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Abstract

The study of the low-lying E1 strength of the neutron-rich 26Ne nucleus was stud-
ied by using the Coulomb dissociation. In the unstable nuclei with extreme neutron
to protonratios, low-lying E'1 strength at very low excitation energy was predicted.
For 25Ne, 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 goa of this study is to derive the E1 strength distri-
bution from the relative energy spectrum 2°Ne+n , we show here the preliminary
analysis on the inclusive cross sections and angular distributions for the breakup
reaction channels 26Ne+Pb—22-25 Net+n+x, 26Ne+Al—22-25Ne+n+x. This par-
ticular study aims at developing a method to distinguish the Coulomb dissociation
component from the nuclear breakup.

The experiment was performed at RIKEN Projectile fragment Separator RIPS.
The unstable beam of 26Ne was produced by RIPS and bombarded Pb and Al tar-
getsto excite and breakup this projectile. The outgoing Ne fragment was detected
in coincidence with a neutron.

Breakup cross sections of 2Ne into 22-2°Ne with Al and Pb targets were ob-
tained 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 component. The wide component was explained by the fragmen-
tation model. On the other hand, narrow component and cross sections were not
well understood yet. Further analysis 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 nuclel lying far from the 5-stability
lineis 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 afacility.

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 nuclel are marked. The halo structures are characterized by atwofold
structure composed of a saturated 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 measurements of interaction cross sectionsfor Li
isotopes at 800 MeV/u by Tanihata et al.[1]. The large interaction cross sections
observed for '!Li indicated 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 et al.[2] found that the transverse momen-
tum distribution of °Li emitted from the fragmentation of ''Li at 800 MeV/u has
much narrower width than those for usual nuclel expected by the Goldhaber scal-
ing law[3]. Since the observed momentum width represents the momentum of two
valence neutrons of 'Li, these neutrons should extend spatially outside the usual
nuclear radius according to the uncertainty principal. In other words, two valence
neutrons form a neutron halo surrounding the saturated °Li core. Evidencesfor the
halo structure of !'Li are also found from the narrow angular distribution of neu-
trons emitted in the fragmentation ' Li[4], the narrow longitudinal momentum dis-
tribution of emitted “Li in the same reaction, and the similarity of the quadrupole
moments between °Li and ' Li[8§].
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Figure 1.1: Nuclear chart for light nuclei. The neutron-rich nucleus 26 islocated 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 particle threshold, the nuclear response of sta-
ble nuclei is dominated by collective vibrations of various multipolarities, i.e., gi-
ant resonance as listed in Tablel.1. For the instance, the excitation energy for the
isovector E1 mode(Giant Dipole Resonance(GDR)) isashigh asabout 10-20 MeV.
However, for the nuclei with neutron halos, appreciable E1 strengths has been ob-
served at much lower excitation energies compared to the usual GDR region. For
the one-neutron halo nuclei ''Be[6, 7] and 9C[9], the observed dipole strength at
very low excitation energies was interpreted as a quantum- mechanical threshold
effect, involving nonresonant transitions of the val ence neutron into the continuum
instead of the resonances. For °Heand ' Li, a coherent dipole vibration of the two



spin isospin multipolarity 1™ Ex
Isoscalar(T=0) | monopole  0* 80A1/3
quadrupole 2% 65A~1/3
octopole 3~ 30A~1/3 120A1/3
Isovector(T=1) | monopole  O° 60A—1/3
dipole 1-  31A1/3421A-1/6 [80A1/3]
quadrupole 2+ 130A~1/3

Table 1.1: Thelist of the Giant Resonance.[18]

hal o neutrons against the core was discussed. Thefirst attempt to interpret the phe-
nomenon 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
between 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 vi-
brational picture for the SDR was suggested in the theory, the interpretation of the
experimental datais still under discussion. Such a mode, in literature sometimes
referred as pygmy resonance, may arise if less tightly bound valence neutrons vi-
brate against the residual core (Figl.3).

A pioneering work of the low lying GDR has been performed at GSI on the
Oxygen isotopes [11]. In thiswork, 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 investigated, the dipole strength appears to be strongly fragmented
with a considerabl e 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 thisis 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 neutron-rich
26Neisotopewhichislocated near the drip lineasshownin Fig.1.1. The 26Newas
predicted as the candidate of a SDR[26]. It shows that the stable 2°Ne has a main
peak centered at the GDR energy of 20 MeV in Fig. 1.3. On the other hand, for the
neutron-rich isotope 26Ne, the calculation predicts a strong redistribution of the
strength, a low energy component 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.



direct breakup

0.

soft dipole resonance

core + valence neutron

giant dipole resonance

proton+neutron

Figure 1.2: The schematic view of the dipole mation. In the dipole breakup, the fi-
nal statesis continuum states instead of aresonant state. Inthe SDR, the resonance
isthe 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 for 26Ne and 2°Ne. In 2°Ne,
the peak of the GDR is centered at about 20 MeV. On the other hand, the peak
of GDR for 26Ne is fragmented. In the experiment, We search for the pygmy
resonance about 8 MeV.



2 Experimental Considerations

2.1 Neutron-rich nuclei, 2°Ne

The radius of 25Ne is known to be 2.86 fm(r.m.s).[22]. The one neutron sepa-
ration energy and two neutron separation energy is 5.6 MeV and 9.8 MeV, respec-
tively. 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 redistribution 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 investigating excited states of nuclei. An appealing feature of this reaction is
the clear understanding of its reaction mechanism. In the classical Coulomb exci-
tation experiment, theincident energy is usually set bellow the Coulomb barrier in
order to avoid the influence of excitations via a strong interaction.

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



Byl ~ 1400 MeV (Pb)

The present works, nevertheless, utilized a 26Ne beam with the intermediate inci-
dent energy of 58 MeV/u, which liesfar above the Coulomb barrier of 170 MeV (see
Appendix 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 of ~1/r A+1) for the A-th
multipolarity. Asshownin Fig. 2.2, at the intermediate incident energies, the cross
sectionsarerelatively largeevenfor £/,=5MeV. In applying Coulomb excitation to
unstable nuclei, it is practical to employ the radioactive nuclei provided as abeam.

Hence, aprojectileisto be excited by aCoulomb field of ahigh-Z target. Thebasic

phenomenon of Coulomb excitation in the intermediate and high incident energy

domainsis shownin Fig. 2.1. Asseen in the figure, a Lorentz- contracted electric
field acts on a projectile nucleus when the projectile passes fast by a high-Z target

at animpact parameter b. Inthiselectric field, theincident nucleusabsorbsavirtual

photon 2.4. Hence, Coulomb excitation can be expressed as a photo-absorption

process induced by avirtual 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 excitationenergy E .. isexpressed
simply as aproduct of photo-absorption cross section UEA (E,) and virtud photon
number Ng(E,) which is obtained by integrating Ng(E,,b) (photon flux at a
impact parameter b) from the cutoff impact parameter b to infinity, i.e.,

doo(Es)  [% Npga(Ez,b) pa
e = /b B 8 2.1)
Nex(E:)

where \ represents amultipolarity of the transition. The photo-absorption cross
section is related to the reduced transition probability.

O.EA(Ex) _ (27T)3()‘+ 1) (

By gy, dB(EX)
v NEOESE )

he dE, 23)
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Figure 2.1: &) Schematic drawing for Coulomb excitation process. An electric
field E, illustrated by lines of electric force, is provided in the projectilerest frame,
and thus is L orentz-contracted in the beam direction. The final stateis depicted as
adissociated state (Coulomb dissociation). b) The electric field from the target is
interpreted as a virtual photon flux (equivaent photon method). The absorption of
one photon in the typical direction isillustrated.

