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Abstract

Cross sections and analyzing powers for th@a(g, 2p) reaction were measured with a 392-MeV
polarized proton beam. Recoil momentum distributions efc¢hoss section, which approximately re-
flect the Fermi momentum of nucleons in nuclei, and those eftalyzing power were measured for
hole states of low-lying and deeply bound orbitals. The &mections and the analyzing powers were
analyzed by the distorted-wave impulse approximation (BYVI

For the low-lying discrete states in separation energy tspemeasured recoil-momentum distribu-
tions of the cross section were well reproduced by a hole sfethe s/, orbital for the peak at 8.3 MeV
and a superposition of thesg, and 1f7/, orbitals for the peak at 10.9 MeV respectively although the
observed spectroscopic factors for these orbitals wegetahan those from the previous € p) stud-
ies. To discuss spectroscopic factors for deeply boundadsbin “°Ca, the normalization factor for
the discrete states was determined as 0.53 comparing witbcrescopic factor from thes(e’ p) mea-
surement. The recoil-momentum distributions of the anatypower for the low-lying discrete states
were qualitatively reproduced by the DWIA calculation they were overestimated in the entire recoil-
momentum range. It was found that the DWIA calculation rdpies the recoil-momentum distribution
of the cross section and the analyzing power qualitativedit laut quantitative problems on the normal-
ization are left.

The strength distributions for the deep-hole states wetaitndd by a multipole decomposition anal-
ysis and a background subtraction. They were reasonabéntdisgled from continuous spectrum on
the basis of characteristic behavior of the recoil-momentlistribution of the cross section depending
on the orbital angular momentum The centroid energies and widths of the hole-state sthsngere
determined as 26 + 0.5 and 484 + 0.6 MeV for the Ip and Is;>-hole states respectively. The normal-
ized spectroscopic factors for the deeply boumpdahd 1s;,» orbitals were 49 7 and 89+ 9% of the
sum-rule limits of independent-particle shell model, exdwely. The reduction of the spectroscopic
factors suggests an influence of the nucleon-nucleon edimak on the spectroscopic factors.
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Chapter 1

Introduction

1.1 Nuclear structure and nucleon-nucleon correlations

A nucleus is a many body system that has been studied expedltyeand theoretically for a long
time. Among diferent nuclear models, the independent-particle shell m@B&M) in the nuclear
mean field describes distinctive features of nucleus likeetkistence of magic numbers or the spins and
parities of nuclei. The IPSM assumes that the nucleons egmttigmtly move in a nucleusg. nucleon’s
motion in a nucleus is described by a single-particle wavetion obtained by solving a Schrodinger
equation with a mean-field potential, and a nucleus is desdras a kind of product of the single-particle
wave functions of nucleons. The nucleons occupy the sipatéele orbitals, which are classified with
principle quantum numbers and total angular momenta, fiwrdeepest binding orbital to the shallow
orbitals near the Fermi surface.

In microscopic nuclear models such as the IPSM, the nuclesannfield is built on the basis of
nucleon-nucleonNN) two-body interaction. However, some features of M interaction are ne-
glected. The dference between the mean-field potential and the actual suine &fN interactions is
known as the residual interaction or theN correlations, and it is necessary to describe nuclear-struc
ture in detail and attracts many researchers. The shogeraarrelations, which are related to the strong
repulsive core of th&IN two-body interaction, are the most importaviN correlations. It has been an
interesting topic how the strong repulsive interactionaEn nucleons works in nuclei. Recently, the
spin-isospin and tensor correlations have also receivechratiention because they play an important
role in the binding of nucleons andfact the shell structure in exotic nuclei [1, 2].

In the theoretical point of view, in the 1950s, Jastrow psgmba method to take the influence of
the strong two-body repulsive force into a theoretical dpsion of the nucleus using a correlation
function [3]. This function is multiplied on the single-piate wave functions so as to take the short-
range correlation into account, and the amplitude of theifieadwave functions become zero when
nucleons are in a short distance. This method was employteé fiollowing works, and it was predicted
that high-momentum components in nucleon momentum areneetadue to thé&N correlations [4, 5,



2 CHAPTER 1. INTRODUCTION

6,7, 8].

1.1.1 Spectroscopic factor

Spectroscopic factor is a useful measure to examineNtiNecorrelation. The spectroscopic factor is
defined as a ratio of the measured cross section to the tiwdretoss section calculated within the
IPSM framework. For knock-out and pick-up reactions, tlastér indicates how many nucleons in
the orbital participate in the reaction channel, and appnately shows how many nucleons are in the
orbital in the target nucleus. In a naive shell-model pietuhe spectroscopic factor for an orbital with
total angular momenturd is expected to be2+ 1, since orbitals in nuclei are filled by nucleons up to
2J+ 1.

In a knock-out reaction, an incident particle is scatteredifa nucleon in a nucleus and the recoiled
nucleon is knocked out from the nucleus. The residual nsdkeaxpected to be a one-hole state because
a nucleon is independently moving in the nucleus in the viéthe IPSM. When the nucleon in the
nucleus strongly correlates with another nucleon, theluedinucleus is far from one-hole state and the
correlated nucleon is often ejected from the nucleus at dineestime. Consequently, a cross section
measured under the kinematical condition that the residueleus is expected to remain a one-hole
state decreases, that is, the existencblNfcorrelated pairs makes the spectroscopic factor decrease.
Therefore, the spectroscopic factor is of importance toréra theNN correlations.

1.1.2 Previous studies of the spectroscopic factor

The spectroscopic factors for orbitals in nuclei have beeasuared to investigate the influence of the
NN correlations on the shell structure. Early spectroscopidies were performed by thel,CHe)
reaction for proton€g. Ref. [9]). As the progress of electron accelerators, expenits for quasi-
free knock-out reactions with electron beams were actipelfformed. At the Nationaal Instituut voor
Subatomaire Fysica, Amsterdam (NIKHEF), high resolutidies of the €, € p) reaction were carried
out for nuclei in the wide mass range frdi to 29%Bi, as reviewed by Dieperink and Witt Huberts [10].

From the results of high resolutioe, € p) experiments at NIKHEF, Lapik&et al. reported the spec-
troscopic factors for the nucleon orbitals close to the Feurface in'®0, °Ca,*8Ca,°Zr, and?°8Pb
decrease to 60%—-70% of the simple IPSM limitd {21) and compared those factors with predictions
from nuclear matter calculations that include short-raagd tensor correlations [11]. Figure 1.1 from
Ref. [11] shows summed spectroscopic strength as a funcfitiee missing energy. A large reduction
is observed near the Fermi surface. This reduction of thetgpsopic factor cannot be described in
the IPSM and it is expected to be ascribed to the presencerelaiions between the nucleons, coming
from the residual nuclear interactions.

The curves in Fig. 1.1 show theoretical calculations by Bemhal. using a microscopic nuclear
matter calculation with the correlated basis function (¢Bfeory including theNN correlations and
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Figure 1.1: Summed spectroscopic strength observed faomphknock-out reactions from various or-
bitals in the closed-shell nuclé?O, “°Ca, “8Ca, °°Zr, and?%8Pb as a function of the mean excitation
energy of the orbital relative to the Fermi energy)( The dashed curve represents the quasi-particle
strength calculated for nuclear matter, the solid curveeisvéd from the nuclear matter curve by in-
cluding surface #ects calculated fot°®Pb [12]. This figure is taken from Ref. [11].

surface fects [12]. The quenched spectroscopic strength near theiBeirface was explained by
both contributions of thé&lN correlations and the surfac&ects. It is worthy of notice in Fig. 1.1 that
the hole-state strengths far below the Fermi surface, wineresurface fects are not important, were
suggested to decrease to almost 80% of the IPSM limits [12].

Some theoretical calculations performed with state-dépencorrelations also suggested the reduc-
tion of spectroscopic factors for deeply bound orbitals.e Bpectroscopic factors calculated by Fab-
rocini et al. for the 1s and Ip orbitals are quenched to 70% and 90% of the IPSM limit$®®, and
to 55% and 58% if°Ca, respectively [13]. According to this calculation, theptition of the spec-
troscopic factors by th& N correlations is 10%-15% for the valence orbitals and 30%¢6-4&r the
deeply bound orbitals. Most of the depletion was caused &g[iin-isospin and tensor components of
the NN correlations in their calculation. Biscordi al. developed the calculation following Ref. [13] by
Fabrociniet al., and predicted the spectroscopic factors for several gecibsed-shell nuclei to be 80%
or less of the IPSM limit for the 4and 1p orbitals in medium and heavy nuclei [14]. It is interesting
that the spectroscopic factor for the deepesbrbital is suppressed owing to tiNN correlations most
strongly of all the orbitals in both of the calculations [13}].

Since the deeply bound orbitals such asahd 1p orbitals are bound far below the Fermi surface in
medium and heavy nuclei, the spectroscopic factors foretlweitals will not be &ected by surface
effects but will be predominantlyfiected by theNN correlations. Therefore, it is interesting for the
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Figure 1.2: Separation energies, widths, and angular mameassignments of the hole states obtained
from quasi-free scattering, as functions of the atomic nembhis figure is taken from Ref. [15].

study of NN correlations to investigate the spectroscopic factorthfedeeply bound orbitals in medium
and heavy nuclei.

