the following reasons. One is the large contribution of the
Coulomb dissociation fot°Ne than any other channels. This makes/oa; larger. The
other reason may be that the different reaction mechanisms between Coulomb and nuclear
breakup is seen due to the trigger condition which requires neutron detection at forward
angle. In the Coulomb breakup, where momentum transfer is small, the outgoing neutron
is emitted at forward angles. On the other hand for the nuclear breakup, neutron tends
to be emitted at large angles except for the evaporated neutron. As will be discussed
in the next section, when we assume the fragmentation process for the nuclear breakup,
the cross section fot’Ne nuclear breakup should be hindered. Because this channel
should not have an evaporated neutron. In fact the hindrance of the cross sections for
2Ne compared té'Ne is seen in Fig 5.1, in particular for Al. Sineg;, /o4, is, however,
largest, there should remain Coulomb breakup contributidhNie.
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Figure 5.2: The figure of the ratiop;, /oa;. The ratio between from A=22 to A=24 at are

almost same ratio. This result shows this process arised from A=22 to A=24 is explained
by the same reaction mechanism, nuclear reaction. But Coulomb dissociation for A=25

and hindrance of (Al) for A=25, ??Ne+Al— 2‘Ne+n+x are seen respectively. (Seen Fig
5.3 and Fig 5.4f212% =349 223 =56%

8.:

Figure 5.3: The schematic view of the Coulomb dissociatiorffePb— 2°Ne+n+x.
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Figure 5.4: The schematic view of the Nuclear BreakupfeAl — 2?Ne+n+x. Nuclear
breakup(Upper part). Evaporation process(under part)
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5.2 Angular distributions of Ne fragments

projectile projectilefr

G (C:;‘\?;r
el e
SOe .\’

get fra ment
ect at or

Figure 5.5: The schematic view of the Spectator Participant Method.

As discussed with previous section, the fragmentation is one of the important processes
in the nuclear breakup. Here we analyze the data in terms of the fragmentation model.
In this way, we attempt to develop a method to distinguish the Coulomb dissociation
component from the nuclear breakup.

The fragmentation process is understood by the so called Spectator Participant model.
The schematic view of the Spectator Participant model is shown in Fig.5.5. The scattering
angle of the fragment by nuclear breakup is larger than that of Coulomb dissociation.
Thus in the assumption that fragment is produced by both nuclear breakup and Coulomb
dissociation, these reaction contribute to the angular distribution. In the nuclear breakup,
Goldhaber model[3] is used to explain the momentum distribution. In the Goldhaber
model, the angular distribution of the fragment in the laboratory frame is approximately
described as

2
jg _ Crexp(—Ap2EY (5.1)
whereo | is the variance of the momentum distribution in the perpendicular direction.

o, inthis model is represented as

ZO'L

Ap(Ap — Ap) o  Ar(Ap—1)
A

11 00 o(Ap = 1)0,3 (5.2)

ol =

where
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e Ap: projectile mass number

e Ajp: fragment mass number

e 0. the width due to the Fermi momentum
e op: deflection effect

The angular distributions of fragments for Al and Pb targets are shown in Fig. 5.6 and
Fig. 5.7. Asin this flame, angular distributions have two components, i.e, narrow and wide
components. The one sigma widthsfor narrow and wide components were obtained by
fitting the data by two Gaussian. The extractedvalues are shown in Fig. 5.8 and Fig.5.9
for the narrow and wide components, respectively. As shown in Fig.5.9, we have found
that the wide components are almost the same irrespective of the kinds of the targets.
As for the narrow components, tlae for Al is broader than that of Pb. We have then
extractedr, parameter for the wide component. The obtaimgdior Pb and Al targets are
found to be almost the same result, 267(11) and 262(5), respectively for the constant value
of 0,=87 MeV/c[10](see Fig.5.9). This shows that the wide component is independent of
the target, and is agreement with the Goldhaber model. For the narrow component, in
the assumption aof,=0, the deflection parameter constaptwas obtained to be 96(0.3)
and 121(15) for Pb and Al target, respectively. One possible of mechanism is that for
the narrow component this component is due to the Coulomb dissociation. However the
guantitative investigation for the mechanism is yet to be done.
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Figure 5.6: The angular distribution of fragment for Al target from A=22 to A=25 in the
laboratory frame.
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Figure 5.7: The angular distribution of fragment for Pb target from A=22 to A=25 in the
laboratory frame.
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Figure 5.8: Ther, for the narrow component and wide component respectively. The wide
component is independent of the target. On the other hand, in the narrow component, the
o, of Pb targets is smaller than the of Al target
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Figure 5.9: Thes, for the wide component. The solid line is the GoldHaber model
calculation. By usingr,=87, the deflection parameter @§=267(11) andr; = 262(4.6)
at Pb and Al targets, and this value is independent of the target.
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6 Conclusion