Depending on the succeeding decay process, Coulomb excitation cross sections
can be measured in different ways. The decay processes are categorized as fol-
lows: 1) If the excitation energy is above a particle-decay threshold, the excited
state will pre dominantly decay by a particle emission (Coulomb dissociation).
2) If the excitation energy is below any of particle thresholds, the excited state will
decay by a~-ray emission. In the case of 1) further v-ray emission follows when
the decay product isin bound excited states. In Fig. 2.3, such excitation and decay
schemes are shown for 26Ne. The main part of the present work employed the
breakup case, where the cross section was determined by measuring the dissocia-
tion cross section.(Case 1) We also independently studied Coulomb excitation of
26Ne to the bound state. The B(E?2) of this transition by using Coulomb exalta-
tion was previously measured at MSU[12], so that we can use this excitation as a
reference.(Case 2)

10
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Figure 2.2: Electromagnetic(Coulomb) excitation cross section of E1, M1 and E2
transitions of 2°Ne as a function of incident energy. These curves are calculated
by the equivalent photon method.
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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 spectrum N g1 (E;), estimated for the *Ne projectile
with 58 MeV/nucleon and 500 MeV/nucleon, respectively on a Pb target. The
spectrum is represented regarding the Coulomb excitation above the threshold
energy(E,=5.6MeV). Note that the photon numbers decreases with F, and the
decrease is slow with the energy of the incident beam.
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3 Experimental Setup

3.1 Production of 2°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 of “°Ar at 95 MeV/nucleon bombarded a 2-mm-thick Be tar-
get and various isotopes were produced by the projectile fragmentation reaction
in Fig D.1. The secondary beam of 26Ne was collected and analyzed by RIPS.
The average intensity and purity of the 26Ne 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 L orentz
forcein EQ.3.1.

Bp o = (3.1)
where
e B: magnetic filed strength
e p: radius of curvature
e Z: aomic number
e A: mass number

This shows that the particle is spatially separated by A/Z, which facilitates a sep-
aration of isotopesin the D1 dipole magnet section of RIPS. The energy loss of a
charged particle passing though a matter is given by the following.

Z2
AFE o = = Z°TOF? (3.2
v

14



Figure3.1: Layout of the RIKEN Accelerator Research Facility (RARF). An 4°Ar
beam was pre-acce erated with the AV F Cyclotron and was mainly accelerated up
to 95 MeV/nucleon with the Ring Cyclotron. The beam is transported through the
beam transport linein theroom D onto the production target at RIPS. Thefragment

separator RIPS[13] liesin the room D and EB6.

15
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Figure 3.2: Layout of the radioactive beam line RIPS. The separation of the sec-
ondary 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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where
e AFE: energy loss of acharged particle
e V: velocity
e TOF: time of flight

A Charged particles passing though a matter can be separated by the Z num-
ber Eq. 3.2. By the different amount of the energy loss at F1, different isotopes
may have different Bp values after F1, which facilitates a separation of isotopes
in the D2 dipole magnet section of RIPS. Therefore, the selection of A/Z was per-
formed 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 Bp.

3.1.2 Target

Inthe experiment, anatural Pb target with 0.23 g/cm? thickness for the Coulomb
dissociation reaction and a natural Al target with 0.13 g/cm? for the evaluation
of the nuclear breakup contributions were used, respectively. Runs with no tar-
get 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 isthe 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, F3PPAC-B). The schematic view of the F2 plastic scintillator and
PPAC isshowninFig. 3.4 and 3.5, respectively.

The purpose of the F2PL is the identification of the incident particles and the
measurement of the velocity of the incident particles. The identification of the in-
cident particles was performed by the TOF-A E method (see Eg. 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.

17
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Figure 3.3: Schematic view of the setup backward F3. The detectors system com-
prises 152 NAI(TI) detectors for detecting y-rays, AE — E Silicon Strip Detector
for detecting outgoing reaction products, and Neutron Wall for detecting neutrons
produced in the reaction.

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 mm x 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.

18



F2 plastic scintilator
%;

40 yerips Partiche

strip width=2 4mm,
space={, Limm

Figure 3.5: picture of the PPAC

3.2.2 Detector for Reaction Products

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

3.2.3 Silicon Strip Detector

I dentification of the reaction products was necessary for reaction channel selec-
tion, since a large variety of isotopes were produced in the secondary fragmen-
tation reaction. In this experiment, particle identification of the fragments was
performed by using four-layer Si strip detectors (SSD) composed of AF and E
counters located at about 1.2 m downstream of the target. A F stands for the en-
ergy deposit in thefirst two layers of the silicon telescopes, and E' 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. Thefirst two layerswere
composed of eight Si detectors which were used for position detection. The posi-

19
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Figure 3.7: The Schematic view of SSD. Left:particle identification of the frag-
ments was performed by using four-layer Si strip detectors (SSD) composed of
AFE and E counterslocated at about 1.2 m downstream of the target.

tion and intrinsic energy resolution of A E counters were 5 mm and 2% (FWHM)),
respectively. Thelast two layers were the E counter composed of eight Si(Li) de-
tectors 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 in
terms of the mass number A and the TOF as follows.

1, 5 A
From Eqg. 3.2 and Eq. 3.3,
EAFE o« AZ? (34)

Therefore, by the EAE, the particle identification of the fragments can be mea-
sured.

20
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Figure 3.8: readout position of SSD. Red line was for X strip at the first layer.
Bluelinewasfor Y strip at the second layer. The position of the reaction products
was measured by the signal from both X and Y strips.

The position of the fragments was performed by using the strip (seein Fig. 3.8).
This position resolution is 5 mm. The momentum of the fragments was analyzed
fromthe 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 productsin thelaboratory flamewas
determined by the position information both PPAC and SSD. P ;,, was measured by
the F2PL and PPAC. P, Was measured by the SSD.

Pin : Pout
0 = arccos ———— 35
| Pin || Pout | ( )

3.24 Gamma-Ray Detectors

An array of 152 Nal(TI) scintillation detectors (DALI2) was placed around the
target to detect v rays emitted from the excited fragments in flight (v/c ~0.3).
The schematic view is in Fig. 3.9. The high granularity of DALI2 allowed us
to measure the angle of the v-ray emission. The angular information was used
to correct for the large Doppler shift, which was caused by a moving reaction
products emitting v raysin a high velocity (v/c ~ 0.3). For 2 MeV ~-rays, the
efficiency was calculated to be around 13% (seein Appendix B.2) withanintrinsic
energy resolution of 7% (FWHM).

21



Figure 3.9: Schematic view of 152 Nal(T) scintillation detectors (DALI2).

3.2.5 Neutron Detector

The neutrons produced in the reaction were detected by the neutron wall (seein
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 neutron counter. The veto counter rejected eventsin which
acharged particle hitsin the neutron wall. Two photo-multipliers, coupled to both
ends of each scintillator in the horizontal direction, read out light-outputs of the
scintillator. The average of the two PMT timings was used to define the neutron
TOF between the target and NEUT. The timing difference between PMT’s deter-
mined 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 ac-
quisition and the contribution from background events mainly caused by the inci-
dent beam with no reactionsin thetarget. Therefore combinations of the following
conditions were imposed.

e DSBEAM: thesigna generated once each five hundred BEAM signals

e BEAM®SSD®NFEUT: alogical AN D of thetrigger logic BEAM and
SSDand NEUT

e BEAM®SSD®RDALI: alogicad AN D of the trigger logic BEAM and
SSDand GAMM A

22



Neutron wall

Figure 3.10: The schematic view of Neutron Wall(NEUT))

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 alist 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 of 2°Ne were performed to measure the
absolute energy of SSD. Calibration runs of proton and deuteron runs were per-
formed to measure the absolute energy of NEUT. Calibration runs of 2°Ne brass
which produced large number of ~ rays were performed to measure the absolute
timings of NEUT. The experimental runs aiming at obtaining the interesting spec-
trawere performed using three different target, Pb, Al, empty (see the section of
target).