1.1.3 Previous measurements of deep-hole states

The valence or low-lying orbitals, which characterize tpensstate of the nucleus, have been studied
well, whereas the nature of the deeply bound orbitals in omadand heavy nuclei have notfBaiently
been investigated and the deeply bound orbitals are asstortsel fully occupied by nucleons in the
IPSM.

Figure 1.2 from Ref. [15] is a famous figure on separation gieerand widths compiled by Jacob
and Maris. Separation energies and widths for hole states sl@ained from quasi-free reactions for
the wide mass-number range of nuclei. The separation engi@y energy to remove a nucleon from
a nucleus, that is, a binding energy of the nucleon. For tl@yhauclei, the experimental knowledge
for deeply bound orbitals was far from rich and has hardlynbegdated. Since the hole states knocked
out from the deeply bound orbitals are thought to have sifetirhes and large widths and they overlap
each other, itis very dlicult to identify deep hole states.

In the medium-mass range of nuclei, for exampf&€a is often used for study on nuclear structure
since it is a doubly magic nucleus. A%a has a core of closed shells with 16 nucleons (8 protons and
8 neutrons), the &, and Ip orbitals in the inner core are suitable to study correlaitar below the
Fermi surface. Many pioneering attempts were performedsdo axamine the single-particle behavior
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of the deep-hole states by tre ¢ p) [16, 17, 18, 19] andt, 2p) [20, 21] reactions with thé°Ca target.

In the work by Mougeyet al. in Ref. [16], the hole-strength distribution from thes € p) reaction was
obtained by using the momentum dependence of the speati@idn as shown in Fig. 1.3. Since this
distribution is plotted in large energy bins and they tenédy gave mean removal energies of the 1
and Ip-hole states, the information on the deep-hole states vatneliable. The reported spectroscopic
factors were 75% of the IPSM limit for thesy,» orbital and 95% for the fi orbital.

Nakamuraet al. also reported the result of the, & p) reaction experiment [17, 18]. The hole states
except for the &, orbital were identified by fitting their distorted momentumstdbutions. The %;/,-
hole-state distributions in Fig. 1.4 were extracted by sdiing the contribution of the upper shells
and the background due to multiple collision processes filmerseparation energy spectra [18]. These
distributions were not on the basis of the recoil-momentwpethdence and the shapes of tisg,l
distributions in Fig. 1.4 are unclear. The reported specipic factors for the ;> and Ip orbitals are
larger than the sum-rule limits.

Figure. 1.5 from Ref. [20] shows the strength distributimigained from the |, 2p) reaction by
Jamesat al. They are better in statistics than those from the electrattesing, but low-lying states,
which correspond to the ground or first excited states of éselual nucleug®k, are not separated due
to insuficient separation-energy resolution of 4-5MeV (FWHM). Altigh Jamest al. reported the
ratios of the measured protons to the protons occupyingilthshell as reduction factors, it isféicult
to compare those values for the low-lying states with otheasarements for checking consistency of
the analysis owing to the poor separation of the low-lyirejest. They separated the contributions of
the orbitals from the strength distributions by using ditgd momentum distributions and identified the
1slevel in4%Ca, however, they didn't give the centroid of the distribatibecause of the broad nature
of the level.

The reported spectroscopic factors; 2 and Ip orbitals in“°Ca are not consistent among these ex-
periments, and their centroids of the distributions areeliaible. Thus, these values of interest are still
controversial.

After the dawn of the knockout-reaction experiment, in tl990ds, the Petersburg Nuclear Physics
Institute (PNPI) group reported that they had succeededkintifying the J;/,-hole states for medium-
and heavy-mass nuclei such®€a,°°Zr, and?°8Pb in the separation-energy spectra for the2p) and
(p, np) reactions with a proton beam at 1 GeV [22, 23]. Figure 1.énfiRef. [22] shows separation-
energy spectra for th€Ca(p, 2p) (upper three figures in Fig. 1.6) aftCa(p, pn) (lower three figures
in Fig. 1.6) reactions, and broad bumps of the deepgbble states are observed in the spectra. There is
no other experiment identifyingsthole states in separation energy spectra for the mediuthheavy-
mass nuclei except the PNPI group. The high energy 1-Ge\¢tinje beam might be advantageous to
identify deep hole states. Since the absolute cross seatiere not measured, the spectroscopic factors
were not be given. Nevertheless, these reports encouragag rasearchers to study deep-hole states
again.
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As described above, the measurements providing the intavman all of the orbitals from the sur-
face to the inner core in a nucleus with absolute cross sectad sfficient resolution of the separation
energy were unavailable. Such a kind of measurement is s@ge compare spectroscopic factors
for low-lying states with those from the high-resolutian € p) reaction measurement and to ensure the
values for deeply bound orbitals.

1.1.4 Direct measurement oNN-correlated pair

There are other methods that don’t employ spectroscopior&to study théNN correlation. Several ex-
periments were performed by knock-out reaction to direatBasure the correlated nucleon pairs. When
a nucleon in a correlated pair is knocked out, the other mucle the pair recoils. Taking advantage
of this nature, correlated nucleon pairs were measuredrihdéack-to-back kinematical condition as
evidence of short-range correlations by tkeg(pp) reaction at the Thomasflerson National Acceler-
ator Facility (JLab) [24, 25] and at NIKHEF [26], by the € pn) reaction at Maintz [27, 28], and by the
(p, 2pn) reaction at Brookhaven National Laboratory (BNL) [29, 38} JLab, Subedet al. measured
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Figure 1.5: Strength distributions from thp, p) reaction obtained for various nuclei by Janstsl.
This figure is taken from Ref. [20].

the 12C(e, & pn), °C(e, € pp), and*?C(e, € p) reactions simultaneously, and they suggested from their
result that the 80% of the nucleons in tH€ behave as described within the shell model, and 18% of
them are p—n correlated pairs and the rest of 2% are p—p andanralated pairs.

The result of these direct measurement indicates the existef the state in which nucleons correlate
each other. However, this kind of experiment don’t answerghestion how much nucleons occupy the
single-particle states in nuclei. The study of the spectip& factor can provide the information on this
question. Therefore, the direct measurementbfcorrelated pair and the spectroscopic study should
be complementary on the study of nuclear structure.

1.2 Quasi-free knock-out f, 2p) reaction

Quasi-free knock-out reaction is one of the most direct wdtho investigate the single-particle prop-
erties of a nucleus such as spectroscopic factors or nucremmentum distributions and modification
of the single-particle orbitals in nuclear medium. This ipracess where an incident particle knocks
a nucleon out of a nucleus and the residual nucleus remaiaime-hole state. If the energy of the
incoming particle and the momentum transfer to the nucleothé nucleus is gficiently large, the
influence of the other spectator nucleons in the nucleus @kribck-out process can be neglected and
the scattering of the incident particle and the knockedrudeon is like a scattering in a free space.
This is the reason why this process is called quasi-free asiegglastic scattering. The,(2p) reaction
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Figure 1.6: Separation-energy spectra for4#@a(p, 2p) (upper three figures ) arf@Ca(p, pn) (lower
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(PNPI) from Ref. [22]. The detection range of proton energyd) 830-870, (b) 855-887, and (c)
880-915 MeV, respectively.

differs frompp scattering in a free space on the point that the knocked-azlean is bound and has the
Fermi momentum in a nucleus before the scattering. The c@son for the |, 2p) reaction depends
not only on theNN-scattering amplitude but also the Fermi momentum in a muscl&his nature of the
cross section is useful to examine the momentum distribugfca nucleon in a nucleus. As quasi-free
knock-out reactions have three-body final states, meagntsncan be made under various kinematical
conditions to investigate a momentum distribution of a eaanlin nuclei.

The first experiments of such processes were fh2[) reaction experiments, which were performed
at Berkeley using 340 MeV incident proton beam for light mud and the coincident proton pairs were
observed [31, 32]. Subsequently, thiieZp) reaction experiments were performed with medium-energy
proton beams at Uppsala, CERN, Liverpool, and so on, aswedédn Refs. [33, 34, 35]. For the
description of the §, 2p) reaction, DWIA calculations have been developed and ubethe impulse
approximation, the proton-proton matrix element is repthby that of free proton-proton scattering
for the kinematics of the experiment. The three wave fumgtiof the incoming and outgoing protons
are distorted by complex optical potentials. This distortreflects inelastic multiple scattering. The
distortion reduces the intensity of scattered protons aneass out the angular correlations expected
from the momentum distributions in the orbitals.

Since the 1980s, the spectroscopic study by &) reaction principally progressed at Indiana,
TRIUMF, Maryland, and iThemba [36, 37, 38, 39, 40, 41, 42,44, The experiments were mostly
performed at the energy range of 100—-200 MeV. The spectpisdactors obtained with the DWIA
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calculation were often ffierent between the measurement conditions, that is, thduds@lues of
the cross section from the DWIA calculation have some uaddies. Nevertheless, iThemba group
obtained the spectroscopic factors for the hole stateseofatence orbitals iR°®Pb and found that they
are in good agreement with the € p) studies [44].

