AL (FH)

Study of proton single-particle states in oxygen isotopes
via the (p,2p) reaction at 250 MeV/u

(BT 7= 1 250 MeVTD(p,2p) ST X
RGO — KT IREEDWISE)

284S HE L (B2e) HiEh

FRRFARA BB R R B K
JIE 2 —EB






Study of proton single-particle states in oxygen isotopes
via the (p, 2p) reaction at 250 MeV/u

Doctoral Dissertation

by
Kawase Shoichiro

March, 2016

Department of Physics, Graduate School of Science,

University of Tokyo
Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan






Abstract

A study was conducted to clarify the dependence of the reduction of single particle strength
on separation energy differences and to determine the proton Op spin-orbit splitting in oxygen
isotopes.

For this purpose, we have measured the cross sections for the (p, 2p) reaction on 4?2240 at
250 MeV/u at the RI Beam Factory at RIKEN. The solid polarized proton target was used in the
measurement of the (p, 2p) reaction in inverse kinematics for the first time.

The strengths of the single-hole states in nitrogen isotopes were successfully extracted.
The measured cross section was compared to the DWIA calculations with the global Dirac
phenomenology optical potential and the microscopic optical model. Spectroscopic factors for
the transitions from oxygen isotopes to nitrogen isotopes for the (p, 2p) reaction were determined
for the first time.

The reduction ratio R of the spectroscopic factor has no significant dependence on the pro-
ton/neutron separation energy difference AS that was observed in the analysis of measurements
of nucleon knockout reaction by using heavy-ion injections. The independence of R, from Sy
implies the universality of the tensor effect affecting the single particle strength in the nuclei.

The spin-orbit splitting of Op proton orbits in *O was also determined to be 7.6+0.3 MeV.
This value is larger than that of 1°0O by 600 keV and consistent with the spin-orbit splitting for
Op neutrons evaluated from the *C(p, d) reaction measurement. However, it is opposite to the
decrease expected from the description that the spin-orbit splitting is affected from the strong
attractive interaction between the spin-flip isospin-flip partner.
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Chapter 1

Introduction

1.1 Single-particle nature in atomic nuclei

The atomic nucleus, which is located at the core of an atom, is a quantum mechanical system
which consists of only two kinds of fermions: protons and neutrons. Because there are only
two basic components of nuclei, all the isotopes can be identified by the numbers of protons
and neutrons. The difference of the proton number (Z) determines the number of bound
electrons in a neutral atom and therefore results in the difference of the chemical property of the
atom. The number of neutron (N) is limited by the possible range of the mass-to-charge ratio
(A/Z =1+ N/Z). In spite of only two kinds and limited number of ingredients, nuclei appear
in astonishing variety of forms.

In 1935, Weizsdcker [1] proposed a famous mass formula with an assumption of liquid drop
model and it successfully explained the mass of nuclei. This model is based on the characteristics
of the nuclear force that is so strong and works in short-range. Such characteristics are consistent
with Yukawa’s meson theory [2]. The liquid-drop model succeeded also in the description of
the mechanism of the nuclear fission [3].

Meanwhile, in early 1930’s, Elsasser [4] had pointed out that the nucleus is particularly
stable when it has a magic number, or the specific number of protons or neutrons. Currently
known magic numbers are 2, 8, 20, 28, 50, 82, and 126. The existence of these magic numbers
implies the picture that nucleons are moving independently in the mean-field as an analogy
to the atomic structure. However, this picture apparently conflicts with the strong-interacting
picture.

In late 1940’s, these empirical magic numbers are successfully reproduced independently
by Mayer and Jensen [5, 6], by introducing a simple modification to the harmonic oscillator

potential. They added an attractive term o /> and a strong spin-orbit term —['$with the opposite
sign to that of atoms. This success confirmed the effectivity of independent particle model
(IPM). What is very surprising is that strong-interacting particles behave rather independently
in atomic nuclei! The characteristics of the ground state such as energy and spin are well
explained by IPM in which non-interacting nucleons are orbiting in spherical symmetric mean-
field potential.

However, IPM could not explain the nature of excited states or open-shell nuclei. To
understand them, the idea of the shell-model configuration mixing was introduced [7, 8] and
established a great success. The configuration mixing is invoked by the residual interactions
which were not included in the mean-field potential. On the configuration-mixing basis, the
shell-model single-particle orbit in nuclear mean-field potential is not fully occupied even if
the single-particle energy is below the Fermi energy. Long-range correlations couple valence

1



CHAPTER 1. INTRODUCTION

nucleons to surface phonons and giant resonances. On the other hand, short range correlations
which mainly originated from the nucleon hardcore, or the strong short-range repulsive NN
force, couples the strength of valence nucleons to high-momentum component. The excitation
probability to the high energy (momentum) state caused by such correlations results in the
overestimation of low-lying single-particle strengths in mean field calculations since the high-
energy states are greatly truncated in those calculations.