23



o DSBEAM

Figure 3.11: Circuit diagram for trigger signal of data acquisition system.

Secondary Beam Target Trigger

26Ne (58 MeV) Pb COINorDSBEAM
26Ne (58 MeV) Al COINorDSBEAM
26Ne (58 MeV) empty COINorDSBEAM
26Ne for gamma products Brass COINorDSBEAM
25Ne (60, 55, and 50 MeV) for SSD Pb COINorDSBEAM
proton (70, 50, 40 MeV) and triton (87 MeV) for neutron counter Pb COINorDSBEAM
proton (30 MeV) for Veto counter empty COINorDSBEAM

Table3.1: COIN isthetrigger of (BEAM®SSDRNEUT)®(BEAM®QSSDRGAMMA).
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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

P T [ S———
000

Atib0

ns
g

00—t

P i ! ! w0 |

4 L L L
o L | L ! | P - - | L | ] S00 1000 1500 2000 2500
] 500 160 IS0 300 BSMD MAD 500 4000
Histogran 13 = 161 channelich]
Channel

Figure 4.2: TDC pulse Histogram. His-
togram obtained using the time calibrator
module.

Figure 4.1: Plot of channel versus tim-
ingin ns. This calibration was fitted by a
linear function of the timing.

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 quan-
tities. For this purpose, we took calibration data, which were clearly related to the
corresponding physical quantities. 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 followed 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 data to ns, the following func-
tion was used (Eq. 4.1). Thefigure 4.1 and 4.2 show 20 ns pulse plot in the TDC
channel and the result of the calibration of timing, respectively.
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T(ns) = c1X(ch) + co 4.1

4.1.2 Particle Identification by using the F2 Plastic Schintilla-
tor

In this subsection, particle identification of 2°Ne run and 2Ne run, is described.
The desirable incident beam including other particle which was unable to be re-
jected at RIPS was able to be selected by using F2PL. Particle identification was
performed by using TOF between FO to F2 versus AE at F2PL (seein Eq. 3.2).
To compare the obtained data at F2PL with the data from yield estimation code
INTENSITY[15], particle identification was performed.

4.1.3 Particle Identification of incident 2°Ne beam

In the incident 2°Ne beam, the estimation of the yield estimation was shown in
table. reftab:25Ne, and the obtained data from experiment was shown in Fig. 4.3
and Fig. 4.4. The 25Ne beam can be identified by using these three result.

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

25Ne 6.2¥10° 201.4
26Na 6.8*103 191.1
2TNa 9.0%10° 197.4
Mg 5.0*10° 189.0
29\Mg 9.8*10° 194.8

Table 4.1: The result of the estimation of both intensity and TOF(FO-F2) by using
INTENSITY CODE for 2°Ne incident beam. This fragment was produced by the
primary beam “CAr with 95 MeV .
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Figure 4.4: TOF spectrum of the incident
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mental data at 2°Ne incident beam
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4.1.4 Particle Identification of incident 2Ne beam

In the incident 26Ne beam, the procedure of the identification was same as in
the case of 2°Ne. As aresult, 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) TOR(FO-F2) (ns)

25Ne 6.2 201.4
26Na 6.83 191.1
2TNa 9.0% 197.4
28Mg 5.0% 189.0
29\Mg 9.8 194.8

Table 4.2: The result of the estimation of both intensity and TOF(FO-F2) by using
INTENSITY CODE for 2Ne incident beam. This fragment was produced by the
primary beam 4°Ar with 95 MeV .
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4.2 Purity estimation of the incident beam

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

N es
purity = —des (4.2
total

where
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e Nges: Number of the desired particle
o Nioiar: tota number of the incident beam
The purity of 2°Ne and 26Ne s the following.
purity =222xe =79 6%

Niotal

purity = % =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
Pattermaterial = Cy+ C5Pbeforemateria1 + CﬁRbeforematerial (43)
b Pbeforematerial: momentum

® Piftermaterial: Momentum corrected

The table.4.3 shows the result of the incident 5 and 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
Pagtertgt/A  316.75[MeV]  316.70[MeV]
Baftertat 0.32194 0.3220

Eafrertgt/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 datawas almost same as the calculation
data.
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Figure 4.7: the momentum distribution of the incident beam, 2°Ne 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 timing, (T 1+T>) is
constant. By using this feature, we set a gate to (T;+T5) for each cathode of al
the PPAC’s to exclude multi-hit events. The table of result in efficiency and typi-
cal 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 inci-
dent angleisin Fig. 4.9. By using this angle, the result of the profile of beam size
and and momentum vector of the incident beam 2°Ne in front of the target can be
caculated. Figure. 4.10 and 4.11 are the result of these , respectively.

X L-X
(Thett + Tright) = vIi Vv = L/V o constant (4.4)

- 26 ) _
EffICIGHCy(PPAC): Nep2pL ®(Trignt +Tleght =constant)

26NerapL

efficiency
PPACa 96.9%
PPACb 96.1%

PPACaxPPACb  93.4%

Table 4.4: Thetable of efficiency inthetwo PPAC’S (PPAC-A,PPAC-B)

32



Counts

200 220 240 260 280

Timing Sum

Figure 4.8: Spectra of the sum of timing (T ;+T>) of both electrodes attached to
a PPAC. Single hit events constitute a sharp peak, while multi hit events exhibit
smaller (T1+T3). 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 infor-
mation obtained by two PPAC’s before the target.
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Figure 4.10: Beam spot size of 26Ne. The plot was made by extrapolation of the
position information obtained by two PPAC's in front of the target.
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4.4 Particle Identification of Reaction Products

4.4.1 Energy Calibration of Silicon Strip Detector

AFEyota1 1S the energy which is the total energy of the first layer and the second
layer.

AFEiotal = AEXpack + AEyback (4.5)

The reaction products are stopped in the third layer or the fourth layer. The total
kinetic energy, E'oa1 Of the reaction products is the total energy of all SSD layer
in case of stopping the reaction products.

Etotal = AEtotal +LK (46)
where
o AFi.a: tota energy of AE counters

o AFExpack, AFvyback: energy loss of the first layer and the second layer,
respectively

e FE: energy of E counter
e FEi a1 total energy of reaction products

The Energy calibration of the four-layer-Si strip detectors (SSD) was performed
by using the 2°Ne beamswith 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 datato energy, the following function was used.

E(MeV) = C;X(ch) + Cy 4.7)

4.4.2 Particle Identification of Reaction Products

Figure. 4.12 shows the AE-E correlation of the reaction products from 26Ne
incident beam at 58.7MeV/nucleon.

In this analysis, in order to identify clearly the reaction products, F . Was
redefined.
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table of caibration 2°Ne beam[MeV/A]
Eps AFioa | deviation | Eiota | 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) 1120 | -001 | 43.96 0.05
4955 MeV/A (ca) | 13.48 36.81
(exp) 13,51 003 | 36.83 -0.02

Table 4.5: The result of ADC calibration obtained for the silicon detector tele-
scopes with the 2°Ne beams with 60 MeV/A, 55 MeV/A, and 50 MeV/A respec-
tively.