On the other hand, quasi-freg € p) reaction measurement has also been performed since the [38
34, 45, 46]. Only the outgoing protonfsers distortion owing to the optical potential, so that thieim
sity reduction and strong distortion are less severe ingfg §) scattering than in thep( 2p) scattering.
Thus the spectroscopic factors provided by the'(p) reaction have small uncertainties [47]. Since the
(e, € p) reaction occurs in whole of the radial range of a target ewgl[47], this reaction isfiective to
investigate whole of a bound-state wave function with respethe radial range. However, as the cross
sections are much smaller than those for the2f) reaction owing to the electromagnetic interaction
between the incident electron and a nucleon in a nucleuspéasurement was limited to the hole states
of the low-lying orbitals.

In both of the @,2p) and €, € p) reactions, the cross sections for the deep-hole statemach
smaller than those for the low-lying states. Although theemsity reduction for theg, 2p) reaction
owing to multiple collisions is more severe than that for {bee’ p) reaction, the §, 2p) reaction has
an advantage to gain yieldsfBuaiently for deep-hole states. If the,2p) measurement is performed
with enough resolution of the separation energy to sepéwatdying states, the deduced spectroscopic
factors can be compared with those for low-lying states fthen(g, € p) reaction and be checked their
absolute values. Furthermore, normalizing the spectmsdactors to that from theg(€ p) reaction, it
is possible to avoid the uncertainty owing to the large istigrreduction and to determine spectroscopic
factors for deep-hole states with small uncertainty. Tiogeg the @, 2p) measurement from deep-hole
to low-lying states with sflicient resolution of the separation energy can provide idiavalues of
spectroscopic factors with the aid of the result of tae(p) reaction.

The (p, 2p) reaction has an another property that the=(p) reaction doesn't have. In the measure-
ment of the f, 2p) reaction with a polarized proton beam, cross sections haysmetry depending on
the direction of the proton spin. In 1973, Jacob and Marigjested that analyzing power,(s) for the
hole states of thé¢. and j. orbitals are expected to behavétdiently owing to the spin-orbit coupling
in the nucleus [48]. Analyzing powers were measured wittappéd proton beam at TRIUMF f3fO
and*°Ca at 200 MeV [49, 37, 38] and féPO at 500 MeV [39], and thd dependence of the analyzing
power were experimentally confirmed [35]. The analyzing pifor the s »- and Ip;/»-hole states in
the®0(p, 2p) reaction measured by changing a kinetic energy of an ejeutaton are shown in Fig. 1.7
from Ref. [37]. Since the fiz/2- and Ip;,» orbitals have a dierent spin-orbit coupling, the analyzing
powers for these states behavé&eatiently. This &ect for the analyzing power is called Marifect. As
a result of the extensive investigation of thg Zp) reaction, the analyzing power for a hole state is rec-
ognized to be due to the spin-orbit part of the optical pasfor an orbital withL = 0 and to both the
spin-orbit part and theffective polarization (Marisféect) for aL # 0 orbital. Therefore, the analyzing
power data can provide the information on theand j. orbitals and may separate contributionsjof
and j.-hole states in the cross sections.
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1.3 (p,2p) experiment at 1 GeV

In 1999 and 2000, our group performay 2p) experiments with 1 GeV proton beam at PNPI to measure
the hump of the &hole state in*°Ca in a separation energy spectrum and its absolute croersec
simultaneously [50]. The magnetic spectrometers weretsah asymmetric angle condition and the
measured kinetic energies of the ejected two protons webpalanced, following a previous work by
Volkov et al [22]. However, the &hole state could not be identified in the separation engoggtsum

at that time. There was no visible hump at the expected simaienergy region. Volkoet al. used a
magnetic spectrometer and a time of flight detector arraycasists of scintillation counters to analyze
momenta of two protons, whereas we used two magnetic speetess. The time of flight detector array
had 10 times smaller acceptance of the vertical angulapéaeee than that of a magnetic spectrometer.
Therefore, it was considered that a large detected vediugle accepted wide recoil momentum ranges
of residual nuclei and possibly smeared the separatiorggrspectrum.

1.4 Purposes of this work

Reliable extraction of the strength distributions of démee states is of much interest. It has been
desired for long to determine the spectroscopic factorsdémply bound orbitals far below the Fermi
surface and to discuss their quenching. To clarify thesearsatin the present work, we performed the
40Ca(p, 2p) reaction experiment with a polarized proton beam at 392 Mal with a high separation-
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energy resolution of 750 keV, and measured the cross sectind the analyzing powers for the all
orbitals from the inner core to the Fermi surface.

The high-resolution measurement enables us to observeuhlying states as the discrete peaks in
the separation-energy spectrum, so these states are itigyily studied. The low-lying discrete states
are useful for verifying the.-dependence of the cross section and for checking the DWIiAlledion.
Furthermore, itis possible to compare the measured specipic factors for low-lying states with those
from the @, € p) reaction for checking the absolute value. The uncertailuy to the strong intensity
reduction can be eliminated by comparing the spectrosdaptor for the low-lying discrete states from
the (p, 2p) reaction with those from thee(€ p) reaction.

40Ca is a suitable nucleus to study deeply bound orbitals $ii@e is a nucleus in the medium-mass
region and has a core of closed shells. It would be prematurse much heavier nucleus tif@€a. The
energy of 392 MeV of the injection proton is higher than thergy of 200 MeV, where manyp(2p)
experiments have been performed. Since both of the ejectdédns have larger kinetic energies than
protons in case of 200 MeV injection, the protons ought tdesuess multiple collisions. Furthermore,
when a polarized proton beam is used, drdependence of the analyzing power for tipep) reaction
might be useful for separating the contributions of fheand j.-hole states.

In the following chapters, the detail of the present work iegented. The experimental setup is
explained in Chap. 2. The data reduction and analysis of inedslata are presented in Chap. 3 and 4.
The result is shown in Chap. 5 and discussed in Chap. 6. Atlessummary is given in Chap. 7.
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CHAPTER 1.

INTRODUCTION




Chapter 2

Experiment

The experiment was performed under Program No. E168 and ERfl¥e ring cyclotron facility at
RCNP, Osaka University, with a 392-MeV polarized protonrbeand the dual-arm spectrometer system
in the WS beam line. A schematic layout of the RCNP cyclotamility is shown in Fig. 2.1.

2.1 Kinematics

In the (p, 2p) reaction measurement, an injected proton interacts witlownd proton in the target
nucleus and both of the bound and injected protons go out fremucleus. The knocked-out proton
and the scattered proton are measured in the experiment.

In the A(p, 2p)B reaction with a target nucleus and a residual nuclewB, as illustrated in Fig. 2.2,
the separation enerdysepis given by

Esep=TO_T1_T2_T3 =Ex-Q, (2-1)

whereT; (i = 0,1, 2, 3) are the kinetic energies of the incident protoe ), the scattered and knocked-
out protons i( = 1, 2), and the residual nucleus#£ 3). The quantitie€y andQ indicate the excitation
energy of the residual nuclelsand the reactiolQ-value [Q = Ma — (Mg + mp) ], respectively;Ma,
Mg, andm, are the masses of the target nucleus, the residual nucledsha proton. The separation
energy is the energy required to knock out a proton from atangcleus, corresponding to the binding
energy of the knocked-out proton.

The momenta and the scattering angles of the two ejectedrmavere measured in the,@p)
measurement. Although the residual nucleus was not detgtitenomentum §3) was calculated from
the momenta of the incident proton and two ejected protorth@basis of the momentum conservation
law. Though the residual nucleus is a spectator for quasi-knock-out reactions in the view of the
IPSM, it recoils and has a momentum owing to the momentumezwagon. The momentunpg) is
called a recoil momentum. Since the target nucleus is atefstre the scattering, the proton ejected
from the nucleus should have a momenteips, which corresponds to the Fermi momentum, in the

13



14 CHAPTER 2. EXPERIMENT

Ol
Vi
- | | Ring
Cyclotron
N-BLP
[E‘:,./
(I) | | | | 5|0m
superconducting
solenoid magnets

Figure 2.1: Schematic view of the RCNP ring cyclotron fagili

target nucleus before the scattering

Since the nucleon-momentum distribution in a nucleus angflly related to the orbital angular mo-
mentumL, the recoil-momentum distribution of the cross sectiontlif@r (p, 2p) reaction predominantly
depends ori.. Because protons in the single-particle orbitals witl: 0 cannot have zero momen-
tum in a nucleus, the cross sections for the knock-out adtiom the single-particle orbitals with
L # 0 should have a minimum aroungy = 0. On the other hand, the cross sections of $Hwle
states L = 0) have a maximum gbz = 0. Since the distribution of the cross section has chariatiter
behavior atps = 0, the measurement arouipd = 0 is essential.
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Figure 2.2: Notation for the kinematics of tiA€p, 2p)B reaction in the laboratory system. The incident
energy of the proton i$p = 392 MeV in the present study. The recoil momentum of the tesiducleus
B is indicated byps.