For the qualitative discussion of the single-particle strength, a quantity named spectroscopic
factor has been traditionally used because the occupation number of single-particle orbit is not
an observable. The definition of the spectroscopic factor is twofold. One is the experimental
spectroscopic factor which is defined as the ratio between the reaction cross section measured
in the experiment and the one calculated for unit occupation number of a single particle orbit
in some reaction theory:

Uexp
Sp
theory

The other is theoretical spectroscopic factor which is defined as the squared overlap of the
multi-particle wave function of A nuclei and that of the system of A — 1 nuclei plus a nucleon
in a specific single-particle orbit with certain quantum numbers:

CStheory = |(an]- ®(A-1) |A>|2. (12)

This value is generally calculated by using some mean-field models.

As mentioned previously, it is known that the spectroscopic factor observed in the experi-
ment suffer a reduction from the theoretical predictions based on the mean-field calculations [9].
Figure 1.1 [10] shows the summed spectroscopic strength observed for proton knockout by the
(e, €’p) reaction from various single-particle orbits in the closed-shell nuclei as a function of the
mean excitation energy of each single-particle orbit relative to the Fermi energy; weakly-bound
states are on the right. Here the spectroscopic strength is defined as the ratio of the spectroscopic
factor obtained in the experiment to the one resulted from the mean-field calculation. The solid
line shows the fully microscopic theoretical calculation for nuclear matter and the dashed curve
shows the one including surface effects for 208Pp [11].

In this figure, the spectroscopic strength would be 1 if the mean-field theory were the
complete description. However, the actual data show the 30-40% reduction of the proton
spectroscopic strength from the theoretical calculation. Such reduction is attributed to the
residual interaction in mean-field model, namely short-range and tensor correlations, which
decrease the single-particle strength below the Fermi energy and populate the states above
it [10]. The binding energy dependence of the reduction ratio is consistent with the intuitive
understanding: the weaker binding reduces the occupation number.

Recently, Gade and Tostevin reported that the reduction ratio has strong correlation with
the difference of separation energies between protons and neutrons [12, 13] by using nucleon-
knockout reactions with heavy-ion injection. Figure 1.2 shows the correlation of the reduction
ratio R; and the difference in separation energies of the proton and the neutron AS = S, - S,,.
R; is defined as follows:

2
Oex CSex
R, = P _ p

Oth C2Stheory

There is a strong negative correlation between Ry and AS. The authors claimed that it is due
to the increase of the correlation in the nucleus and accordingly the single-particle nature is
suppressed. However, this suggests that more deeply bound nucleons has stronger correlations.

2



1.1. SINGLE-PARTICLE NATURE IN ATOMIC NUCLEI
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It is quite unnatural. This picture directly contradicts to an intuitive model that the weaker
binding reduces the occupation number.

Several studies were carried out to investigate the reduction factor by using other reactions.
Consequently, the dependence is not observed in the (p, d) neutron transfer reaction at the energy
of 33 MeV/u[14] and in the (4, t) and (d,°He) reactions at the energy of 18.1 MeV/u [15]. Figure 1.3
shows the R, for argon isotopes obtained by using both of transfer reactions (red circles) and
knockout reaction with heavy-ion injections (blue triangles). There is clear discrepancy of R;
between n-transfer and n-knockout measurements. Figure 1.4 shows the R; for oxygen isotopes
obtained by using (d,° He) and (d, t) reactions. For this time, the reason of the difference of the
correlation is not well understood. Therefore more information is needed to understand the
problem by using other reaction probes.

For this purpose, the (p, 2p) reaction would be the best probe because of its simple reaction
mechanism and reliable theoretical descriptions. In this work, the author determined R; for the
ground states of YO (AS = —18.552 MeV) and 2*O (AS = 22.92 MeV) with the (p, 2p) reaction.
140 and 2*O comes in the far left and the right region of R; in Figs. 1.2, 1.3, and 1.4. Since
the reaction is well described by theoretical model, the presented data will be a large help for
understanding the reduction mechanism of the single-particle strength.

1.2 Spin-orbit splitting in nuclei

In association with the single particle nature of nuclei, the magic number is one of the hottest
topics in nuclear physics. The magic number had been considered to be constant through the
study on stable nuclei for a long period since Mayer and Jensen’s time. The development of the
experimental method using radioactive isotope (RI) beams brings the nuclear physics toward
new horizons [16]. It enables experiments with unstable nuclei and many dramatic phenomena
which cannot be predicted from the study of stable nuclei were discovered. One of those is
the disappearance of conventional magic numbers [17, 18] and the appearance of new magic
numbers [19, 20] in unstable nuclei. The change of spin-orbit coupling, which was introduced
to explain the origin of magic numbers, is cited as one of major factors.

The spin-orbit coupling arises mainly from three microscopic origins [21, 22]. Two body
LS force accounts for approximately half of the coupling. The remaining half is shared by the
two-body tensor force which dominated by one-pion exchange [23, 24, 25], and three-body
forces [26] by two-pion exchange.

Usually the spin-orbit potential is approximated to be proportional to the first derivative of
the central potential:

1d >
Vso(r) & _;Eucent(r) [-s. (14)

In unstable nuclei, the binding is weaker than the stable nuclei and as a result, the strength
of the spin-orbit coupling becomes smaller. Several theoretical calculations predicted that the
energy splitting between spin-orbit partners becomes smaller in drip-line nuclei because of the
weakening of spin-orbit coupling [27].