. 1
Eiotal = E + §AE (4.8)

The equation 4.8 shows that the total mean energy lossis ;AE[23]. The PID
valueis defined as

, 1
PID = AFEgta1Frotal = AE(E + §AE)01 ~ AZ? (4.9)

¢y isaconstant. In this analysis, ¢; was 0.75. Figure. 4.13 shows that Mass-
AFE correlation of the reaction products for Al target. Thetrigger condition of this
figureis BEAM®SSD®NEUT and the 5 MeV threshold of pulse height in the
neutron counter was performed.

4.4.3 Improving the mass resolution of SSD

Figure 4.13 shows that the fragment was mixed with the with 2Ne beam be-
cause 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 of 26Ne 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
resolution o from these mass spectrum isin Table. 4.6.
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Figure 4.13: The mass versus of AE at Al target. The trigger condition is
BEAM®SSDNEUT. The5 MeV threshold of pulse height on the neutron
counter and multiplicity of zero on veto counters were performed. The Ne iso-
topes is mixed with the 26Ne beam because of the energy struggling of the target.
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RUN | 26Ne+Pb  26Net+Al 26Netempty
26Ne 0.238 0.224 0.279
25Ne 0.259 0.244 0.250
2ANe 0.259 0.222 0.232
23Ne 0.282 0.226 0.226
22Ne 0.257 0.218 0.218
2INe 0.34 0.228 0.228
2ONe 0.477 0.294 0.254

Table 4.6:

Thetable of o with Gaussian fitting of mass distribution.
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Figure 4.16: The mass identification of Ne isotopes on SSD after cutting the for-
ward anglefor Pb target.
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Figure 4.17: The mass identification of Ne isotopes on SSD after cutting forward
angle at Al target.
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Figure 4.18: The mass id‘ entification of Ne isotopes on SSD after cutting forward
angle at empty target.
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4.5 Acceptance Correction of SSD

The acceptance of the SSD was estimated by a Monte Carlo simulation. Wefirst
evaluated 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, theresult of the simulation was compared to theresult of the analytica
calculation. Analytical calculation is from the geometry information by using the
Eq.4.10.

2% T K Tpea)

€= ——— (4.10)

2% xR
Figure 4.19 and Figure 4.20 show the detector acceptance as a function of an-

gular range, where 6 represents the angle of the laboratory frame. The SSD covers
the angle from 1.5 degrees to 5.0 degrees.

: f/j/ geometric

calculation

}:

acceptance
s g g

oldeg]

Figure 4.19: Detector acceptance of the SSD as a function of the angle in the
laboratory flame. The datais obtained from the geometrical calculation.

Acceptance
T

1
N

6 [deg]
Figure 4.20: Detector acceptance of the SSD as a function of the angle in the

laboratory flame. This datais obtained from the Monte Carlo simulation and Only
the detector geometry is considered in the simulation.

As a next step, we took into account the finite size and the angular spread of
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the incident beams. The input profile of the incident beam for the simulation is
in Fig 4.21. The result of the acceptance including the beam profile is shown in
Fig. 4.22. The efficiency, ratio of SSD for the fragments was estimated and the
results are shown in Table. 4.7 and Fig. 4.23.
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Figure 4.21: Theinput profiles of Y versus 6y, and X versus 6 x from the PPAC
information. These show that the incident beam is focused on the SSD.

acceptance

2 5 6 7

6 [deg]
Figure 4.22: 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.

As a system check of the acceptance for the SSD, the cross-section obtained
from Pb(?°Ne,2Ne*) was used. The first excited state, (2020 KeV:2t—g.s) for
26Ne has already been measured[21] and this cross-section has already been estimated[12].
The result of the cross section (2020 KeV:2+—q.s) is shown in Fig.4.24 and Ta-
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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 4.7: The number of events between before correction of SSD and after cor-
rection.

ble.4.8.
Pb
before 1236
after 3101
ratio 39.8
o[mb](exp 58 MeV/nucleon) 75(15)
o[mb](previous[12] 41.7 MeV/nucleon) || 74(13)

Table 4.8: The counts of the photo-peak at 2020KeV for 26Ne at Pb and Al target,
respectively.
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Figure 4.23: Plot of efficiency ratio for acceptance in the Ne fragment at Pb and
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5 Result and Discussion

5.1 Reaction Cross Section

Reaction cross sections of 2Ne+Pb(Al)— 22-25Ne+n+x, arelisted in Table 5.1,
and are also shown in Fig.5.1. Here the acceptance for the fragment in SSD is cor-
rected, but not for the neutron. Thetrigger conditionis BEAM®SSDQNEUT.
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]  26Ne+Al(error)[mb]

%Ne 257(6)) 18(0.7)

2Ne 471(5.5) 43(1.1)

2Ne 403(6.1) 30(1.6)

2Ne 447(6.1) 37(1.6)
Table 51: The list of reaction cross sections table of 2SNe+Pb(Al)—
225 Ne+n+x

reaction cross section

N\ 2

§ 2000 ,\//\

N Lo < e
\ 1000 A
\\) 500

— .
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Figure 5.1: The reaction cross sections of 26Ne+Pb(Al)— 22~ 25Ne+n+x

Asasimplemode! to estimate the Coulomb dissociation from 26Ne— 22-25Ne+n+x
on the Pb target, the ratio, op1, /oa1 Was extracted. This value may be used to es-
timate the Coulomb dissociation contributions in the 26Ne+Pbo— 22-25Ne+n+x
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reaction, when we assume that the same reaction from the Al target is produced
only by the nuclear breskup. 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 for the 2°Ne channel may be attributed to either of the
following reasons. One is the large contribution of the Coulomb dissociation for
25Ne than any other channels. This makes opy, /o a1 larger. The other reason may
bethat the different reaction mechani sms between Coulomb and nuclear breakupis
seen dueto thetrigger 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 for 2°Ne nuclear breakup should be hindered.
Because this channel should not have an evaporated neutron. In fact the hindrance
of the cross sections for 2°Ne compared to 2*Ne is seen in Fig 5.1, in particular
for Al. Since opy, /oA iS, however, largest, there should remain Coulomb breakup
contribution in 2°Ne.