The study of the low-lyingt'1 strength of the neutron-rickNe nucleus was studied

by using the Coulomb dissociation. In this thesis, the inclusive reaction cross sections
and angular distributions for the breakup reaction chantfNe+Pb—22-25 Ne+n+X,
2Ne+Al—22-2Ne+n+x were analyzed to develop a method to distinguish the Coulomb
dissociation component from the nuclear breakup.

By the analysis of reaction cross section, we obtain the possibility of Coulomb breakup
contribution in*?Ne. This result was derived to the ratig;,/o 4; from 26Ne+Pb(Al)—22-2> Ne+n+x.
In the assumption that the same reaction from the Al target is produced only by the nu-
clear breakup, this value may be used to estimate the Coulomb dissociation contributions.
The ratio of A=25 is larger than that of any other fragment.

In the angular distributions for the breakup reaction, angular distribtuions have two
component, i.e, narrow and wide componets. For the wide component, the angular dis-
tribution is independent of the target. Therefore, this result is agreement with Goldhaber
model. But for the narrow component, the quantitative investigation for the mechanism
is yet to be done. In the next step, we should reconstruct the relative energy spectrum
ZNe+n.

e Angular distributions (narrow and wide} Two components

e wide component- In agreement with fragmentation model

e narrow componert- Further investigations are necessary
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A.1 Coulomb Potential

Coulomb potential is

717 (A.1)

where

e U(r): Coulomb potential

r: Sum of the target and the projectile radius

Z., Zy: atomic number

e: charge of electron

«. coupling constant1/137

hc~200 MeVfm

In the experiment, the incident beam and the reaction target’bie and**®Pb, re-
spectively. Therefore,Zand % are 10 and 82, respectively. Radius of the projectile and
the reaction target are 2.86 fm [22]and 7.1 fm from the standard estimatiorA1.2
respectively.

h 1 1
O Zy = —— x 200 x = x 10 x 82] MeV] =~ 120MeV  (A.2)

U p—
Ry + Ry, * 137 7.1+ 2.86

In the kinetic energy of the incident beam,

Mgt

Erel = Ein—
Mtgt + Mbeam

(A.3)

where
o F.: relative energy between the target and incident beam

e F,: kinetic energy of the incident beam
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® Myeam, Mig: mass of the incident and target, respectively

In this experiment, the energy of the incident beam is 58 MeV/u. The relative energy is
the following.

FE,q ~ 1400 MeV (Pb)
Therefore,

Erel > U (r)
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A.2 Analysis PPAC

The following picture is the schematic view of the PPAC definition.

target

PPACa PPACD
{X1,Y1,Zppaca) (X2,Y2,Zppach) (Xtgt, Ytgt, Ztgt)

dX=X2-X1
— % peamvector  dY=Y2-Y1

projetile postion

Figure A.1: PPAC definitiofz (2)0y

Position of X and Y was calculated from both side signals on the X and Y strip, respec-
tively.

X L-—X
Thett — Tright = v v a X (A.4)

where
e V: velocity of the current at strip
e L:length
e X: position of the incident beam

The definition of X, Y and Z is shown in the Fig A.1. The incident argjlé andéy
of the beam is calculated by using the position information of the PPAC-A and PPAC-B
in Eq[?, 7).

dX
fx = tan~* (A.5)
ZppacB — Zppaca
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dY
Oy = tan* (A.6)
ZppacB — ZppAcA

o dX: Xppacs-Xppaca
o dY: Yppacs-Yrraca

Froméy, 0v, the image of the incident beam at target was extrapolated.

Z arget Z
Xiarget = Xppaca +dX target _ ZPPACA (A.7)
ZppacB — Zppaca

Z arget — Z
Ytarget - YPPACA + dY target PPACA (A8)

ZppAcB — ZPPACA

The momentum vector of the incident beam was measured by using the momentum
from TOF at F2PL, and the incident angle of PPAC.

tan Ox
Px = Pyeam A.9
P V/1+ tan 6% + tan 62 (A9)

tan @
PY = Pbeam i (Alo)

\/1 + tan 62 + tan fy”

Py =/ Pl — PX* — P (A.11)
e Pieam: beam momentum measured by F2PL

e Px, Py, P;: X, Y and Z components of the beam momentum, respectively
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B.1 Decay Table
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Figure B.1: Decay table used by in this experiment.