The spin-orbit coupling cannot be directly measured through experiments but the spin-orbit
splitting, which results from the spin-orbit coupling, is a experimentally measurable value and
directly linked to the strength of the spin-orbit coupling. The spin-orbit coupling is defined as
the energy difference between the spin-orbit partner, or the spin-doublet, in independent particle
model. Asillustrated in Fig. 1.5, the single-particle orbits in extreme of the independent particle
model are generally fragmented into a bunch of shell model states through the configuration
mixing due to the residual interaction. All the states which are observed in the experiment
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Figure 1.5: Fragmentation of single-particle orbit and effective single particle energy.

are after the fragmentation, therefore the energy of the “original” single-particle state have to
be estimated in some fashion. For that purpose, the effective single particle energy (ESPE)
is introduced. One of the definition of ESPE is the spectroscopic-factor-weighted mean of
excitation energies of the states having certain J™:

Y E,C2S;

ESPE = .
Y. C2S;

(1.5)

Here, E, is the excitation energy for each state and C2S; is the spectroscopic factor which signifies
how strong the single particle nature remains in the states of atomic nuclei as mentioned in the
previous section.

In this study, the spin-orbit splitting is defined as follows:

AEs, = ESPE;. — ESPE,;. (1.6)

j< and j> stand for the states of spin-doublet with ] = L —1/2and L +1/2.

The author has carried out the experiment for the determination of Op spin-orbit splitting,
i.e. the ESPE difference between Op /» and Ops/; orbits, in oxygen stable isotopes 1O and 80 [28]
by using the exclusive measurement of the (p, 2p) reaction in normal kinematics. The spin-orbit
splitting in 180 is reduced compared to that of 1°O both in (p,2p) and (d,>He) experiments.
The difference of (p, 2p) and (d,°He) is due to the reduction of the excitation energy acceptance
of (d°He) above ~ 10 MeV due to the momentum matching. There is a large change of the
spin-orbit splitting even in stable isotopes, therefore more dramatic changes are expected in
unstable isotopes. The determination of the spin-orbit splitting in unstable isotopes is one of
the goals in this study.

1.3 Reaction probes for single-particle/hole states

For the study of single-particle/hole states of nuclei, selectivity to the single-particle/hole states
is required for the reaction probes. In addition, the sensitivity to the total angular momentum
J is also needed. In this section, the reactions which are used for the study of single-particle
orbits are briefly explained.
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Nucleon transfer reactions

The nucleon transfer reaction includes not only pickup reactions but also stripping reactions.
Pickup reactions such as (p, d), (t, @) or (d,°He) are applied to investigate single-particle states.
while stripping reactions such as (d, p), (®He,a), or (*He,t) are for single-hole states. For the anal-
ysis, usually Distorted-Wave Born Approximation (DWBA) method is used for the discussion
of cross sections and angular distributions [29, 30]. The angular distribution of the cross section
is used to the determination of the orbital angular momentum /. For single-nucleon orbits, |
can also be deduced from the (vector) analyzing power A,. Ay is a quantity which indicates the
spin-asymmetry of the reaction and expressed as!

a1(0) _Ui(e))

51(0) +0,(6) a7

C
Ay(6) = ﬁ(
where 01(0) and o0 (0) are the cross sections of the reaction with the spin-polarized beam, P is
the polarization of the beam, and a constant factor C is 1 for spin 1/2 and 3/2 for spin 1 particles.

Figure 1.7 shows the angular distributions of the vector analyzing powers for the transitions
with p1/2 and ps/, orbits for the *°Ca(d, p)*'Ca reaction [31]. In this figure, the vector analyzing
powers have opposite signs for p1/2 and p3/; states and thus one can determine | for the states
whose | is not determined.

The nucleon transfer reactions have large cross sections at intermediate energy region
< 100 MeV/u because of the momentum matching condition [32]. Due to the its moderate
energy, the reaction becomes more sensitive to the surface region than the (p, 2p) reaction which
favors higher energy region.

The study of transfer reaction on unstable isotopes in inverse kinematics has some difficulty
due to its kinematics conditions. In spite of the low intensity of radioactive beams, the lower
energy of the recoil particle requires thinner reaction target and the resulting reaction yields
suffer from the thin target.

!Tensor polarization for spin 1 particle is ignored here.
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Figure 1.7: The angular distributions of the vector analyzing powers for the *Ca(d, p)*'Ca
reaction (quoted from Ref. [31]). The definition of P, is identical to A, for spin 1 particle in the
text.

Quasi-free electron-proton scattering

The quasi-free electron-proton scattering (e, ¢’p) was also used to investigate the single-particle
structure of nuclei. Since electrons have little interaction with neutrons, this reaction is sensitive
to the protons inside nucleus regardless of the neutron distribution. Alternatively, the electron
scattering cannot be applied for the neutron spectroscopy. Complete Distorted Wave Impulse
Approximation (CDWIA), in which the Coulomb distortion of the electron wave functions in
addition to the proton distorted waves are used, is applied for the analysis [33].

It is currently impossible to apply this reaction for the study of unstable isotopes because no
static electron target exists. If the intensity of the radioactive beam is much increased and the
collision to the electron beam is realized, then this technique will be available also for unstable
isotopes.