Cpy/ Oal

74
72 /I
70

‘/r\i/ ——Opy [ O

I N NS X

22 25

Mass

Figure 5.2: The figure of the ratio, opy,/oa1. The ratio between from A=22 to
A=24 at are dmost sameratio. This result shows this process arised from A=22to
A=24is explained by the same reaction mechanism, nuclear reaction.
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5.2 Angular distributions of Ne fragments

spectator participant in the labratory flame
method “Ne

o :

reaction mechanism

incident beam Coulomb reaction

' region
‘ nuclear breakup |

region

Onuclear Z Qcoulomb

Figure 5.3: 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 frag-
mentation 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 shownin Fig.5.3.
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 breskup and Coulomb dissociation, these reaction contribute to the angu-
lar distribution. In the nuclear breakup, Goldhaber model[3] is used to explain the
momentum distribution. In the Goldhaber modd, the angular distribution of the
fragment in the laboratory frame is approximately described as

d Ep6?
d—gzclexp(—AF 7y (5.)

where o is the variance of the momentum distribution in the perpendicular

QUL
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direction.
o, inthismodd isrepresented as

AF(Ap - AF) 2 AF(AF - 1) 2

2 _
ol = Ay 1 )UD (5.2

where
e Ap: projectile mass number
e Ap: fragment mass number
e 0. the width due to the Fermi momentum
e op: deflection effect

Theangular distributions of fragmentsfor Al and Pb targetsare shownin Fig. 5.4
and Fig. 5.5. Asin thisflame, angular distributions have two components, i.e, nar-
row and wide components. The one sigmawidthso ; for narrow and wide compo-
nents were obtained by fitting the data by two Gaussian. The extracted o ;| values
are shown in Fig. 5.6 and Fig.5.7 for the narrow and wide components, respec-
tively. Asshown in Fig.5.7, we have found that the wide components are almost
the same irrespective of the kinds of the targets. As for the narrow components,
the o, for Al is broader than that of Pb. We have then extracted op parameter
for the wide component. The obtained o, for Pb and Al targets are found to be
amost the same result, 267(11) and 262(5), respectively for the constant value of
00=87 MeV/c[10](see Fig.5.7). This shows that the wide component is indepen-
dent of the target, and is agreement with the Goldhaber model. For the narrow
component, in the assumption of o, the deflection parameter constant o p, was
obtained to be 96(0.3) and 121(15) for Pb and Al target, respectively. One possi-
ble of mechanism is that for the narrow component this component is due to the
Coulomb dissociation. However the quantitative investigation for the mechanism
isyet to be done.
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Figure 5.4: 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 ¢, for the wide component. The solid line is the GoldHaber
model calculation. By using o(=87, the deflection parameter of ¢,=267(11) and
o4 = 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-lying E1 strength of the neutron-rich 2Ne nucleus was
studied by using the Coulomb dissociation. In this thesis, the inclusive reac-
tion cross sections and angular distributions for the breakup reaction channels
26Ne+Pb—22725 Netn+x, 26Net+Al—22-25Ne+n+x were analyzed to develop a
method to di stingui sh the Coul omb di ssociation component from the nuclear breakup.

By the analysis of reaction cross section, we obtain the possibility of Coulomb
breakup contribution in 2°Ne. This result was derived to the ratio, o py/o 4; from
26Ne+Pb(Al)—22725 Ne+n+x. In the assumption that the same reaction from the
Al target is produced only by the nuclear breakup, this value may be used to esti-
mate the Coulomb dissociation contributions. Theratio of A=25islarger 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 an-
gular distribution is independent of the target. Therefore, this result is agreement
with Goldhaber model. But for the narrow component, the quantitative investiga-
tion for the mechanism is yet to be done. In the next step, we should reconstruct
the relative energy spectrum 2°Ne+n.
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A.1 Coulomb Potential

Coulomb potential is

=—71 75 (A1)
where
e U(r): Coulomb potential

e I Sum of the target and the projectile radius

Z1, Zo: atomic number

e: charge of electron

«: coupling constant~1/137
e hc~200 MeVim

In the experiment, the incident beam and the reaction target are 26Ne and 2°%Pb,
respectively. Therefore, Z; and Z, 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
estimation 1.2x A /3, respectively.

ahe 1 1
U=——"7175=—— x200 Xx —— x 10 x 82| MeV| ~ 120MeV
Rt Ry 2122 = 1a7 ¥ 200X 7ygge ¢ 10 < 82 MeV] ¢
(A.2)
In the kinetic energy of the incident beam,
M,
Bl = E; tgt (A.3)

in5 - . a5
Mtgt + Mbeam

where
e F..: relative energy between the target and incident beam
e Fiy,: kinetic energy of theincident beam
® Mpeam, Mgt mass of the incident and target, respectively

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

E.q ~ 1400 MeV (Pb)
Therefore,

Erel > U(r)



A.2 Analysis PPAC

Thefollowing pictureis the schematic view of the PPAC definition.

PPACa PPACh target

{X1.Y1.Zppaca} (X2,Y2,Zopach) (Xtgt, Yigt, Ztgt)

aw
ZEiZE

dX=X2-X1
— % peamvector  dY=Y2-Y1

beam vector
projetile postion

Y,

(beam axis)

Figure A.1: PPAC definition 0z (2)6y

Position of X and Y was calculated from both side signalsonthe X and Y strip,
respectively.

X L-—X
Tleft - Tright = V — T o X (A4)

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 isshown inthe Fig A.1. Theincident angle 8, 6 x
and 0y of the beam is calculated by using the position information of the PPAC-A
and PPAC-B in Eq[?, 7].

dX
ZppacB — ZPPACA

fx = tan~! (A.5)

. ay
ZpPACB — ZPPACA

Oy = tan™

(A.6)

o dX: Xppace-Xpraca

o dY: Yppace-Yprraca

55



From 6%, 0y, theimage of the incident beam at target was extrapol ated.

Ztarget - ZPPACA (A 7)

Xtarget = Xppaca +dX
ZppacB — ZPPACA

Ztarget — LPPACA (A8

Ytarget = YPPACA +dY
ZpPACB — ZPPACA

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

tan Ox
Px = Pycam A9
* ° V/1+ tan 6% + tan 62 (A9

tan 6
Py = Pbeam i (A].O)

\/1 + tan@% + tan9y2

Py =\/B2,, - PP - P (A.11)
e Pieam: beam momentum measured by F2PL

e Px, Py, Pz: X,Y and Z components of the beam momentum, respectively
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A.3 Analysis of Gamma Rays
A.3.1 Energy calibration

The analog data of DAL taken by the ADC modules were calibrated by using
standard ~y-ray sources of 22Na (511 keV and 1275 keV), 5°Co (1173 keV and
1333 keV), 137Cs (662 keV), and the mixture of Am-Be (4439 keV, 3928 keV and
3417 keV). The process of ~y-rays from the mixture of Am-Be sourceis explained
in the appendix. Table. A.3.1 showsthe resolute of the DALI calibration.

4500 F T T T T T T T ]

4000 [~ 1

3500 - 1

3000 q

2500 q

2000 q

Energy(KeV)

1500 |- q

1000 1

500 |- q

ok 4

L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000
ch

Figure A.2: ch versus keV

source Energy(KeV) | exp Energy(KeV) | deviation(KeV))
137Cs 661.660 660.7 -0.3
60Co 1173.237 1174. 0.6
1332.501 1335. 25
2Na 1274.532 1276. 15
511 506.2 -4.8
9Bet+?*1 Am 4439.1 4428. -11.1
3928.1 3955. 27.
34171 3402. -15.

Thefunctionis

Ery - ClEch + C2 (A12)
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A.3.2 Timing Gate for Background Reduction

The~-ray detectors were sensitive not only to the v rays from the reaction prod-
ucts but also to the charged particle, neutrons, v rays from the detectors, and nat-
ural background ~ rays. In order to select true coincidence events, a gate width
of ~v-ray detection time was set. Figure A.3 shows a time spectrum of the Nal (TI)
scintillation detectors. The timing data were calibrated in the same way as de-
scribed in Beam line section.

- timing gate

20000

500 1 ﬁ

10000

counts

5000

" Nal(TI) timing(ns)

Figure A.3: Time spectrum of Nal(Tl) scintillators detectors. The y-raysfrom the
reaction products are selected by the gates indicated by the Gaussian component.
The constant component was due to the background components.