The standard-ray sources of*"Cs, #2Na, ®°Co and the mixture of*! Am-"Be were

used in this experiment.
In the mixture o' Am and’Be,
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1AM — o + 237Np
a+'Be — 2C*+n

120+ is immediately de-excited to the ground state by emittingay at 4.391 MeV.
High energyy-rays produce pair productions more than the low energgy.

v—e +et

et e~ annihilation produced in the matter and then, twray, 511 keV were produced.
In case of the Nal scintillation detectors depositing the energy contained-rayp, the
total energy deposited in the Nal scintillation detector is samerag energy from de-
excited states. In th&C, this energy is corresponding to the 4.391 MeV. In case of one
~-ray of two ~v-ray escaping from the detector, Nal scintillation detectors deposits the
energy corresponding to the

— 2
Edetected_E'y'me c

In the 12C, this energy is corresponding to the 3.928 MeV. In case of{way escaping
from that, Nal deposits the energy corresponding to the

— 2
Edetected — E’y - 2mec

In the2C, this energy is corresponding to the 3.417 MeV.
In 12C*, three type spectrum of energy, 4.439 MeV, 3.928 MeV and 3.417 MeV were
detected in the Nal scintillation detectors.

B.1.1 Decay formula

A=-T% =71N
N(t) = N(0)e /7
T = tl/g IOg 2

A: number of decay

7. decay constant

t1/2: half time

N(t): yield
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Figure B.2:vy-ray from the mixture of Am-Be sources. Be absorbellom alpha decay

of Am and then'?Cx was produced. From therays from'2Cx, the three type spectrum

of energy, 4.439 MeV, 3.928 MeV and 3.417 MeV were detected in the Nal scintillation
detectors
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C Cross Section Estimation

C.1 formula

Cross sectiom is given by

Nfragment A
_ = C.l
’ Nbeam tI\IA ‘ ( )

® O caction. CIOSS Section

Nreaction: NUMber of reaction events

Ng: number of the incidertf®Ne beam

Al[g/mol]: mass number

t[g/cm?]: thickness of the target

N [1/mol]: Avogadro’s number

€: correction term

The correction ternx includes the efficiency and the acceptance of the detectors.
In this experiment,

o A=208[Pb]

o t=0.230[gtm?]

A
o 149.64 % 10~2"m? (C.2)
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o A=27[Al]

e t=0.130[gtm?]

A
~ 34.48 x 107%"m? (C.3)

The incidentNy,.., can be estimated by usingS BE AM trigger which monitors the
beam profile during the experiment.

Nbeam = (DS — factor) * Naoye * (LiveTime)pgppan (C.4)

e ¢: correction of the detectors
e DS-factor: 500 of the down scale factor

e (LiveTime)pspeam: live time for DSBEAM trigger

DS-factor and Live time, respectively, are

Npeam (scaler)
DS — factor) = —~——~ C.5
(DS — factor) Nps(scaler) (C.5)
DS - b raw—data
(LiveTime)ps = ( CAM rav—daia)) (C.6)

(DS — beamscaler))

The reaction products &, agment At BEAM @ SSD@ NEUT andBEAM ® SSD®
DALI, respectively, are as follows.
Incase ofBEAM ® SSD @ NEUT trigger,

Nfragment = Nrawfdata * (Livetime)b®8®n * €ssd (C7)
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Npgsen (raw — data)

LiveTi s®n —
(LiveTime)pezse Nbosan (scaler)

o (Livetime)pgsgn: live time for BEAM ® SSD @ NEUT trigger

e c.q. acceptance correction of SSD

In the case oBEAM ® SSD ® DALI trigger,

Nfragment = Nry * (Livetime)b®s®d * €y

Npgsed(raw — data)

LiveT; sod =
(LiveTime)pgsga Npgsed(scaler)

e N,: number of the photon peaks
e (Livetime)pgsea: live time for BEAM ® SSD ® DALI trigger

o ¢, efficiency of DALI

e, was estimated bGEANT .