One-nucleon removal from heavy-ion beam

The one-nucleon removal from the intermediate- and high-energy projectile beams have been
used to obtain the single-particle strength in nuclei [34]. Usually the energies of y rays measured
in coincidence are used to identify the excited state of the residual nucleus. The orbital angular
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momentum / is determined from the longitudinal momentum distribution. The reaction is ana-
lyzed with eikonal and sudden approximation [35, 36]. Gade et al. claim the model dependence
is less than that for transfer reactions which are free from the dependence coming from the
optical potentials and bound-state potentials. As shown in the previous section, the reduction
factor R, of 0.6-0.7 is reproduced for stable nuclei while R, for nuclei far from S-stability has
strong dependence on the proton/neutron binding energy difference [12].

The nucleon knockout reaction

The quasi-free (p,pN) scattering at high-energy >100 MeV is also used as a spectroscopic
tool [37, 38] for the single-hole states in nuclei. At the high energy, this reaction can be
understood as a simple single-step process. A nucleon is struck out by a nucleon and the
residual nuclei is left as a spectator. The reaction analyses are carried out with the distorted
wave impulse approximation (DWIA) method. Increased degree of freedom of three-body
kinematics offers the determination of the Fermi momentum, i.e. the momentum which the
struck nucleon had in the bound nucleus. It can be determined from the measured momenta
of two scattered nucleons. In addition, model independent determination of total angular
momentum ] is capable with the use of polarized protons [39, 40] by measuring A, in similar
way as transfer reactions.

With this reaction, one can probe a more inner part of nuclei than with transfer reactions
or with nucleon removal by heavy-ion. Therefore this reaction is suited to the investigation of
single-particle wave functions.

More details of this method are described in Chapter 2.

1.4 Scope of this work

The purpose of this thesis is to discuss how the spin-orbit splitting and the reduction of single-
particle strength change in oxygen isotopes as the change of neutron number. To investigate this
correlation, we chose the oxygen isotopes as the most suitable target. The essential point is that
one can obtain all the oxygen isotopes from the proton drip-line (**0) to the proton drip-line
(**O) at the RIKEN RI Beam Factory (RIBF). Therefore one can reach the extreme area in the
Rs — AS correlation plot in a systematic measurement of an isotopic chain. AS is —18.55 MeV for
140 and 22.92 MeV for 2O, and they will be plotted in Fig. 1.2 in the extremely left (1*O) and
right (%*0) areas.

Both of two goals requires the information of the spectroscopic factor for each state. In order
to obtain the spectroscopic factors, the exclusive measurement of the cross section of O(p, 2p)
reaction was performed.

The experiment was carried out at the SHARAQ beam line at RIKEN RIBF. The primary
beam was “®Ca at ~250 MeV/nucleon with typical intensity of ~100 pnA. The secondary beams
of oxygen unstable isotopes were produced through the fragmentation reaction on *Be and
selected by BigRIPS fragment separator. The secondary beam bombarded the solid polarized
proton target. The momenta of the two scattered protons were measured by using two detec-
tor set consisting of multi-wire drift chambers (MWDC) and plastic scintillators. The residual
nuclei were analyzed by using the SHARAQ magnets SDQ and D1. The detail of the experi-
mental setup is described in Chapter 3. The (p, 2p) proton-knockout event was selected by the
particle identification of both of two scattered particles and the residual nucleus. The proton
separation energy and the excitation energy of the residual nitrogen isotopes was calculated

9



CHAPTER 1. INTRODUCTION

from the momenta of two scattered protons. In Chapter 4, the detail of the analysis procedure
is described.

The spectroscopic factors of the ground states and the low-lying excited states were de-
termined by comparing the experimental cross section to the cross section obtained by DWIA
calculations with two kinds of optical models. Then the spin-orbit splitting for 1O was deduced.
The details are written in Chapter 5.

The polarized observables such as absolute polarization of the target and the analyzing
power of the reaction will not be treated in this thesis.

1.5 Contribution by the author

In the present work, the contributions of the author are as follows.

Development of the vacuum chamber for the polarized target

The author developed a new vacuum chamber for the polarized target because the old one
has too small windows to carry out the (p, 2p) reaction measurement. This development was
necessary to perform the large acceptance measurement of the (p, 2p) reaction with the polarized
target.

Preparation of the experiment

Since there had been no precedent experiment of the exclusive measurement of the (p,2p)
reaction with the polarized target, the author prepared a simulation code for the calculation
of cross section and analyzing power to determine the optimal experimental conditions. The
author fully organized the preparation work for the SHARAQO4 experiment.

Data reduction

All the data reduction was fully done by the author. The author developed all the analysis
routines used in the data reduction, which are written in C++ with ARTEMIS [41] libraries
based on the ROOT analysis framework [42]. They are well-equipped for the re-utilization in
the analysis of future experiments with various detector setups. The author is also a contributor
of the ARTEMIS develop team.