Fitting function is

(T — C2)2

Y = ciexp[— 502 ]+ ca (A.13)

o T=Tgopr, — Tpaur

The constant ¢, is independent of timing. This is interpreted as background
components. To select Gaussian component in Fig. A.3, a clear peak correspond-
ing to the true coincidence events can be taken.
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A.4  Doppler shift correction

In this experiment, we detected ~-rays emitted from moving reaction products
with a velocity v/ic~0.32. Hence Doppler-shifted ~-ray energies were measured
by the v-ray detectors.

152 Nal detectors

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

theta beam axies

I____reaction target

Figure A.4: Schematic view of in-beam ~ spectroscopy. The theta is the y-ray
detection angle with respect to the beam axisin the laboratory frame.

The ~-ray energy in the rest frame of the incident particle Eg”“"j and the ~-ray
energy in the laboratory frame EZW“” are connected by the velocity of the incident
particle and the v-ray detection angle with respect to the beam axis in the labora-
tory frame 8. The introduction of the Doppler shift corrected spectrum is given by

the following.
Epeife N\ [ v =By [ EY/e
pproj —By ~ plab

EProi: ~ energy in the rest frame of theincident particle

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

E!2P: ~ energy in the laboratory frame

P'ab: ~ particle momentum in the laboratory

G relativistic velocity

~: Lorenz factor 1/4/1 — 32

roj _ lab lab
EY ‘)J/c—'yE;L Jc—~yBP® (A.14)
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Relativistic velocity isthe

ﬂ:BCOSG

e 3: /3 of the production products

e 0: laboratory angle with respect to the beam axis

Therefore,

roj __ rrlab
EY™ = EXPy(1 — Bcos)

™ E iy Moving Frame | sw

600

500 i 600

Laboratory Frams

400 2000KeV 500
l 400

300

200

o
0 1000 2000 3000 4000 o

111y
1000 2000 3000 4000

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

Figure A.5: Energy spectrum of ~y rays detected in coincidence with the 2°Ne reac-
tion products.(right)Energy spectrum in laboratory frame.(left)Doppler-corrected
~ rays energy spectrum with 5=0.32. The peaks at 2020 keV is clearly seen while

they are vaguein right indicating good quality of the Doppler correction.

60



A.4.1 Result of the obtained spectrum from Ne isotopes

fragment | E(exp)[keV] o  E(previous)[keV] deviation[keV] state
26Ne 2020 109 2020 0 2T — g.5)
Ne 1688 89 1702 -14 unknown
24Ne 1978 98 1981.6 3.6 2T — g.s
23Ne 1716 134 1701 15 7/2 — g.s
1294 170 1298 -4 5/27 —1/2"
1001 159 1017 -16 127 = g.s
785 120 805 -20 3/27 —1/2"
22Ne 1263 85 12745 -11 2T —g.s
848 171 - - -
Table A.1: Gammaray 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.
A.4.2 Energy resolution of the Doppler corrected ~-ray spec-
trum
Due to the finite accuracy of angular information and the velocity spread of
the projectiles, the y-ray energy pesks were broadened compared to the intrinsic
energy resolution of the detectors. Based on equation A.19, the resolution Eg”’j
IS approximated,
<AE§r0j ) ? < B sin 91{“}’ ) 2 labn2 <6ny (8 — cos 012P) ? AB AEab 2
— | = Tt | Qe = (G 5
EProl 1 — Bcosflab v 1 — Bcosflab Ié; Elab
(A.20)
source 137Cs | 60C 22Na Am-Be
Energy[keV] | 661 | 1173 1332 | 511 1274 | 3417 3928 4428
o[keV] 26 32 36 25 36 84 105 95

Table A.2: Theenergy resolution of the obtained value from the standard ~y source.

From the correlation between energy and o, the intrinsic energy resolution of
the detectorsis introduced as following.
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o =19VE —26.97 (A.21)

Energy resolutions are evaluated using realistic condition, 3 of 0.32 and ~ of
1.06 with Af,.x of 20 degreesin laboratory frame of 90 degrees and A8 i, of O
degrees in laboratory frame of O degrees respectively, Aj3/3 of 11.5% including
the energy lossin the secondary target. AE!*" isthe o from A.4.2.

fragment 26Ne | ?°Ne | ?*Ne | 22Ne
Energy[keV] | 2020 | 1688 | 1978 | 1263
olexp|lkev] | 109 | 89 | 98 85
olcalc|[keV] | 121 | 102 | 119 78

Table A.3: Energy resolution o of the obtained Doppler corrected spectrum. The
o inthe present work compared to the calculated o.
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Figure A.6: Gamma-ray energy spectra obtained in coincidence with the reaction
products 26Ne,2°Ne.
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Figure A.7: Gammearray energy spectra obtained in coincidence with the reaction
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Figure A.8: Ne fragments gammaray spectrum

Figure A.9: Gammarray energy spectra obtained in coincidence with the reaction
products 22Ne.
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Figure A.10: Energy resolution function of ~-ray energy emitted from moving
SOUrces .
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Figure A.11: Energy resolutions for 2 MeV ~-ray emitted from moving sources
with v/c~0.32. Enet is the energy resolution of the Doppler corrected spectrum.
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B  Appendix on Nal

B.1 Decay Table

e
52714y q\f‘& A
E 0 QY ¥
L7 60 0OD AS
= SRR
27C0 RF g &
Q =2823.9 P WY S
- S e &
So'S A o
99.925% 754 0SS &8 & 2505.765 () 30 s
<0.0022% >13.3 . 2% oS o 2158.64 (5 59 ps
3 ;
5y
0.057% 15.07. 2+ 'L 1332.516 713 ps
0+ 3 - 0 stable
2gNi
5, . 26019y 30.07 y
ﬂ:« % 7/2+ 0 5
4? 22 = oo
P\a 11 Na = 1 37C S S
v g 55 ©
¥ Qgc=2842.1 Q, =1175.63 &
& ~
363ps 25 @ 1274.542 99.962% 7.4 94.4% 96" 112 & 661.660 5 £5o
+
slafll 22 0.0008% 1817 56% 121, 3/2% 0 stable
137
10Ne 5682

Figure B.1: Decay table used by in this experiment.

The standard y-ray sourcesof 137Cs, 22Na, 5°Co and the mixture of 24! Am-°Be
were used in this experiment.
In the mixture of 24! Am and ?Be,

241AIn — a4+ 237Np
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12C* isimmediately de-excited to the ground state by emitting y-ray at 4.391 MeV.
High energy ~-rays produce pair productions more than the low energy ~-ray.

vy—e +et

et e~ annihilation produced in the matter and then, two ~-ray, 511 keV were
produced. In case of the Nal scintillation detectors depositing the energy contained
two ~-ray, the total energy deposited in the Nal scintillation detector is same asy-
ray energy from de-excited states. In the 12C, this energy is corresponding to the
4,391 MeV. In case of one ~-ray of two ~-ray escaping from the detector, Nal
scintillation detectors deposits the energy corresponding to the

— 2
Edetected_E'y_meC

In the '2C, this energy is corresponding to the 3.928 MeV. In case of two ~-ray
escaping from that, Nal deposits the energy corresponding to the

2
Eactected = E’y — 2mec

Inthe 12C, 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% =7N
N(t) = N(0)e /7
T = t1/2 IOg 2

A: number of decay

7 decay constant

t12: half time

N(t): yield
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Figure B.2: v-ray from the mixture of Am-Be sources. Be absorbed o from alpha
decay of Am and then '2Cx was produced. From the v rays 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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B.2 Efficiency calculation of the DALI

The efficiency of the DALI for the 2 MeV ~ ray was estimated by GEANT
code[?]. The energy of 2 MeV ~ ray was for the To check the efficiency, v-ray
detection efficiencies were checked by using standard ~-ray sources. The standard
sources, 137Cs, 22Naand % Co were used.