86

(C.8)

(C.9)

(C.10)
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C.1.1 The list of trigger event and livetime

RUN Ne+Pb  Ne+Al  ?Ne+emp
Ungated Trigger(scaler) 14852201 4920463 1551938
Accepted Trigger(scaler) 13598070 4738277 152043
beanr SSDrDALI(scaler) 11084097 2136137 378380
beanwSSDxDALI(raw-data) 10038675 1952605 328419
beamw SSDRNEUT (scaler) 3306474 2166475 547899
beanwSSDxNEUT (raw-data) 2982517 1979953 472618
DS-Beam(scaler) 1578423 1755869 822505
DS-Beam(raw-data) 1443494 1630666 725995
Beam 789451741 878002704 411256850
Live Time(all) 0.92 0.96 0.98
Live Time(bsd) 0.91 0.91 0.87
Live Time(bsn) 0.90 0.91 0.86
Live Time(ds) 0.91 0.93 0.88
DS-factor 500 500 500
ZNe(raw-data) 913434 1030369 479364
2Ne(raw-data)*(livetime)*(DS-factor) 501886813 553961828 272365909

Table C.1: The table of the number of the incident beam.

In BEAM ® SSD @ NEUT trigger,

To subtract the empty target run to reject the background compone®i& i)/ ®
SSD & NFEUT trigger, the statics of Al target run, and Pb target run is normalized by the
empty run.

< pureTarget >= C1 < target > —C2 < empty > (C.11)

Number of Pb run and Al and empty, respectively, scaled by the number of the incident
beam after correcting livetime of the detector.

The Cross section table C.5 obtained from previous data is following.

Cross-section correcting to the acceptance of the SSD is the following.
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C Cross Section Estimation
RUN 2Ne+Pb 2Ne+Al *Ne+empty|
factor normalized by empty run (A)0.54 0.49 1.0

livetime of the trigger(B)
total factor(A*B)

C1=0.603 C1=0.543 C2=1.1

0.9 0.91 o.aj
3

Table C.2: The scaling factor for normalizing of run. TriggeBIEAM @ SSDQNEUT.

RUN

26Ne+Pb 2Ne+Al

25Ne
24Ne
23Ne
2Ne

8208 21678
22938 38345
17079 30303
24113 35769

Table C.3: INnBEAM ® SSD @ NEUT trigger, The number of Ne isotopes reaction
products from A of 26 to A of 22 after subtracting empty target run at Pb and Al target,
respectively, in coincidence with neutron threshold 5 MeV. Veto counters has no hit.

|
LRI
AT
A
i 7

MassPb

Figure C.1: The mass distribution of Ne isotopes on SSD at Pb target, Al and empty,
respectively, without acceptance correction. The number of Pb and Al, respectively is
scaled by a empty run. Blue line, black line and green line are mass distribution of Pb

target run, Al and empty, respectively.
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Figure C.2: The mass distribution of Ne isotopes on SSD at Pb target and Al target,
respectively, after subtracting empty run without acceptance correction. The number of
Pb and Al, respectively, is scaled by a empty run. The green line and black is Pb target
run and Al, respectively.
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Figure C.3: The26™ peak of the?’Ne at AlFigure C.4: The6" peak of the’SNe at Pb

target.

target.
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RUN | 2Ne+Pb(error)[mb] 2Ne+Al(error)[mb]
%Ne 58.0(0.9)) 5.2(0.2
2UNe 95.9(1.3) 12.9(0.23
2Ne 79.2(1.3) 11.5(0.22
2Ne 93.9(1.7) 14.2(0.26

Table C.4: INBEAM ® SSD @ NEUT trigger, the cross section of Ne isotopes reac-
tion products from A of 26 to A of 22 after subtracting empty target run at Pb and Al
target, respectively, in coincidence with neutron threshold 5 MeV. Veto counters has no
hit. The acceptance correction of SSD was not performed. The acceptance and efficiency
of neutron was not also performed.