Reaction analysis

The reaction analysis by using a computer code THREEDEE was done by the author. It covers
from the consideration of calculation parameter to the inspection inside the THREEDEE code.
The calculation framework used for the transformation of the kinematics, the integration of the
differential cross section, and the deduction of the momentum distribution in the acceptance of
the inverse kinematics measurement was developed from scratch by the author.
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Chapter 2

Quasi-free Proton Knockout Reaction

In the present work, we used the quasi-free proton knockout reaction on oxygen unstable
isotopes to study their proton single-particle orbits. In this chapter, the characteristics of the
quasi-free proton knockout reaction will be described.

2.1 Overview

The quasi-free nucleon knockout reaction is recognized as a powerful spectroscopic tool from
the late 1950’s for the investigation of the shell model of atomic nuclei. It has a strong selectivity
to populate the single-nucleon hole states and therefore the proton separation energies and the
orbital angular momenta of the hole states in a wide range of stable isotopes have been obtained
from this reaction.

Figure 2.1 shows the energy spectrum and the angular correlations of the °Li(p, 2p)°He
reaction. In the left panel, two peaks corresponding to Op (proton separation energy S ~
4.8 MeV) and 0s hole-state (S ~ 22.4 MeV) are well separated. The angular distribution of the
differential cross section for the p state (right panel) and that for the s state (middle panel) have
a clear difference depending on the orbital angular momenta of the populated hole states.

By this means, the energies and the angular momenta of single hole states have been
systematically studied. Figure 2.2 shows the separation energies and angular momentum
assignments of the hole states obtained from the systematic measurements of the quasi-free
scattering. The increasing tendency of separation energies of the hole states for each angular
momentum has been a strong basis for the verification of the nuclear shell model.

As the development of the spectrometer equipment and the polarized proton beam, the
measurement of the (p,2p) reaction in normal kinematics has been much sophisticated. Fig-
ure 2.3 shows the spectra of the “0Ca(p, 2p) reaction at an energy of 200 MeV/u [43, 44] measured
with two spectrometers in Research Center for Nuclear Physics (RCNP), Osaka University. A
very high resolution of ~ 200 keV and the extremely clean reaction mechanism enabled the
observation of the fine structure of single-hole states which cannot be seen before. In addition,
the utilization of the spin-polarization (¢ indicates that the injected proton is spin-polarized)
realized the determination of total angular momentum J for fragmented states in highly excited
region. With the multipole decomposition analysis method, | information can be extracted
even for the continuum state [43, 44]. See Appendix A for the spin asymmetry and the |
determination with this reaction.
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Figure 2.1: Energy spectrum and angular correlations of the differential cross section for
®Li(p, 2p)°He. (quoted from Ref. [37])
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Figure 2.2: Separation energies and angular momentum assignments of the hole states obtained
from quasi-free scattering. (quoted from Ref. [38])
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Figure 2.3: Separation energy spectrum of the “°Ca(, 2p) reaction. The red line shows the
background spectrum. (quoted from Ref. [43])

2.2 The (p,2p) reaction at intermediate energy

The quasi-free nucleon knockout reaction at intermediate energies above ~200 MeV/u is a
powerful spectroscopic tool for the study of single-hole states in atomic nuclei [37, 38]. In this
reaction, the single-step direct process is dominant [44] as well as in the (¢, ¢’p) reaction [45] and
therefore it selectively populates nucleon single-hole states and leave no significant disturbance
on the residual nucleus. This nature leads to the reasonable reaction analysis on the basis of the
distorted wave impulse approximation (DWIA).

The big advantage of this reaction is that it has a relatively larger cross section in the
intermediate energy region compared to other probes used for single-particle/hole states such as
transfer reactions. It is due to the absence of the momentum matching condition and somewhat
longer mean-free path of nucleons inside nuclei originating from the high NN transparency at
this energy region. Figure 2.4 shows the kinetic energy dependence of the NN total cross section
onN. The NN system becomes most transparent in the energy region of several hundred MeV.
The total cross section monotonically reduces as the kinetic energy grows up to ~ 300 MeV, but
the reaction cross section increases in the higher energy region. It is mainly due to the pion
production reactions suchasp+p - p+p+n’and p + p — p + n + *. Their thresholds are at
around 280 MeV.

There is another merit if this reaction is applied to the study of unstable isotopes which
inevitably requires inverse kinematics measurement. In inverse kinematics, the exclusive mea-
surement of the reaction with small momentum transfer such as transfer reactions is rather
difficult because the recoil particle has a low kinetic energy in the laboratory system and is
easily stopped in the reaction target. On the other hand, the quasi-free scattering has a larger
momentum transfer and the scattered nucleons have large kinetic energies. This feature makes
the exclusive measurement of the reaction relatively easy.
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Figure 2.4: Energy dependence of the NN total cross sections. The cross section values are taken
from the SAID database [46]. In the energy region of 200-500 MeV, NN system becomes most
transparent and thus one can study most inner part of nuclei by using nucleon probes.

2.3 Kinematics

As shown in the previous section, the (p, 2p) reaction in the intermediate energy region can be
understood as a direct knockout of a proton from the nucleus by injected one. Figure 2.5 shows
a schematic view of this reaction. A proton inside a nucleus is knocked out by the injected
proton and as a result, a single-hole state is populated. Due to the effect of proton absorption
inside nucleus, this reaction tends to take place more in the surface region than in the inner
region of the nucleus.