2.2 Experimental conditions

Some types of experiments have been performed until now. dtieem is a symmetric experiment
where the two outgoing protons have equal emerged anglekiagiic energies. Although this simple
measurement condition is advantageous for the theoretidallation, only a part of events measured by
the counters satisfy this condition. When the kinetic eiesrgf two ejected protons are kept fixed and
the direction of an ejected proton is changed to measureettw rmomentum distribution, distorting
potentials for the outgoing protons can be fixed and the taiogy from the distortion potentials due
to change of kinetic energies of protons can be decreased.sticalled energy-sharing experiment,
the directions of two ejected protons are kept fixed and tleegées of them are varied. A large part
of measured events can be used and it is easier to vary thié memmentum by changing energies of
ejected protons than changing the directions of protons.

Since the cross sections of deep-hole states are expediedioall, the experiments were performed
under the energy-sharing condition in this work. The maigrfetlds of the spectrometers and the angle
of the LAS were varied, while the sum of the kinetic energiethe two measured protolg + T, was
kept constant at each separation energy. The directionsecéjected protons were set at asymmetric
condition following the experiments at PNPI where ttehble states were identified in separation en-
ergy spectra by Volkoet al. The angle of the GR was fixed at 25.5n order to separate the hole states,
the recoil-momentum distributions of the cross section tiedanalyzing power were measured in the
region of 0—200 MeYt in the separation energy region of 0-89 MeV. The experimgr@emeters are
listed in Table 2.1. The kinematical sets are grouped aaugrd the range of the measured separation
energies.
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Table 2.1: Measured kinematical sets (central values). artgge of the GR was fixed at 28.50, as
indicates the angle of the LAS which was set according to thasured separation-energy region.
Esep(MeV) T1(MeV) 6ias(deg) T2 (MeV)
Setl 0-17 a 290.49 56.41 95.00
b 270.20 56.41 115.29
c 251.07 56.41 134.42
d 233.22 56.41 152.27

Set 2 6-37 a 270.20 52.06 95.00

b  251.07 52.06 114.13
233.22 52.06 131.98
d 218.25 52.06 146.95

(¢}

Set3 25-54 a 251.07 48.00 95.00
b 233.22 48.00 112.85
c 21825 48.00 127.82
d 203.70 48.00 142.37

Set4 40-75 a 233.22 44.26 95.00
b 21825 44.26 109.97
c 203.70 44.26 124.52
d 189.00 44.26 139.22

Set5 56-89 a 218.25 41.18 95.00

b 203.70 41.18 109.55
189.00 41.18 124.25
d 175.00 41.18 138.25

(¢

2.3 Experimental setup

2.3.1 Beam transportation and target

A polarized proton beam was provided by a high intensity foéa ion source (HIPIS) [51] and was
injected to theK = 120MeV AVF (Azimuthally Varying Field) cyclotron. At the sz time, the
polarization axis was adjusted to the vertical directionbleyding the beam with both an electrostatic
deflector and a bending magnet. The direction of the beanripalmn was reversed every second
by switching the strong and weak transition units of the I9|Pdlternatively. The proton beam was
accelerated to the energy of 64.2 MeV by AVF cyclotron anthier accelerated to 392 MeV by the=
400 MeV ring cyclotron [52]. The proton beam extracted frdme ting cyclotron was achromatically
transported to the target in the scattering chamber thralnighWs beamline [53]. The beam spot size
at the target point was typically 1 mm in diameter. After pagghrough the target, the beam was
transported into a Faraday cup in the shielding wall. Therbearrent collected in the Faraday cup was
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monitored with a current digitizer (model 1000C) from Brdaken Instruments Corporation.

The beam polarization was continuously monitored using @rbkne polarimeter (BLP) system
using a polyethylene target. In the polarimeter systemerkiatical coincidence was used to select
p-H scattering from (CH), foil. A pair of protons scattered to the opposite directiamghe center
of mass system are detected in coincidence by a pair of tidilstion detectors. Two pairs of the
scintillation detectors (L-L" and R—R’ pairs ) were placedtihe horizontal plane to measure Jaght
scattering asymmetry as shown in Fig. 2.3. The other paine \meranged in the vertical plane to
measure ufilown scattering asymmetry. The scintillation detectorsewsaced at the laboratory angles
of 17.0° and 69.7 where the value of the analyzing power jop-scattering is nearly maximum at this
injection energy. Delayed coincidence events betweéardnt beam bunches were also measured to
estimate the numbers of accidental coincidence protonamBmlarization of 60—70% was achieved in
the experiment.

The calcium targets were made from a natural calcium blogcd? of the calcium block were rolled
thin and they were cut into the rectangular shapes with 20 xn80 mm. As calcium is an easily
oxidizable metal, the pieces of calcium block were soakddyiid pardfin when they were rolled and
stored. The targets used in the measurements were two sifesgkcium foil with thicknesses of 53
and 24 mgem?. The thickness of 24 migm? was normalized to the thicker target with the thickness of
53 mgcn? by comparing the cross sections in some kinematical regidhe thickness of 24 migm?
was thinner than the value of 27 yieg? estimated from its area and weight during the preparation.
The uncertainty of the target thickness was probably duedtienof its uniformity. Assuming that the
thicker target had the same amount of uncertainty due to @gemof its uniformity, the target with
a thickness of 53 mign? has the uncertainty of 6%. The uncertainty of the thickndsd4omgcm?
was estimated as 6% combining the uncertainty of the nomai#in factor. The targets used in the
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Figure 2.3: Layout of BLP.
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Table 2.2: Targets used in the measurements.

Number Experiment thickness thickness uncertainty
(Normalized)
1 E168 53 mgen? — 6%
2 E217 27 mgen? 24 mgen? 6%

measurements were summarized in Table 2.2. The oxygenrooragon was estimated from elastic
scattering and was less than 1% relative to calcium in weight

2.3.2 Dual spectrometer system

Scattered protons were analyzed with the dual-spectronsgttem, the Grand Raiden spectrometer
(GR) [54, 55] and the large-acceptance spectrometer (LB&)47]. A schematic view of the system is
shown in Fig. 2.4.

The GR was designed and constructed for high-resolutiorsarements with a momentum resolution
p/sp = 37000. The design specifications are listed in Table 2.3. GReconsists of three dipole
magnets (D1, D2, and DSR), two quadrupole magnets (Q1 andaX@®xtupole magnet (SX), and a
multipole magnet (MP) as shown in Fig. 2.4. The second ormleoptical properties like the tilting
angle of the focal plane are adjusted by the SX magnet, afebhigrder aberrations are minimized by
the MP magnet and the curvatures of the pole edges at theneataad exit of the dipole magnets. The

Grand Raiden (GR) To Faraday cup
,, A

Large Acceptance
Spectrometer (LAS)

' Target
/ T FocalIl;lane
: etectors
Focal Plane  Polarized 0 I m
Detectors proton beam

Figure 2.4: Schematic view of the dual-arm spectrometeiesysat RCNP.
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Table 2.3: Design specification of the Grand Raiden specten{GR).

Mean orbit radius 3m
Total deflection angle 162
Range of the setting angle —4° to 9
Momentum range 5%
Momentum dispersion 15.45m
Momentum resolutionff/Ap) 37,0002
Tilting angle of focal plane 45
Focal plane length 120cm
Maximum magnet rigidity 5.4"m
Maximum field strength (D1, D2) 1.8T
Maximum field gradient (Q1) 0.13/@m
Maximum field gradient (Q2) 0.033@m
Horizontal magnificationx|x) -0.417
Vertical magnification yly) 5.98
Horizontal angle acceptance +20 mrad
Vertical angle acceptance +70mrad
Maximum solid angle 4.3 msr
Flight path of the central ray 20m

aThe source width is assumed to be 1 mm.

third dipole magnet (DSR) required for in-plane polariaatiransfer measurements was not used in the
present experiment. The LAS is the second arm spectrométierawesolutionp/ép = 5,000. It was
designed to have a large solid angi€?2Q msr) and a wide momentum acceptance (30%). The design
specifications are listed in Table 2.4. The LAS consists afadgupole (Q) and a dipole magnet (D).

2.3.3 Focal-Plane detectors of GR and LAS

The two scattered protons were detected with the focal platectors at each spectrometer. Each focal
plane detector consists of two plastic scintillation ceusitand two vertical-drift-type multiwire-drift
chambers (MWDCs).

The focal plane detector system of the GR consists of two MWB@ two planes of plastic scin-
tillators, as illustrated in Fig. 2.5. The type of any plarfiehee MWDCs is, so-called, a vertical drift
chamber (VDC), in which electrons and ions drift perpenldidy to the anode plane [58]. Specification
of the GR-MWDCs are summarized in Table 2.5. Each MWDC hasamaxle wire planes (X and U),
sandwiched between three cathode planes. Anode planesiénsénse wires and potential wires. The
structure of an X-wire plane is schematically illustratadrig. 2.6. The wire configurations of the X and
U planes of the GR-MWDC are shown in Fig. 2.7. It should be didt@t the spacing of sense wires are
different between X-plane (6 mm) and U-plane (4 mm) for the GR-MMDT he potential wires serve
to make a uniform electric field between the cathode plandtamdnode plane. High voltages of -300 V
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Table 2.4: Design specification of the Large Acceptance Bpaeter (LAS).