RUN | 2Ne+Pb(error)[mb] 2Ne+Al(error)[mb]
%Ne 119(1.9) 10(0.3
2Ne 211(2.9) 29(0.6
2Ne 167(2.7) 22(0.5
2Ne 197(3.1) 31(0.7

Table C.5: After correcting the acceptance of the SSDBHAM ® SSD @ NEUT
trigger, the cross section of Ne isotopes reaction products from A of 26 to A of 22 after
subtracting empty target run at Pb and Al target, respectively, in coincidence with neutron
threshold 5 MeV. Veto counters has no hit. The acceptance correction of SSD was not
performed. The acceptance and efficiency of neutron was not also performed.
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RUN %Ne+Pb  Ne+Al
photo-peak(before accept)2020 keV; 27) 1236 844
photo-peak(after accegt)2020 keV; 271) 3101 3670
e efficiency 13.6% 13.6%
Ae/e(hline) 20% 20%
¢ acceptance 39.8% 31.1%
o cross-section(mb) exp 68.2(13.6) 16.8(3.4
o cross-section(mb) previously[12] 74(13)

Table C.6: The2(20202T — g.s) cross section of th€Ne at Pb and Al target, respec-
tively.
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C.1.2 Error estimation of cross section

In this section, the way of the error estimation for cross section is shown in following.

Nfrag A
reaction — C.12
Oreact Ng N, ( )

Oreaction. CrOSS section

Niragment: NUMber of the reaction products

Np: number of the incident beam

Alg/mol]: mass number

t[g/cm?]: thickness of the target

e N,4[1/mol]: Avogadro number

The errorAc of the cross section is given by following.

AN; )2 (Aefr )2 ANgp\?>
Ao = LN ) 4+ C.13
\/< Nfrag €frag NB ( )

ANpg: statics error of the incident beam

€: acceptance correction of SSD

Ae: acceptance correction error of SSD

ANG2 : statics error of the reaction products number

° Afori;g: fitting error of the reaction spectrum spectrum on SSD

Subtracting empty target run from Pb and Al target, respectively, run produce the error
of the Pb and Al target run, respectively, with the error of the empty run.
In empty run,Az is the error of the empty run.
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Nemp =2 £ Ax (C.14)

In Pb and Al run, respectively)y is the error of the Pb and Al run , respectively.

Nige =y + Ay (C.15)

F is the number of the total event after subtarcting the empty target run.

F = Ny — C1 % Negyp (C.16)

Therefore,

ANgag =AF (C.17)

e C1: coefficient in normalizing target statics

AF = \/(Z—i) (Ax)? + (i—j) (Ay)? (C.18)
OF
oF =C1 (C.20)
0y

Therefore,

AF = /(Az)2 + (Ay x O1)2 (C.21)
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In they-ray spectrum case,

N, A
o= —
Nbeam t1\IA

(C.22)

Therefore,

Ao ANN?  (Ae,\?  [(ANg\?
R CORCRCS ©29

AN, = \/ (ANsa_)2 4 (ANIt)2 (C.24)

o Cross section

N,: number of the photo-peak number

e: efficiency of the DALI

Np: statics error of the incident beam

AN statics error of the photo-peak number

AN fitting error of the photo-peak spectrum

94
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D Gold Haber Model

00 (D.1)
where
e A: mass number of the projectile

e F: mass number of the fragment
o A: momentum distribution of the fragment

<O P)P>=> <P!>+> <P P>=A<P!>+AA-1)<P;-P; >=0

i=1 i#j
(D.2)
F
A’ =<Ph>=<) (P)?>=F <P/ >+F(F-1)<P;-P; > (D.3)
=1
[F(A=F) 1 [F(A—F) [F(A—F)
2 _ 7 2 — _p2 S S
/< Pp>= 11 \/ < P, 5P0 11 ~ 90 11 1\4((;\/4)

According to the model developed by Goldhaber[3], the width of the parallel momen-
tum widtho in the fragment is the following.

(D.5)
where

e F: mass number of the fragment
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Figure D.1: Fragmentation

e A: mass number of the projectile
¢ A: the momentum distribution of the fragment

e Pr: Fermi momentum of nucleon

At relative energies, the momentum distribution of the projectile fragments are well
described by Gaussian functions of the form.

& Pl —(R- R
— _ — D.6

where C is a normalization constant. The variabfesand P, are the fragment mo-
mentum in the directions parallel and perpendicular to the beam respectively. The average
fragment momentum in the beam directiorHs

The angular distribution of the fragment in the laboratory frame is described in the
following by the thesis[10]. The variance of the momentum distributions in the directions
parallel and perpendicular to the beam aieandaﬁ respectively.

Eq.D.6 can be transformed in the laboratory frame into the double differential cross
section.