Provided that the target nucleus is at rest and the momentum of the injected proton is

known, the kinematics has six degrees of freedom that can be represented in two ways: {12’, Sy,

ONN, NN} or {1, Pa}. Here Kis the missing momentum, S, is the separation energy of the proton,
ONN, NN are the scattering angles in the two-nucleon (NN) center of mass system, and 7y, p» are
the momenta of the scattered protons. If we take the impulse picture, the missing momentum K
can be considered as the momentum of a will-be-knocked-out proton, or the Fermi momentum,
in the nucleus. Hence if /; and p, were measured through the exclusive measurement, then the
kinematics can be completely determined.

In normal kinematics, the proton separation energy strongly depends on the total energy of
two scattered nucleons:

where E; is the energy of the incident proton. This resolution is generally limited not only by the
energy resolution of detectors but also by the energy straggling which stems from the multiple
scattering process in the reaction target.
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2.4. DETERMINATION OF THE ORBITAL ANGULAR MOMENTUM

2.4 Determination of the orbital angular momentum

As mentioned above, the Fermi momentum of a proton in nucleus can be chosen by setting the
appropriate kinematic condition. Consequently one can obtain the momentum distribution of
the knocked-out proton inside nucleus by measuring with several kinematic conditions. As
the momentum distribution has strong connection with the orbital angular momentum, we
can determine the orbital angular momentum of the single-hole state populated through the
reaction.

2.5 Description in inverse kinematics

As seen above, the (p, 2p) reaction at high energy is a very effective spectroscopic tool. How-
ever, we cannot use this reaction for the study of unstable isotopes in the normal kinematics
condition as just described because it is quite difficult or impossible to prepare the target made
of radioactive isotopes due to its short lifetime. Even for ones with relatively longer lifetime, it
is extremely difficult and expensive to treat them as a target because of their radioactivity. In
this study, unstable isotopes were extracted as a fast beam and injected to a solid polarized pro-
ton target (inverse kinematics). Thus we can avoid the aforementioned difficulty with inverse
kinematics measurement.

In inverse kinematics measurements, a target nucleus with high energy is induced on a
proton as shown in Fig. 2.6. The most different point from the case of normal kinematics is
that the residual nucleus travels at a beam-like velocity. This feature enables the identification
of residual nuclei after the reaction. Although the detection of the residual nucleus is not
necessary in the study of the knockout reaction, we can investigate the physical quantities in
the correlation with their decay properties.

As is the case with normal kinematics, the kinematics can be completely determined from
the measurement of 7} and p,. The method to obtain the physical observables is described in
the following part of this section.

Hereafter, the suffixes o, 1,2, 1, g indicate the scattered protons (1 and 2), target nuclei, and
residual nuclei, respectively. The observables in the laboratory frame (LF) and the beam-rest
frame (BF) are indicated without and with primes except for k (e.g. E; is the energy of the 1st
scattered proton in LF and E] is that in BF).

To begin with, let’s assume the kinematics in BE. The conservation law of energy in BF is

Ejy+E, =E]+E,+Ey (2.2)
=3 my + T +mr = 2my + T + Ty + mg + Ty (2.3)
& my +mg —mr =T)— T} =T, - Tk. (2.4)

Separation energy can be defined as the difference of sum of masses between before and after
the reaction. Therefore,

Sp := (2my + mg) — (my, + mr)
:mp+mR—mT
=Ty -T-Ty- T}
k2

:T()—Ti—Té—%.

(2.5)

15



CHAPTER 2. QUASI-FREE PROTON KNOCKOUT REACTION

mp7p0

Initial

mp7p1

Final

Figure 2.5: Schematic view of the (p,2p) reaction in normal kinematics. A proton is knocked
out from the nucleus by an injected proton with high energy.
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Figure 2.6: Schematic view of the (p, 2p) reaction in inverse kinematics. In contrast to normal
kinematics, the residual nucleus travels in very forward angle after the reaction.
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2.5. DESCRIPTION IN INVERSE KINEMATICS

Since we can directly measure the observables only in LF, Eq. (2.5) should be represented by
using the observables in LF by Lorentz transformation from LF to BF:

E'=y(E-pp) (2.6)
e T =@ -m+y(T-pp), 27)

-1/2 . .
where y = (1 - ﬁz) = Et/mr. By using this,

k2
SPZTO_Tl_TZ_%
2

= (y = Dmy — (y = Dmy =y (Ts = Bpyy) = = Dmy — v (T2 = Ppay) - T

2

k
=1 -y)ymy, —y(Ty +T2) + By (171|| + Pzn) = e (2.8)

k? can also be represented by using LF observables. The conservation law of momentum in BF
is

Py + Pr =p) +P5+ Py
= k = p1 + p) — P} (2.9)

By using Lorentz transformation of momentum from BF to LF

pi="L, (2.10)
pi = (p) +BE')
o pp=y"'p-PE, (2.11)

the components of k£ can be represented as

ki =pi1L +p21, (2.12)

and

ky = P;” + pén - p6||
| ’ ’ ’
=y (Pln + P2 — Pon) -p (El +E; - Eo)
k2

=y (Plll + lel) - B (mT — MR — %) . (2.13)

Since kj includes itself implicitly in the last term, iterative method is needed to the calculation of
k?. The k? /2mpg term is not negligible. For example, in 140 case, mg ~ 13 GeV and k ~ 100 MeV/c.
Therefore k?/2mg ~ 0.4 MeV.