1,1,

\/\ 8
N

2

%,

2.8
Hd

Mean orbit radius 1.75m
Total deflection angle 70
Range of the setting angle °@ 130
Momentum range 30%
Momentum resolutiongf/Ap) 5,000
Tilting angle of focal plane ~57r 2
Focal plane length 170cm
Maximum magnet rigidity 3.22m
Maximum field strength (D) 16T
Maximum field gradient (Q) -74 myEm
(Sextupole component) 0.463CHYm
(Octupole component) 0.029am°m
Horizontal magnificationX]x) -0.40
Vertical magnification yjy) -7.3
Horizontal angle acceptance +60 mrad
Vertical angle acceptance +100 mrad
Maximum solid angle ~20 msr
Flight path of the centralray  6.2m
aThe value is given for the high momentum edd<+15% ).
'\\
\\ G\

I m

Figure 2.5: Focal plane detectors of the GR.

were applied to the potential wires in both planes and -5.@dkYhe cathode planes of the MWDCs.
The sense wires were grounded (0 V). The gas multiplicatigrevalanche processes are only occurred
near the sense wires. Mixture gas of argon (71.4%), isorb(2&8.6%), and iso-propyl-alcohol was
used. The iso-propyl-alcohol in the vapor pressure®@®as mixed in the argon gas in order to reduce
the deterioration due to the aginffect like the polymerizations of gas at the wire surface. 8ligfrom
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the anode wires were pre-amplified and discriminated by bg@735DC cards, which were directly
connected on the printed bases of the MWDCs without cablagpuD ECL signals of the 2735DC
cards were transferred to LeCroy 3377 TDCs, in which infdiaraon the hit timing of each wire was
digitized.

T Cathod Plane

mm 10mm

oooo-oo-oo-ll-_'OO' o Anode Wires

Potential Wire

Sense Wire 10mm

Cathod Plane

Figure 2.6: Structure of each plane of MWDC.

y
\ 48.2°

X V4

6mm %& z = beam direction
MWDC-X MWDC-U

Figure 2.7: Wire configurations of the X-plane and U-plan¢hef GR-MWDC.

The GR drift chambers were backed by two plastic scintdlatounters, the size of which is 120@nm
x 1207 mm x 10" mm. The scintillation light was detected by photo-mul&pliubes (HAMAMATSU
H1161) at both sides of the scintillators. Signals from ¢hssintillators were used to generate a trig-
ger signal of the GR event. An aluminum plate with a thicknes$0 mm was placed between two
scintillators in order to prevent the secondary electramslpced in one scintillator from hitting another
scintillator.

The focal plane detector system of the LAS consists of two MYgRnd two planes of plastic scin-
tillators. The detector layout is shown in Fig. 2.8. In ortleccover the vertically broad focal plane of
the LAS, both scintillator planes consist of three (up, nedénd down) scintillation counters, which
are 2008 mm x 150" mm with a thickness of 6mm respectively. Fast photo-mutitubes (HAMA-
MATSU H1949) were used on both sides of each scintillatourdihum plates with a thickness of 3 mm
were placed between the scintillator planes for the samggseras the GR side.
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The LAS-MWDCs are similar to those for the GR, except for tiee sind wire configuration. Al-
though each MWDC consists of three anode planes (X, U, anth®)y-plane has not been used owing
to the lack of the readout electronics. The wire configuretiof the X and U planes of the LAS-MWDC
are shown in Fig. 2.9. A high voltage of -5.4 kV was suppliedh®e cathode plane, and -300 V to the
potential wires. The specification of the LAS-MWDCs is suniized in Table 2.6.

’_‘
MWDCII |
MWDC2 | ]
PS1 = <
PSZ | E— . <
Om Im ~ Scintillator
Hodoscope
()] N D:
™ ~ o)
D) o)
D)

N

Sideview of the trigger scintillators .

Figure 2.8: Focal plane detectors of the LAS.

2.3.4 MWAPC for scattering angles

Two multiwire proportional chambers (MWPCs) were newlytailed at the entrances of the GR and
LAS to acquire the vertical-scattering-angle informatiwhich cannot be precisely determined from
measurements in the focal planes of the spectrometers davthgir ion-optical properties. The precise
measurement of the scattering angles is important in ciogl the recoil momentum of the residual
nucleus. The layout around the scattering chamber and thmefeical relation of anode planes and
the center of the scattering chamber are illustrated in.R2gi0 and 2.11. The specification of the
MWPCs are summarized in Table. 2.7. The structure of an amdeplane is schematically illustrated
in Fig. 2.12. The MWPCs consist of two horizontal wire plai®s X’) and two vertical wire planes
(Y, Y’) whose wire pitch is 2.02 mm. Typically, one or two wiavere hit per plane for one trajectory
of a charged patrticle. The counter gas was a mixture of ar§6#n], iso-butane (33%), freon (0.3%),
and iso-propyl-alcohol (vapor pressure 4C2. High voltages of -4.9 kV and -4.7 kV were applied to
the cathode planes of the MWPC for the GR and LAS, respegti&@gnals from the anode wires were
pre-amplified and discriminated by Nanometric N277-C3 sandpreamp-cards by REPIC. The wire-
hit pattern was converted into the central position and talver of the hit wires for every cluster by
the LeCroy PCOS Il system.
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Table 2.5: Specifications of the MWDCs for the GR.

Wire configuration X (O=vertical), U (482°)

Active area 1159 mmx 1207 mm

Number of sense wires 192 (X), 208 (V)

Cathode-anode gap 10 mm

Anode wire spacing 2mm

Sense wire spacing 6 mm (X), 4 mm (V)

Sense wires 2pm¢ gold-plated tungsten wire

Potential wires 5@m¢ beryllium-copper wire

Cathode 1Qum-thick carbon-aramid film

Cathode voltage -5.6 kV

Potential-Wire Voltage -300 V

Gas mixture Argon (719%)lso-butane (28.6%)
+1so-propyl-alcohol (2C vapor pressure)

Entrance and exit window 12/m-thick aramid film

Distance between two MWDCs 250 mm

Pre-amplifier LeCroy 2735DC

Table 2.6: Specifications of the MWDCs for the LAS.

Wire configuration X (0=vertical), U (3%), V (-31°)

Active area 1708 mm x 350" mm

Number of sense wires 272 (X), 256 (U), 256 (V)

Cathode-anode gap 10 mm

Anode wire spacing 2mm

Sense wire spacing 6 mm

Sense wires 2m¢ gold-plated tungsten wire

Potential wires 5@m¢ beryllium-copper wire

Cathode 1Q:m-thick carbon-aramid film

Cathode voltage -5.4 kV

Potential-Wire Voltage -300 V

Gas mixture Argon (71%)lso-butane (28.6%)
+Iso-propyl-alcohol (2C vapor pressure)

Entrance and exit window 2mm-thick aramid film

Distance between two MWDCs 164 mm
Pre-amplifier LeCroy 2735DC
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Figure 2.9: Wire configurations of the X-plane, U-plane, &plane of the LAS-MWDC.

The collimators made of lead were placed in front of the MWREZ®$oth of the spectrometers.

Table 2.7: Specifications of the MWPCs for the GR and LAS.

GR LAS

Wire configuration X (O=vertical), Y (90 =horizontal)
Active area 3 mmx 62" mm  94Y mmx 158" mm
Number of sense wires 16 (X), 32 (Y) 48 (X), 80 (Y)
Cathode-anode gap 6.4 mm
Anode wire spacing 2.02 mm
Sense wires 20m¢ gold-plated tungsten wire
Guard wires 5Q:m¢ Beryllium-Copper wire
Cathode Gum-thick carbon-aramid film
Cathode voltage -4.9 kV -4.7 kV
Gas mixture Argon (669&8)Iso-butane (33%)Freon (0.3%)

+Iso-propyl-alcohol (2C vapor pressure)
Entrance and exit window 50m-thick aramid film

Pre-amplifier

2.3.5 Trigger and data acquisition system

The data acquisition was initiated by the trigger signadsnfithe GR and LAS scintillators. The readout
electronics and trigger systems of the focal plane scattits for the GR and LAS are illustrated in
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Figure 2.10: Schematic view of the layout around the sdatieshamber. The proton beam is injected
into the reaction target at the center of the scattering desirand is transported to the Faraday cup
placed about 25 m downstream of the target. The MWPCs an@d#decbllimators are installed in front
of the quadrupole magnets.

Fig. 2.13 and Fig. 2.14, and were placed near the focal plah#se GR and LAS, respectively. Any
output of photomultiplier tube (PMT) was first divided intwd signals and one was discriminated by
a constant fraction discriminator (CFD) and the other wat $& a FERA (Fast Encoding Readout
ADC (analog-to-digital converter);LeCroy 4300B) modul®ne of the CFD outputs was transmitted
to the TDC (time-to-digital converter) system that corsist TFCs (Time to FERA Converter;LeCroy
4303) and FERAs. A coincidence signal of two PMT-outputs othIsides of the same scintillator was
generated by a Mean-Timer circuit, in which the times of tigmals were averaged. Thus, the position
dependence of output timing caused by th&edence of the propagation time in the long scintillator
was minimized.