P =\2ApEy (D.7)

Py = Pcostl, P, = Psin0 (D.8)

d*o Epsing®®> Epcos#? —2(ErE)/? + E
= No(Ap, Ep)? exp(—Ap(=E r D.9
AdEd 0( Fy F) €Xp< F( O'i + oy )) ( )
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where N is a normalization coefficienty its laboratory kinetic energy its most
probable kinetic energy arttis the laboratory detection angle.
In the condition of the experiment; ~ constant, andin 6 ~ 6, cos¢ = 1 for 6 ~ 0.

do E}r@2
— = —A D.1
70 Crexp(—Ap 207 ) (D.10)
In the in the thesis[10];, is 87 MeV/c.
Therefore free parameterads,.
Apr(A, — A Ap(Ap —1
O_i F( P F)O_Q F( F ) 2 (Dll)

Il
s
N
|
—
(e
s
R
e
av)
|
=
Q
)

where
e Ap: projectile mass number
e Ap: fragment mass number

e op: deflection of the projectile the nuclear and Coulomb fields of the target prior to
fragmentation
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D.1 Coulomb dissociation from the Cross-section

To investigate the narrow component, the cross section integrated over the angle in lab-
oratory flame from 1 degrees to 5 degrees in the narrow component and wide component
at Pb and Al targets were measured, respectively(see in Table. D.1 and D.2.)

Mass | Pb (wide) Al(wide)
25 288.9(4.6) 273.3(30.5
24 282.1(4.7) 273.9(9.2
23 257.8(7.1) 265.6(7.8
22 234.7(8.6) 268.0(3.6

Table D.1: The cross section table for the wide component integrated over angle between
1 and 5 degrees at Pb and Al targets.

Mass | Pb (narrow) Al Pb(narrow
25 92.0(2.0) 133.5(14.3
24 88.9(1.6) 122.5(7.7
23 85.9(2.1) 119.6(17.1
22 81.(1.9) 60.3(4.2

Table D.2: The integrated cross section table for the narrow component integrated over
angle between 1 and 5 degrees at Pb and Al targets.

By using these cross section of the narrow and wide components, respectively. the
following possibilities were considered.

1. Onarow/Owide deCreases with the neutron for the fragment decrease.?

The energy of the excited states though Coulomb dissociation process is lower than
that of the excited states though the nuclear breakup by the limited photon num-
ber(see in Fig. 2.4). Thus, the contribution of the Coulomb dissociation is probably
decreases with the neutron of the fragment decrease. But this consideration was not
enhanced at the Pb target (see in Fig.D.3).
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Figure D.2: Theo, for the wide component. The solid line is not agreement with
GoldHaber model calculation. In the assumptiorogf0, the deflection parameter of
o4 = 96(0.3) and 121(15) was calculated at Pb and Al target, respectively.
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2. The ratioo,arow at Pb/Onarrow at A1 €Nhanced (£,/Z ;1) as simply model, amplitude
of Rutherford scattering?

The narrow component is at the angle between 1 and 2.5 degrees and this compo-
nent started from O degrees. Therefore, the integration for must be calculated from
0 degrees. To check precision of the integrated ratio from O degrees for extrapola-
tion, firstly the ratio of wide component cross section was measured. These ratio
was compared to the detected angle between 1 and 5 degrees. As a result, these
ratio are agreement with each other in Fig. D.4. In the next step, the ratio of narrow
component cross section was measured as same procedure. But the large ambiguity
was shown in Fig. D.5.

rati o(narrow w d

—e— Ph(narrow/wide) /< &
—s— Al(narrow/wide) /1< 7%
—s— Pp(narrow/wide) O< &
"1\ Alnarrow/wide) O< &

rati o

RN N W XN v N X

24 25

Mass

Figure D.3: The figure of the ratioy,. o /owide- This figure shows that the narrow com-
ponent between Pb and Al target is symmetric tendency.

22
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; /
0

2 24 25
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Figure D.4: The ratio obpy, /o, for wide component at the laboratory region from 1 to

5 degree and extrapolation region from 0 to 5 degree. The ratio of two region is almost
same and this shows that the extrapolation is adequacy.
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r%tio(Pb/AI) narr ov

0
40— ZA A A —— namow(PVAD <
+ \/ 5
CU 7 -/ \,\ —s— pamrow(PlVANO< 2
20 = <5
— = e
\ —h— (ZPb/ZA*2
10 23
0

22 23 24 25

Mass

Figure D.5: The table ofp;,/oa; for narrow component between A=22 to A=26. This
figure shows that the ratio of the laboratory frame from 1 degrees to 5 degrees and extrap-
olation frame from O degrees to 5 degrees is different from each other. This shows that the
ambiguity of the forward angle. The black line is based on the assumption of the simple
mode Rutherford scattering. This model is dependent on the charge of targeE?,,,

In the thesis, the problem on the narrow component was not resolved.