Yielddetected
= B.1
‘ Yieldemission ( )
source 137Cs 22Na 60Co
Energy[keV] 661 1173,1332  511,1274
intensity(T=0)[kB(] 46.6 359 41.2
half time(t, /,)[year] 30.07 2.6019 52714
emission probability[%] | 0.8521 0.999,0.9998 0.9994
Table B.1: Table of standard -y source data used in this experiment.
The efficiency from the standard ~ sources was estimated as follows.
source 137Cs 60C 22Na
Energy[keV](exp) 661 1173 1332 511 1274
Yiledemission 4.25x107 | 3.82x107 3.82x107 | 2.20x10® 1.10x108
Yiledgetected 3.17x10* | 1.96x10° 1.77x10° | 6.40x10° 1.74x10°
Yiledgetected(calibrated) | 1.35x106 | 6.31x106 5.70x10° | 7.80x107 2.14x107
efficiency[ %] 31.7 16.5 14.9 354 19.4

Table B.2: Table of efficiency for standard ~y-ray sources.

Yiledgetected(calibrated) means

Yiledgetected(calibrated) =

Nungatedevent %

Ngatedevent

e DS-DALLI trigger: Down scale factor

o Nunsaredevent |iyetime of DALI trigger

Ngatedevent

o Yieldsi1 = 2 * Yieldiorakev IN 22Na
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Energy[keV] 661 | 1173 1332 | 511 1274 | E(2020kev; 2+ — g.s)

efficiency[%](cal) | 310 | 202 185 | 384 191 136

Table B.3: Theefficiency calculated from GEANT.

The efficiency for the 2 MeV ~ ray by using GEANT code which reproduces
well the measured efficiencies was estimated.

Figure B.2 shows plot of the photo-peak efficiencies as afunction of v-ray ener-
gies. The solid line was calculated by GEANT code. For 2 MeV, efficiencieswas
estimated attained to be about 13.6 % and this curve is within the 20% deviation.
In 2 MeV ~-ray, the efficiency was 13.9 % and the systematic error, Ae from this
figure was 20%, respectively.

T v

data from GEANT

deviation=10%

o deviation=17%

a5 b deviation=20% E
* raw-data -t

WO X X+

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

Figure B.3: Plot of photo-peak efficiencies as a function of ~-ray energies. The
values measured by using ~y-rays standard sources are plotted. The solid line rep-
resents the calculated values by GEANT code, which reproduces well measured
efficiencies.
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C Cross Section Estimation

C.1 formula

Cross section o is given by

- Nfragment A

o= € C.l
Nbeam t1\IA ( )

® Oreaction. CrOSS Section

Nyeaction: NUMber of reaction events

Npg: number of theincident 2°Ne beam

A[g/mol]: mass number

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

N4[lUmol]: Avogadro’s number
e ¢ correction term

The correction term, e includes the efficiency and the acceptance of the detec-
tors.
In this experiment,

o A=208[Pb]

o t=0.230[g/cm?]

A _ -27, 2
Ny = 149.64 % 10~ %"m (C.2)
o A=27[Al]
o t=0.130[g/cm?]
A 34.48 % 102" m? (C.3
tN4
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Theincident Nyc.m Can be estimated by using DS BFE AM trigger which mon-
itors the beam profile during the experiment.

Npeam = (DS — factor) * Naoye * (LiveTime) hgpram (C.4)
e ¢: correction of the detectors
e DS-factor: 500 of the down scale factor
e (LiveTime)pspram: livetimefor DSBEAM trigger

DS-factor and Live time, respectively, are

Npeam (scaler)
DS — factor) = —————= C.5
(DS — factor) Nps(scaler) (C5)
DS—-b raw— a
(LiveTime)pg = ( CAM (ra —data)) (C.6)

(DS — beam(soaler))
Thereaction products of N gragment &t BEAM @ SSDQNEUT and BEAM ®
SSD ® DALI, respectively, are as follows.
Incaseof BEAM ® SSD @ NEUT trigger,

Nfragment = Nrawfdata * (Livetime)b®s®n * €ssd (C7)

Npgsgn(raw — data)

LiveTi s&n = C.S8
(LiveTime)bese Nbasen (scaler) (C.8)
e (Livetime)pgsgn: livetimefor BEAM ® SSD @ NEUT trigger
e c.q. acceptance correction of SSD
Inthecaseof BEAM ® SSD ® DALI trigger,
Niragment = N~ * (Livetime)pgsgd * € (C.9
Npos — dat
(LiveTime)pgsgd = bosga(raw — data) (C.10)

Npgsgad(scaler)
e N.,: number of the photon peaks

o (Livetime)pgsga: livetimefor BEAM ® SSD @ DALI trigger
e ¢ efficiency of DALI
€4 was estimated by GEANT.
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C.1.1 The list of trigger event and livetime

RUN 26Ne+Pb 26Ne+Al  25Netemp
Ungated Trigger(scaler) 14852201 4920463 1551938
Accepted Trigger(scaler) 13598070 4738277 152043
beam® SSDRDALI(scaler) 11084097 2136137 378380
beam®SSD@DALI(rav-data) | 10038675 1952605 328419
beam® SSD&NEUT (scaler) 3306474 2166475 547899
beam® SSD@NEUT (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
26 N e(raw-data)* (livetime) 501886813 553961828 272365909

Table C.1: Thetable of trigger event.

INnBEAM ® SSD @ NEUT trigger,

To subtract the empty target run to reject the background componentsin BEAM ®
SSD® NEUT trigger, the statics of Al target run, and Pb target run is normalized
by the empty run.

< pureTarget >= C1 < target > —C2 < empty > (C1y)

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.6 obtained from previous datais following.

Cross-section correcting to the acceptance of the SSD is the following.
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RUN | 26Ne+Pb(livetime) 26Ne+emp(livetime)  26Ne+emp(live time)
BNe | 20772(22827) 12780(14044) 2372(2758)
2Ne | 41016(45073) 34830(38274) 7187(8357)
2BNe | 37059(40724) 33639(36965) 7500(8720)
2Ne | 46131(50693) 43195(47467) 9967(11589)
2iNe |  31151(34232) 21717(23865) 4691(5454)
20Ne 2363 (2597) 3454(3796) 1427(1659)

Table C.2: In BEAM ® SSD @ NEUT trigger, the number of Ne isotopes
reaction products from A of 26 to A of 20 in coincidence with neutron threshold
5 MeV. Veto counters has no hit.

RUN 26Ne+Pb  26NetAl  26Netempty
livetime of the trigger 0.9 0.91 0.86
factor for incident beam | C1=0.603 C1=0.543 C3=1.163

Table C.3: The scaling factor for normalizing of run. TriggerisBEAM @ SSD®
NEUT.

RUN | 26Ne+Pb(error)  26Ne+Al(error)
BNe | 10557 (154) 4100(85)
2Ne | 17461 (165) 10197(141)
2BNe | 14416 (157) 9093(139)
2Ne | 17091 (176) 112211(157)
2Ne | 14299 (145) 6075(111)
2INe - 46(44)

Table C.4: In BEAM ® SSD ® NEUT trigger, The number of Ne isotopes
reaction products from A of 26 to A of 20 after subtracting empty target run at
Pb and Al target, respectively, in coincidence with neutron threshold 5 MeV. Veto
counters has no hit.
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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 aempty run. Blueline, 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 tar-
get, 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: The 26" peak of the 2°Ne at Figure C.4: The 26" peak of the 2°Ne at
Al target.