The description of physical quantities in inverse kinematics has a kind of duality relationship
to those in normal kinematics. Table 2.1 shows the most essential experimental observable for
each physical quantity in normal and inverse kinematics. For example, the magnitude of the
proton separation energy is strongly reflected in the opening angle A0 = 01 — 0, in the inverse
kinematics measurement.
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Table 2.1: Essential experimental observables for the determination of physical quantities in
normal and inverse kinematics.

Normal kinematics Inverse kinematics
Sp Ei+E; 61—6;
k|| 91 - 92 E1 + E,
ki Ei-E Ei-E;

2.6 Consideration of the beam energy in the experiment

The present experiment was proposed to measure the spin asymmetry of the (7, 2p) reaction in
order to determine the spin-orbit splitting of Op proton orbits in oxygen unstable isotopes. For
this purpose, the intermediate energy around 250 MeV/u is the most appropriate because the
spin correlation coefficient Cy, for the free NN scattering in this energy region becomes very
large in wide region of the scattering angle and it results in the large spin asymmetry.!

However, the analysis on polarized observables will not be treated in this paper because of short of the statistics
in the present experiment. For the detail mechanism of the spin asymmetry of the (7, 2p) reaction, see Appendix A.
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Appendix A

Spin Asymmetry of the (p, 2p) Reaction

The spin-parity (J™) of the state can be determined by the strong J™ dependences of the cross
section and the analyzing power of the (7, 2p) reaction. In energy region of 200-300 MeV, it is
known that the spin-up proton is more likely to react with spin-up protons than with spin-down
ones. Figure A.1 shows the spin correlation coefficient C, , for the proton-proton scattering.
Positive C,,, indicates that scattering occurs mostly for spin-parallel protons and negative C,
for spin-antiparallel protons. This fact leads the J™ dependence of the (7, 2p) reaction (Maris
effect [40]).

For example, if a proton with spin-up is injected, it is likely to react with spin-up protons in
the nucleus for aforementioned reasons. There are two possible total angular momentum for
a given orbital angular momentum /. One has the total angular momentum j. =/ +1/2, and
the other j. = [—1/2. From a classical perspective, they revolve in the opposite direction in the
nucleus as shown in Fig. A.2. Assume the kinematics of a head-on collision with the resulted
lower-energy proton scattered to the right as in Fig. A.2. In the scattering with a j. proton
(Case (a) in Fig. A.2), the low energy proton has to travel a longer path in nucleus than in the
scattering with a j< proton (Case (b)). Since the mean free path is shorter for low energy protons,
a longer path in nucleus increases the reabsorption probability of the low energy proton and
hence reduces the differential cross section of the (p,2p) reaction. Thus, the spin asymmetry
appears. One can determine the J* value from the measurement of the spin asymmetry, or
vector analyzing power A, in combination with the cross section. Here A, is defined as

_1lor—o0y

= , Al
PGT+Gl ( )

y
where P is the proton polarization and oy} is the (differential) cross section of the reaction with
spin-up (spin-down) beam.

It is empirically known that the difference of the analyzing power for the spin doublet
becomes large when the scattered angles of two protons are set to the same angle. Figure A.3
shows the differential cross section and the analyzing power for the '°O(p, 2p) reaction at an
incident energy of 200 MeV corresponding to the Op1,, and the Opz/> proton knockout measured
by Kitching et al. [111]. The scattering angles of two protons were set to 30°. The analyzing
powers for the Op;/2 and the Op3/2 proton knockout have opposite sign and a large difference
between them. Thus one can easily identify the J™ values of the discrete states from the
momentum dependence of the cross section and the analyzing power.

This method can be applied also to the strengths in the continuum region. The strengths are

decomposed into contributions from different orbits by the multipole decomposition analysis
(MDA) [44, 43].
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APPENDIX A. SPIN ASYMMETRY OF THE (P,2P) REACTION
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Figure A.1: Spin correlation coefficient C, , for the pp scattering for several kinetic energies
in the laboratory system. O.n is the scattering angle in the center-of-mass system. Large
positive/negative C, , indicates that the spin-parallel/antiparallel coupling is favorable.