The trigger system was constructed with LeCroy 2366 unaldiegic modules (ULM) with field
programmable gate-array (FPGA) chips. As shown in Figs3 arid 2.14, the trigger system received
signals from the outputs of Mean Timers and generated ther@@R AS trigger under the condition that
signals from PS1 and PS2 coincide internally. In the LAS, BSRS2 was generated when there was
at least one signal of three Mean Timer outputs correspgnttirup, middle, and down scintillators.
The GR trigger gave the gate signals of ADC modules and sgrals of TDC modules for the GR
focal plane detectors, while the LAS trigger was used as D€ gate signals and the TDC start signals
for the LAS focal plane detectors. The coincidence triggethe GR and LAS was also generated in
the 2366 module at the GR side, where the output timing wasrdéted by the LAS trigger. The
logic diagram for coincidence event of the GR and LAS is shawhig. 2.15. The p, 2p) event was
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Figure 2.11: Geometrical relation of anode planes of the NB/MRd the center of the scattering cham-
ber.
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Figure 2.12: Structure of each wire plane of the MWPCs.

measured by GRLAS coincidence mode, and a GR single event and a LAS singatevere also
measured under the sampling condition. The main triggguudigtarted the data acquisition system.

A schematic diagram of the data acquisition (DAQ) system Y is shown in Fig. 2.16. The
digitized data of the TDCs and ADCs for the detectors wenesfierred in parallel via the ECL bus to
the high speed memory modules (HSM) in the VME crate. The flomtrolling event tagger module
(FCET) [61], that was installed in each CAMAC crate for TDC&laADCSs, attaches the event header,
event number, and input register words to the data from therde FERA and FERET system for the
subsequent event reconstruction, and transfers the dathe/ECL bus. Similarly, the rapid data transfer
module (RDTM) [62] manages the data from the LeCroy PCOSyteam. The CAMAC actions are
excluded in this data transfer process. In the present maasmts, the DAQ system treated the data
from the GR-MWDCs, the GR-scintillators, the LAS-MWDCsethAS-scintillators, and the MWPCs
for the GR and LAS, in parallel. Each transfer line has two HSMhich work as a double-Kfier and
reduce dead time in transferring fbered data.

The stored data in the HSMs were moved to a reflective memouiacof RM5576 through the
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VME bus by an MC68040 based CPU board, and the data in the R&8/%%8 automatically copied
to another RM5576 module in the counting room through thk oh optical fiber cables. A SUN
workstation read the data from the RM5576 in the countingrrand transferred them to an IBM
RS60000 workstation via an FDDI network. This data transfettrod with reflective memory modules
and optical fiber cables was used in the beamtime of E168 .elb¢amtime of E217, new data transfer
method, which directly transfers the data to the workstatiy a gigabit Ethernet, was installed and
used. The data was stored in the large hard disk connected tadrkstation. The event reconstruction
and online data analysis were also performed on this compute

Beam current was adjusted so that the live time of the DAQesystias kept at almost 80—-90%.
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PSI-R D GR trigger
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Figure 2.13: Logic diagram for the GR focal plane detectors.
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Chapter 3

Data Reduction

A program code "Yosoi analyzer’ has been developed for amadyexperimental data obtained with the
GR andor LAS spectrometer system at RCNP. The analyzed results stered in a HBOOK [63] file
and graphically displayed using a program PAW [64]. The datysis was mainly carried out by using
the central computer system at RCNP, that is, IBMGRBOSP system.

3.1 Polarization of proton beam

The beam polarization was measured by using the beam-lilaeippeter 1 (BLP1) located at the first
straight beam-line section in the west experimental hatle BLP2 was used for monitoring the trans-
mission and polarization of the beam.

Yield (N. (NR)) in coincidence by the pair of scintillators of L(R) and R} in Fig. 2.3 for spin-up {)
and spin-down ) modes are described as

NI = NPT = N&T = org(B) NN e AQL (L + Ay(6L)P)), (3.1a)
NS = NET = N2 = ao(BR)NIN] erAQR(L — A(6R) D)), (3.1b)
NY = NP = N& = og(BL)NiNE e AQL (1 - Ay(6L)p}), (3.1c)
NG = NB — N2 = arp(BR)INENL eRAQR(L + Ay(6R) PY). (3.1d)

The superscripts of and| represent the quantities in spin-up énd spin-down ) modes.NP and
N2 are the numbers of prompt and accidental coincidence evests) andAye‘T(H) are the unpolarized
cross section and the analyzing power fo# p scattering. N; and Ny are the numbers of the target
and beam particlespy, e and AQ are the beam-polarization in the vertical direction, tiiécency,
and the solid angle of each scintillation detector, respelgt The accidental coincidence evext
was estimated using the number of forward counter L(R) ewgeinicident with the event of backward
counter L'(R’) in the next beam bunch.

The angular acceptances of the polarimeter were deterntipembllimating the backward protons.

31
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If there is no instrumental asymmetry, namepAQ = erAQR = €AQ, the beam polarization can be
expressed as follows;

;1 2Q-(L+R

= AG  L-R (3.2a)
1 2/Q-(L1+R1
pt = _(1 — ). (3.2b)
l l l
L S 63
1’ N N7 '
N/ Ny N,

The scattering angles of forward and backward protons f®2\eV proton beam were set @ty =

17 andfjp = 69.7°, respectively, Theféective analyzing power of(17°) = 0.44 + 0.01 for pp scat-
tering from the polyethylene target was used in Eq. (3.2¢teinine the beam polarization. This value
of Ay(17°) for 392 MeV was previously calibrated in comparison witlotpolarization values measured
before and after the ring cyclotron for a vertically pol&azproton beam. The beam polarization be-
fore the acceleration by the ring cyclotron, which was meagiy BLP-N between the AVF and ring
cyclotrons, was determined from the asymmetry for ¥@(p, p) elastic scattering with the analyzing
power data of thé?C(p, p) elastic scattering measured at RCNP [65]. The beam pataizof 60—70%
was achieved in the experiments.

3.2 Particle Identification

Combination of the time of flight (TOF) through the spectréen@nd the energy deposition to the plastic
scintillator (AE) provided the particle identification at the focal planete spectrometers. Photons from
the scintillators were detected by PMTs attached on bothetthi@nd right sides. The photon number
is attenuated owing to the absorption by the scintillatotemal during the transmission. The photon
numberl can be described as a function of the path length

1(¥) = lo exp(—)T(), (3.4)

wherely is the initial photon numbers ands the attenuation length of the scintillator material. Soge
the distances between the emitting point of the photons kaadeffright PMTs arex, and xg, the
geometrical meah of the photon numbers at both sides is

| = \/Io exp(—%) 1o exp(—?) =lg exp(— X";I XR) =lg exp(—%). (3.5)

whereL = X_ + Xg is the length of the scintillator. Eq. (3.5) shows thas independent on a position
where a particle hits and becomes a good measure of energgitiep to the scintillator. Since the
energy loss of the charged particles in the scintillatoremal is described by the well-known Bethe-
Bloch formula, thel spectra are useful for the particle identification. FigBre.shows the\E signal
from PS1 of the GR. The peaks corresponding to protons aneieis are recognized.
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Figure 3.1: Energy loss spectrum for the PS1 of the GR, wii¢he mean of the pulse-height signals
of the left and right PMTs.

Figure 3.2 (a) shows the TDC spectrum that indicates the difierence between the mean-time
signal from PS1 of the GR and the RF signal from the ring cyctot The RF signal, which was filtered
at the half rate with a rate divider module, stopped the TD@ movided a periodic spectrum. Both
of the two prominent peaks at 550 ch and 1050 ch in Fig 3.2 @igate the spectra for proton trigger
events, and the fierence between the two peaks in TDC channel correspondstemahof 60-ns
period between beam bunches. The influence of the momentoeptance of the spectrometer in the
TDC spectrum was corrected by using the trajectory angletla@gbosition at the focal plane, as seen
in Fig. 3.2(b). The time dierence between the mean-time signal of a scintillator ardRR signal
from the ring cyclotron reflects the time that the scatteradige takes to reach the scintillator from the
target through the spectrometer. Since the particles hi@tereht velocities that depend on their masses
under the same momentum condition, the TDC spectra forithes difference provides information on
the masses of the particles.

Protons were identified by setting gates on the TDC spectrause thé\E peak of proton has a long
tail at higherAE region. TheAE spectra for the PS1 scintillator was also used for the pariienti-
fication to eliminate the-ray contribution. These gates identifying proton are sthtécally displayed
in the two-dimensional scatter plot of the corrected TDC afdof the GR in Fig. 3.3. The proton
identification of the LAS was performed in the identical way.