Pb target.
RUN | 26Ne+Pb(error)[mb]  26Ne+Al(error)[mb]
BNe 58.0(0.9)) 5.2(0.2)
2Ne 95.9(1.3) 12.9(0.23)
23Ne 79.2(1.3) 11.5(0.22)
22Ne 93.9(1.7) 14.2(0.26)
2INe 78.6(2.9) 7.7(0.18)
20Ne - 0.1(0.15)

TableC.5: INnBEAM ® SSD ® NEUT trigger, the cross section of Neisotopes
reaction products from A of 26 to A of 20 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 | 2Ne+Pb(error)[mb]  26Ne+Al(error)[mb]
2%5Ne 257(6)) 18(0.7)
2Ne 471(5.5) 43(1.1)
23Ne 403(6.1) 30(1.6)
22Ne 447(6.1) 37(1.6)

Table C.6; After correcting the acceptance of the SSD. In BEAM ® SSD ®
NEUT trigger, the cross section of Neisotopes reaction products from A of 26 to
A of 20 after subtracting empty target run at Pb and Al target, respectively, in co-
incidence 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 26Ne+Pb  ?5Ne+Al
photo-peak(before accept) £(2020 keV; 2 1) 1236 844
photo-peak(after accept) (2020 keV; 27) 3101 3670
e efficiency 13.6% 13.6%
Ae/e 20% 20%
€ acceptance 39.8% 31.1%
o cross-section(mb) exp 75(15) 18.5(3.7)
o cross-section(mb) previously[12] 74(13)

Table C.7: The E(2020;2+ — g.9) cross section of the 26Ne at Pb and Al target,
respectively.
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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.

o Nfrag A
acti = N
reaction NB tNA

(C.12)

® Orcaction. CrOSS section

Niragment: NUMber of the reaction products

Npg: number of theincident beam

A[g/mol]: mass number

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

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

Theerror Ao of the cross section is given by following.

A]\fﬁra ) ? <A6fra ? A]\]'B ?
Ao =/ =—2) +(—2) + C.13
\/ < Nfrag €frag NB ( )

ANpg: statics error of the incident beam

€: acceptance correction of SSD

Ae: acceptance correction error of SSD

o ANg:: staticserror of the reaction products number

° Afo;gg: 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 isthe error of the empty run.

Nemp =2 £ Az (C.19)

InPband Al run, respectively, Ay istheerror of the Pb and Al run, respectively.
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tht :yiAy

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

F = Nigt — C1 % Nemp

Therefore,

ANgrg =AF

e C1. coefficient in normalizing target statics

5F
— —C1
5, = C

Therefore,

AF = /(Az)2 + (Ay + C1)2

In the ~-ray spectrum case,

N, A
o= —-—
Nbeam t1\IA

Therefore,

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)

(C.21)

(C.22)

(C.23)



AN, = \/(ANs2,)2 1 (ANSt)2
o Cross section
N.,: number of the photo-peak number
e efficiency of the DALI
Np: statics error of the incident beam
ANgta: statics error of the photo-peak number

ANt fitting error of the photo-peak spectrum
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D Gold Haber Model

0o (D.1)

where
e A: mass number of the projectile
e . mass number of the fragment
. oi=ir

e A: momentum distribution of the fragment

<O P)?>=) <P}>+) <PiP;>=A<P}>+A(A-1) <P;P; >=0
i=1 it
(D.2)

F
A? =< P} >=<> (P)?>=F<P}>+F(F-1)<P;-P; > (D.3)
=1

F(A—F) 1 F(A—F) F(A—F)
2 = _— 2 = — 2 _ _—
V<PE> =\ /< P PP\ = = 90 e MeV

(D.4)

projectile projectile fragment

t fragment
ctator

are “

FigureD.1: Fragmentation
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According to the model developed by Goldhaber[3], the width of the pardlel
momentum width o in the fragment is the following.

e D~ b (D.5)
where

e F: mass number of the fragment

e A: mass number of the projectile

e 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.

3 _ _ 2

% = C’exp(—;—i) exp(—%

where C is anormdization constant. The variables P, and P are the fragment

momentum in the directions parallel and perpendicular to the beam respectively.
The average fragment momentum in the beam directionis Py.

The angular distribution of the fragment in the laboratory frameis described in
thefollowing by the thesig 10]. The variance of the momentum distributionsin the
directions parallel and perpendicular to the beam are o2 and aﬁ respectively.

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

) (D.6)

P =\24rEp (D.7)

P = Pcost, P, = Psinf (D.8)

da Epsing?  Epcost? — 2BpE)Y2 + B
= No(Ap, Ep)'/? exp(—A
dpaq ~ NolAr Er) R exp(=Ar (et o )

(D.9)
where N, is anormalization coefficient, £ its laboratory kinetic energy, F its
most probable kinetic energy and 6 is the laboratory detection angle.
In the condition of the experiment, o ~ constant, and sin 6 ~ 6, cos ¢ = 1 for
6 ~0.
do Er0?

d_Q = Cl exp(—AF 20’L

) (D.10)
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Intheinthethesig10], o is87 MeV/c.
Therefore free parameter iso p.

Ap(A, — Ar) 2+AF(AF—1) 2

Ap ] oo 71413(1413 — 1)O'D (Dll)

o2 =
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 laboratory flame from 1 degreesto 5 degreesin the narrow component and wide
component at Pb and Al targets were measured, respectively(seein 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. Onarrow/0wide 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 lim-
ited photon number(see in Fig. 2.4). Thus, the contribution of the Coulomb
dissociationis probably decreases with the neutron of the fragment decrease.
But this consideration was not enhanced at the Pb target (seein Fig.D.3).

2. Theratio oyarrow at Pb/Tnarrow at A1 €nhanced (Zp/Z A1) as simply model,
amplitude of Rutherford scattering?

The narrow component is at the angle between 1 and 2.5 degrees and this
component started from O degrees. Therefore, the integration for must be
calculated from O degrees. To check precision of the integrated ratio from O
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FigureD.2: The o for the wide component. The solid line is not agreement with
GoldHaber model calculation. In the assumption of o (=0, the deflection parameter
of o4 = 96(0.3) and 121(15) was calculated at Pb and Al target, respectively.

degrees for extrapolation, 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.
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ratio(narrow/wide)
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Figure D.3: Thefigure of the ratio, o ,arrow /Owide- This figure shows that the nar-
row component between Pb and Al target is symmetric tendency.

GPb/GAI
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1z 2
O w // —— witk(PLA)) <&
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Figure D.4: The ratio of opy,/oa; for wide component at the laboratory region
from 1 to 5 degree and extrapolation region from O to 5 degree. The ratio of two
region is almost same and this shows that the extrapolation is adequacy.
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ratio(Pb/Al) narrow parts

o 40 & Zn & & —— narmow(PAY) £
" — % &5
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C \74 <5
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Figure D.5: Thetable of opy, /o a1 for narrow component between A=22 to A=26.
Thisfigure shows that the ratio of the laboratory frame from 1 degreesto 5 degrees
and extrapolation frame from O degrees to 5 degrees is different from each other.
This shows that the ambiguity of the forward angle. The black lineis based on the
assumption of the simple mode Rutherford scattering. This model is dependent on
the charge of target, o ~ Z 2,4 Inthethesis, the problem on the narrow component
was not resolved.
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