103

E Acknowledgements

During the thesis work at the University of Tokyo Institute of Technology, | have had
the so many privilege with many truly fine individuals. Firstly I give great thanks to my
instructor, professor Nakamura for his support and encouragement.

| thank to the R332 collaborators in this experiment for taking good data. In the experi-
ment, | thank these people for not only collaborating our experiment but also teaching me
how to perform in the experiment. | thank to Julien in my collaborator of the experiment
and analysis. The discussion with him helps me and the unique idea from him gives me
many contribution. | express to Fukuda-san and Satoh-san for giving variety answer to
my numerous questions on the experiment and physics.

A special acknowledgement goes to the people of Nakamura laboratory, Vinod-san,
Sugimoto-san, Miura-san, Kondo-san, Matsui-san, Watanabe-san, Ohara-san, Nakabayashi-
san, Hashimoto-san for discussing about so many problem.

Finally I would like to thank my parents, brother, ground mother, and friends for their
continuous encouragement and supports.

Collaborators Special Thanks to Julien Gibelffy Koichi Yoshida®, Takashi Naka-
mura®, Didier BeaumeP, Nori Aoi F, Hidetada Bab&, Yorick Blumenfeld®, Zoltan
ElekesE, Naoki Fukud&, Tomoko Gomi®, Yosuke Kondd", Akito Saito®, Yoshiteru
Sato”, Eri Takeshita®, Satoshi Takeuchi, Takashi Teranisht, Yasuhiro Togand,
Victor Lima B, Yoshiyuki Yanagisaw&, Attukalathil Mayyan Vinodkumaf', Toshiyuki
KuboE, Tohru MotobayasHi

A: Department of Physics, Tokyo Institute of Technology

B: Institut de Physique Nuclaire, Orsay, France

C: University of Tokyo (CNS), RIKEN Campus

D: Department of Physics, Rikkyo University

E: The Institute of Physical and Chemical Research (RIKEN)



104

Bibliography

[1] I. Tanihata et al.: Phys. Rev. Lib, 2676(1985).

[2] T. Kobayashi et al.: Phys. Rev. L&, 2599(1988).

[3] A.S. Goldhaber.: Phys. Rev. Lett5B, 306(1974).

[4] R. Anne et al.: Phys. Lett. B0 19(1990).

[5] N. A. Orr et al.: Phys. Rev. Let69, 2050(1992).

[6] T. Nakamura et al.: Phys. Lett.31, 296(1994).

[7] R. Anne et al.: Nucl. Phys. B75 125(1994).

[8] N. A. Orr: Phys. Rev. Lett69, 2050(1992).

[9] T. Nakamura et al.: Phys. Rev. L&8, 1112(1999).
[10] R. Dayras et al.: Nucl. Phys.#60, 299(1986).
[11] A. Leistenschneider et al.: Phys. Rev. L&® 24(2001).
[12] B. V. Pritychenko et al.: Phys. Lett. 481, 322(2001).
[13] T. Kubo et al.: Nucl. Instrum. Methods.7®, 309(1992).
[14] H. Kumagai et al.: Nucl. Instrum. Methods4#&0, 562(2001).
[15] J.A. Winger et al.: Nucl. Instrum. Methods7B, 380(1992).
[16] S. Takeuchi et al.: RIKEN Accel. Prog. Reg6, 148(2002).

[17] K. lkeda.: Nucl. Phys. A38 355¢(1992).



E Acknowledgements 105

[18] D.J. Horen et al.: Phys. Lett.99B, 385(1981).
[19] C.A. Bertulani et.al: Phys. Reft63 299(1988).

[20] J.D. Jackson, Classical Electrodynamics 2nd Ed. (John Wiley & Sons, New York
1975).

[21] O. Sorlin et al.: Nucl. phys. 885, 186¢(2001)
[22] A. Ozawa et al.: Nucl. phys. 893 32(2001)
[23] R. H. Stokes et al.: Rev. Sci. Ins2B, 61(1958)
[24] T. Nakamura: Doctor thesis, Tokyo University
[25] K. Yoneda: Doctor thesis, Tokyo University

[26] Z. Ma, private communication