In the analysis of the setla and a part of the set2a in Tabl&@alever, proton events were identified
only with the AE spectra because the TDC data was not available owing to kbléroln the part of the
set2a where the TDC information was available, both of th&gba identification were compared, and
the yield identified with only thé\E spectra was 0.5% smaller than that with the TDC ABdspectra.
Since theAE spectra for the PS1 at the setla shows a similar shape ta tthat set?a, the influence of
the lack of the TDC data for the particle identification at ffe¢la is expected to be as small as that at
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Figure 3.2: (a): TDC spectrum that indicates the tim@edénce between the mean-time signal from
the PS1 of the GR and the RF signal from the AVF cyclotron. TResijnal was filtered at the half
rate. (b): TDC spectrum corrected by the trajectory angkbthe position at the focal plane so that the
influence of the momentum acceptance of the spectrometdreonRRC is eliminated.

set?a.

3.3 Subtraction of accidental coincidences

The proton beam from the cyclotron has a time structure of@gmately 60-ns period between bunches.
To estimate the yield of accidental events, coincidencevéen the signals of the GR and LAS from
adjacent beam bunches was allowed by increase in the widltle ¢figger signal of the GR. The yield of
the true @, 2p) events, which must originate from the same beam bunch, stasaed by subtracting
the yield of the accidental events from the yield of the cmlant events in the same beam bunch.

A TDC spectrum for the time ¢lierence between the trigger signals of the GR and LAS is shown i
Fig. 3.4. Each peak corresponds to one beam bunch. A proragtquasists of the true and accidental
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Figure 3.3: Two-dimensional scatter plot of the correct@®CTandAE; of the GR. The events enclosed
by the solid lines are recognized as the proton events.

coincidence events, while the other peaks consist onlyeatitidental coincidence events. Assuming
the beam has no micro-structures, that is, the same numipeotoins are included in all beam bunches,
the yield of true coincidence events can be extracted byattibtg the events of one of the accidental
bunch from those of the true bunch.

3.4 Track reconstruction of scattered particles

3.4.1 Multi-wire drift chambers

The trajectories of charged particles entering the focahe$ of both spectrometers were determined
with the GR and LAS-MWDCs. As shown in Fig. 3.5, the positipof an incident charged particle
at an anode plane of the MWDC is determined from the driftflead;_1, d; of at least more than two
wires in the same cluster. A cluster means that it has at teasadjacent hit wires. Since thé and
y-rays mostly hit one wire only, background events by photmarsbe almost excluded. Whh is the
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Figure 3.4: TDC spectrum for the timeftirence between the GR and LAS trigger signals in a mea-
surement of thé°Ca(p, 2p) reaction.
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Figure 3.5: Position in a plane of MWDC.

minimum drift length in a cluster with three hit wires, thegition p is simply calculated as

di_1 +dis1

—, di-1>0, d;1<0 3.6
di-1 —dis1 (01 1<0) (3:6)

p=pi+lws

wherep; is the position of-th wire, l\ys is the sense wire spacing, and a negative value is taked,for
because electrons moving to-{ 1)-th wire and { + 1)-th wire drift in the opposite direction. In the
standard setting of both the GR and LAS-MWDC:s, particlehwirrect trajectories usually hit more
than three sense wires. The incident ang)eafe also roughly estimated by térs= (di_; — di+1)/2lws
with the angular resolution of about.2T he drift velocity is almost constant but it considerabévidtes
near the sense wires owing to the steep gradient of the ieléietid. Since the TDC value only gives
the drift time of each wire, one must convert this to the ddfigth. The so-called — t calibration was
made for each wire plane using the real data taken in the mreseasurements. Typical drift velocity
of the uniform region is about 48m/ns.
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Figure 3.6: Coordinate systems for the ray-tracing with MM/DCs.

The residual distribution defined as

di-1+dis1

Residual = >

d (3.7)

was used for the estimation of the resolution, and for alhetaof the GR and LAS- MWDCs, the
resolutions were less than 4péh (FWHM). The position resolutionp depends on the incident angle
and is mostly better than the residual resolution becawsmttinsic resolutiorsd; of each wire isV6/3

of the residual distribution, which is deduced from Eq. 3.7

3.4.2 Trajectory of a charged particle

Two sets ofX andU positions of anode planes can completely determine the thireensional trajectory
of the charged particle. The wire configurations of Kplanes andJ-planes of the GR and LAS-
MWDCs are shown in Figs. 2.7 and 2.9.

We define two coordinate systems: the central-ray coordiimatvhich thez-axis is the momentum
direction of the central ray and the focal-plane coordinatehich Z-axis is perpendicular to the anode
planes of the MWDCs, as shown in Fig. 3.6. The x andZ — X’ planes are the median plane of the
spectrometer. In both coordinate systems, the center o{ihglane is taken as the origin.

In the focal-plane coordinate system, the horizontal amtica positions §',y’) and angles, = g—;

oy = d—;/,) of an incident particle are calculated fropy, pui, Pxe, and pyp, that are obtained using
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Eq. (3.6).
tang, = @ (3.8)
DC
tang), = @ (3.9)
DC
tang), = fandy _ tandy (3.10)
tany  tany
U = Pu—7%, - tand, (3.12)
I N
Yo = tany  tany (3.13)

wherelLpc = Z,, - Z, = Z, — Z, is the distance of two MWDC¢; is the tilting angle of U-planes, and
X5 Yo are the horizontal and vertical positions at #y@lane.Lpc was 250 mm for the GR and 164 mm
for the LAS. When the position resolutiaip is 300um and the multiple scatteringfect is neglected,
the horizontal angular resolution is given as3®2/250)- cos 6gr ~ 0.85 mrad for the GRAgg ~ 45°)
and (03 V2/ 164)-cos O as ~ 0.89 mrad for the LAS§ as ~ 54°) at FWHM, respectively. The vertical
position and angular resolutions are about two times wdrae those in the horizontal direction. The
position resolution of 30xm corresponds to about 10 keV for the GR and 10-20 keV for th& LA
depending on the magnetic field, and they are smaller thaartbryy spread of the beam 200 keV)

in the present experiments.

In the central-ray coordinate, the horizontal and vertarailes are converted as

O = 0y—Ovpc (3.14)
tandy = tand; cos@ypc (3.15)

where®ypc is the tilting angle of the MWDC for the GR (4bor LAS (54°). Using the ion-optical
matrix, one can trace these angles back to the scatteringsang the target. The focal plane of the
GR almost agreed with the X-plane of MWDC1, and small abiematwere empirically corrected by
looking at some two dimensional plots like &r- 6 correlation spectrum. In the case of the LAS, the
momentum deviation and scattering angle relative to théralermy was obtained from the trajectory at
the focal plane by calculating the 4th-order matrix.

3.4.3 Hficiency of the MWDC

Efficiency of the MWDC was estimated by using 2p) events that a proton is detected with both of the
GR and LAS. Estimation off&ciency of the MWDC needs events that a proton surely goesigirthe
MWDC. (p, 2p) events were identified by the following condition in caseled estimation of tracking
efficiency of the GR-MWDCs,

I True coincidence between the GR and LAS ( TDC between the G@R.AB )



3.5. MULTI-WIRE PROPORTIONAL CHAMBERS 39

Il Identification of a proton for the LASAE and TOF )
Il Success in a track reconstruction with the LAS-MWDCs

IV Identification of a proton for the GRAE and TOF)
TOF is raw TDC data which is not corrected by information frdre GR-MWDCs.

V Central region of the GR-MWDC
Position information obtained by a trigger scintillatioounter was used.

We used the events that satisfy all the conditions 1-V as gkarkor this sample, the number of the
events that a track reconstruction was succeeded with th&lBRCs was counted; theffeciency was
evaluated as the ratio of this number to the number of the anifhe dficiency of the GR-MWDCs
was about 95%. Thefleciency of the LAS-MWDC was estimated in the same way by reptpa role
of the GR and LAS, and was 80-85%.

3.5 Multi-wire proportional chambers

Each MWPC at the entrance of the spectrometer was used torile¢ethe scattering angle of the
charged patrticle that comes to the focal plane. The LeCra@® @ system provides hit-wire informa-
tion by the address of the cluster centroid and the width eicthster. The cluster centroid with the odd
hit wires is given as the wire position at the center of theaiies, and that with the even hit wires is
given as the position between two wires with a half bit adslrékhe address of the cluster centroid is
obtained in the accuracy of half pitch of the sense wire,ithat is determined in the width of 1.01 mm
~ =0.505 mm. The scattering angle of the particle was determinaah the horizontal and vertical
positions at the MWPC, assuming that the particle comes frententer of the target. The events with
only one hit wire in a cluster was predominant in the measerdmn the present analysis, each anode
plane was required to have only one cluster to determine diséipn of charged particle in the anode
plane. When the angular resolution is estimated with the gfiacing of 2.02 mm, it is approximately

202\% (12 ]

where the source width is assumed to be 1 mm in diameter anchB5i3 a approximate distance from
the center of the scattering chamber to an anode plane.