() j=jo=1t1/2  (O)j=je=1-1/2

Figure A.2: J™ dependence of the (7, 2p) reaction. In this case, the traversing path of the proton
with low energy, which will be scattered to the right, is longer in the scattering with the j-
proton (Case (a)) than in that with the j. proton (Case (b)). The difference of the traversing
paths results in that of the differential cross sections and therefore the | dependence appears.
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Figure A.3: Differential cross section and analyzing power for the ®O(g, 2p) reaction measured
by Kitching et al. [111]. The abscissa is the kinetic energy of one of the final-state protons.
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Appendix B

Transformation of the Differential Cross
Section

Consider to calculate the differential cross section in inverse kinematics from that in normal
kinematics.

o | 9(EL, €2, Q) ' o (B.1)
dErd0d0, ~ |9(Er, Oy, Q)| dE dQd0Y, '
| 2(EL Q)| [9(€) ‘ d®c (B2)
" |E, ) || 9@ | dEaacy, ‘

Firstly, let’s consider the general case. Assume the transformation between the n-
dimensional spaces (xo, - - - , x,) and (yo, - - - , ¥») which can be represented by using differentiable
vector functions A; and B; as follows:

Ai(x()l e /xi’l) = Bi(yO/ Tty yﬂ) (B3)
Y . . .0 ,
—— is obtained by operating — on the both side of Eq. (B.3):
ax]' 3x]'
JdA;  JB;
8_x]~ = ox; (B.4)
8A1- _ 8BZ 8yk
° 8X]‘ B ; a]/k 8x]- ) (BS)
In matrix form,
P=0Q]j (B.6)
where
0A; 0B; (9%
Pij = a_xj/sz = a_yj, and Jij = 8_36] (B.7)
If Q is a regular matrix, Jacobian matrix | can be obtained as follows:
J=Q7'P. (B.8)
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APPENDIX B. TRANSFORMATION OF THE DIFFERENTIAL CROSS SECTION

The transformation from normal to inverse kinematics can be represented in the following
equations:

p’ cos 0’ = yBE + ypcos 6, (B.9)
p’sin @’ cos ¢’ = psin O cos ¢, (B.10)
p’sin 0’ sin¢’ = psin O sin ¢. (B.11)
In this case,
JE’ JF’ JF’

OE dcos 6 En
dcos@ dcosO dcosb’

I= JE dcos 6 ap |’ (B.12)
a¢/ a(P/ a¢)/
JE dcos 0 dp
YEcos 0
+ ’ Vp 0
P= ssinecosqo —pcotOcos¢p —psinOsing|, (B.13)

S sinOsing —pcotOsing psinOcos
— cos 0’ v’ 0
and Q = ? sin 0’ cos¢’ —p’cot® cosd’ —p’sin0O sing’|. (B.14)

’

v sin0’ sing’ —p’cot® sin¢g’ p’sinf’ cos’

The determinants are

detP = —E'p, (B.15)
detQ = -E'p". (B.16)
This det Q vanishes if and only if p’ = 0. p” = 0 means the scattered nucleon was completely

stopped after the scattering and it will never be detected. Thus Q! exists whenever the scattered
nucleon is detected. Therefore,

det] = detQ7!-detP (B.17)
= (detQ)! - detP (B.18)

_ 5, (B.19)

p’?cos @’ p’?sin 0 cos ¢’ p’%sin 0 sin ¢’
_ 1 E’si 2 o —F’ 0 sin @’ (P/ —F’ 0’ sin @’ si (P/
1_ _1 |E'sin cos 8’ sin 6’ cos cos 0’ sin 6’ sin
Q= E'p E’ sin ¢’ E’ cos ¢’ ' (B.20)
0 - S
sin 6’ sin 6’

By using Eq. (B.8), (B.12), (B.13), and (B.20), matrix elements of | can be determined as
follows:
OF  Ep YBp

3E = E_’p y cos O cos 0" + sin Osin O cos(qb —¢)+?cos9], (B.21)

106



JE pp , o ,
3 5%5 6 - [7/ cos 0" — cot Osin 0’ cos (qb qb)] , (B.22)
S i (o
90 = T sin 0sin 0’ sin ((p - (1)) , (B.23)
dcos®’  E ., P , , Ve . .,
E = oy sin 0 [y cos 0sin @ — sin 0 cos O’ cos (¢ ¢) + - sin 0|, (B.24)
dcos 0’ P e e oy / /
Seosd - l? sin 0 [)/ sin 0" + cot O cos 0’ cos (qﬁ <p)] , (B.25)
J Cg; o —5 sin 0 cos 0’ sin 0’ sin (¢>' - ¢>) , (B.26)
lod E sin0 . ,,
5E = _PP' sng S (({) - (p), (B.27)
dP’ p cot® . /.,
dcosO®  p’sin6’ st <¢) - qb) ’ (B.28)
Plod p sin O ,
5 = yene < (¢"-9). (B.29)
, . . . dcos 0’
In present case, ¢’ = ¢ can be assumed without losing any generality and then 36 and
Jcos O vanish. Finally, Jacobian determinant in (B.1) is obtained by
d(E;, €, Q) _ d(E7, Q))|]2(€) (B.30)
A1, O, )| |9(Er, D) |]d(C2)
dcos 0/, I,
— . 2992
=det]; Fcos 0 30, (B.31)
p1 P
=— 722 (COS 02 cos 0 + y sin O sin 9&) ) (B.32)
1P 2

This Jacobian determinant can be both positive and negative. This fact means that
(8, E1, €1, ()p) are not complete set for the specification in inverse kinematics, while (S, Ef, €27, €)7)
are sufficient for normal kinematics: even if the separation energy (S), energy of one nucleon
(E1), and the scattering angles of two nucleons (€1, {),) are given, the energy of another nucleon

(E2) cannot always be uniquely determined in inverse kinematics.
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