For an estimation of thefigciency of the MWPC, we used the events that a track recongtruwith
the MWDC succeeds for a proton at the focal plane. For thispggnthe number of the events that a
scattering angle was obtained was counted; fieiency was evaluated as the ratio of this number to
the number of the sample. Théieiency of the GR-MWPC was about 90% and that of the LAS-MWPC
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was about 40—-60%. The multi-cluster events decreasedflibercy of the LAS-MWPC because the
LAS-MWPC has a large active area.

3.6 Solid angles

The horizontal scattering angle obtained with the MWDCshet focal plane was used for particles
coming to the GR, whereas, the horizontal scattering arlgfi@imed with the MWPC at the entrance of
the LAS was used for particles coming to the LAS because tbalugon of the horizontal stattering
angle obtained with the MWDCs at the LAS was worse than thtt thie MWPC owing to the multiple
scattering. The vertical scattering angles obtained withMWPCs were used for particles coming to
the GR and LAS.

Figure 3.7 shows the two dimensional scatter plots of thézbotal (dx/dz) and vertical (y/d2)
scattering angles for protons analyzed with the GR and LAS.

The solid angle for the GR was determined by the lead colbmas 2.4 msr. Although the lead
collimator was installed at the entrance of the LAS to deirenthe solid angle in a rectangle shape, the
scattering angle for the LAS shown in Fig. 3.7 (b) doesn’vslaarectangle but a hexagonal shape. The
chipped corners in Fig. 3.7 (b) indicates that a part of pretehich pass through the collimator stopped
in the LAS. From the shape of the corners, the vacuum chammbtirei quadrupole magnet probably
reduced the acceptance. The solid angle for the LAS elimihttie chipped corners was estimated as
19.1 msr, which is a little smaller than 20.0 msr determingdhie lead collimator.

When the LAS was set at 56.41pp scattering event also measured at large scattering anglépa
the solid angle for the LAS. As the cross section figrscattering is much larger thap,@2p) reaction,
just a tiny part of the protons frompp scattering that lost its energy in the spectrometer pogssizriap
the spectrum for thep 2p) reaction. Therefore, only at this LAS angle setting (set)athe part of
the solid angle that is larger than 584tr the horizontal scattering angle was eliminated, andot&l
angle 16.4 msr was used.

3.7 Normalization due to the trigger dficiency of the scintillation detec-
tors

For a charged patrticle, a passage through the two plastitilEtion counters and an aluminum plate,
which is placed between the scintillators, provides a &rggignal at each focal plane. The detection
efficiency of the scintillation counter system for the GR was/jmesly measured with a proton beam
at 300 MeV changing the thickness of the aluminum plate, &edneasured results show that the
efficiency decreases as the thickness of the aluminum platesises [66]. The ifBciency must be pro-
portional to the total reaction cross section between pratwl materials. The protcffAl total reaction
cross section is almost constant within a 10% fluctuatiortferproton energy of below 400 MeV [67].
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Figure 3.7: Two dimensional scatter plot of the horizontatl aertical scattering angles of protons
analyzed with the GR (a) and LAS (b).

Therefore, the proton-energy dependence of thifisiency was considered to be constant in the energy
region of the presentp( 2p) measurement. The iffeciency of the detection for the GR system, which
used the aluminum plates with a thickness of 10 mm, was eftm@secr = 2.2 + 0.2% including

the uncertainty of 10% from the energy dependence of théredation cross section. The iffieiency

of the scintillator-detection system for the LAS, which dgbe aluminum plates with a thickness of
3 mm, was estimated asas = 1.4 + 0.1% by interpolation from the measurement results for the GR.
Combined both the irfBciencies, the detectionfficiency by the scintillation detectors for thp, €p)
measurement was estimated by

EGRXLAS = (1 - f_GR) X (1 - f_I_AS) =964+ 0.3%. (3.17)

This dficiency is due to only the scintillation detectors, whichvide a trigger for DAQ system, but
it doesn’t include the wire-countefficiencies. The correction using thiffieiency was applied on the
yield for the (p, 2p) measurement.
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3.8 Separation energy of°Ca(p, 2p)*°K reaction

In each of the spectrometers, the horizontal position afdbal plane corresponds to the momentum
deviation from the central momentum in the spectrometengvio the ion-optics property. The mo-
mentum of the particle at the focal plane was obtained fragrhtirizontal position andBvalue for the
central ray of the spectrometer. The energy loss for protorise air between the scattering chamber
and the spectrometer and in the MWPC was corrected usingeBERitich formula. The momentum
of the residual nucleus was calculated using the momenturseceation law. The separation energy
was obtained via Eq. (2.1). The two dimensional scatter gidhe energies of coincidence two pro-
tons measured with the GR and LAS and the separation-enpegram for the*®Ca(p, 2p) reaction at
To = 392 MeV are shown in Fig. 3.8(a) and (b) The thick loci thatrespond to the transitions to the
ground and lower excited states3?K can be seen in Fig. 3.8(a). Several discrete states, suitfeas
ground state (") and the first excited state (2.52 MeY2t), are observed in Fig. 3.8(b).

3.9 Cross sections and analyzing powers
The dtferential cross section of th@,(2p) reaction in the laboratory system is written as

d*o 3 Y
dQ1dQ,dT1dT,  QAenAQIAQLATLAT,’

(3.18)

whereY is the (o, 2p) coincidence yieldQ is the total number of protons in the incident beainis
the number of target particles per unit areas the detection fciency, andy is the live time ratio of
the data acquisition systemQ; , are the solid angles of the spectrometers of the GR (1) and(@AS
andAT; andAT, are the energy range of the proton detected with the GR and AAS= 8 MeV and
AT, = 0.1 MeV were used for the separation-energy spectra in Chap. 5.

For a certain separation enerye, of the (p, 2p) reaction, the dferential cross section of

do 3 Y
dQ.dQ,dT;  QAenAQIAQLAT:’

(3.19)

is used to show its recoil momentum distributionT; = 4 MeV was used for the recoil momentum
distributions.

For polarized proton beam, the yields for spin-gp&nd spin-down [) modes are described as

o
YI = ——— 1+ pNOQTAETHTAQAQLAT 2
dQldQZdTl( + p")Q'Ae' ' AQ1AQATY, (3.20)
L & Al Al
Y = ———(1- pHQ A T AQIAQLAT. (3.21)

dQ,dQ2dTy
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Figure 3.8: (a): Two dimensional scatter plot of the enexygiecoincidence two protons measured with
the GR and LAS in thé°Ca(p, 2p) reaction aflg = 392 MeV. (b): Separation-energy spectrum for the
40Ca(p, 2p) reaction.

The superscripts of and | represent the quantities in spin-up) @nd spin-down () modes. The
differential cross section and the analyzing power are written a

do- _ plNT + pTNl 1 ’ (3.22)
dQ,dQ,dT; pl+pl  AAQIAQLAT,
A = %, (3.23)
where
T v ! v (3.24)

= —— N=——.
Qlelnt Qlelnt
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3.10 pp-scattering

To examine the absolute value of the cross section meastitedhg system that consists of the WS
beamline, the GR and LAS spectrometers, and the focal plateetbrs,pp scattering was measured at
25.5 for the GR and at 60°0for the LAS with 9.2 mgen? polyethylene targets. The uncertainties of the
angle settings for the GR and LAS are quite smaller thah. (Bihce the solid angle and the momentum
acceptance of the LAS are larger than those of the GR, theotntee ofpp scattering measurement

was determined by the GR.

The separation energy defined with only the energies of tattesed protons in the final state as
Eéep= To — T1 — T2 was used to identifypp scattering eventEg,, must be 0 in case gbp scattering.
The analyzing power was obtained in the same way as thatdédptl2p) reaction.

The measured cross section @b scattering was 152 + 0.28 mbsr, which difers by 2.3% from
the SAID [68, 69] calculation value of 15.89 nfdr. The value of 15.89 njifr was evaluated by folding
over the solid-angle acceptance, as was same as the fajj@aloulation for the analyzing power. The
difference of 2.3% between the measured cross section arghtbecalculation value is as small as
the uncertainty of the thickness of polyethylene target 2%he measured analyzing powdy was
0.336+0.005. The diference between the measured value an&#ib calculation value of, = 0.365
is 0.029 and it is small enough for the following discussion.



Chapter 4

Analysis

We utilized the spectrum at the setl for the analysis of tkerdie peaks, and those at the set2-5 for
the analysis of the broad spectrum region. To deduce specdipa factors and to compare the recoil-
momentum distribution of the cross section and the anadygower with theoretical calculation, DWIA
calculation was carried out.

4.1 Distorted wave impulse approximation calculation

The cross sections and the analyzing powers were calculatdtie “°Ca(p, 2p)3°K reaction using a
DWIA code THREEDEE[70].

The cross section for the quasi-elastic scattering is tatled assuming that the quasi-elastic scatter-
ing is aN-N scattering process in a target nucleus. The program TeREEDEEIncludes spin-orbit
effects in distorting potentials and makes the factorizatippr@ximation in separating the matrix el-
ements of the two-body transition operator outside theodistl wave integral. When we consider a
guasi-free reactior\(a, cd)B whereA = B + b, the cross section can be written as [70]

d®c
dQngdEc
2

it 2 1/2 ’r
= a)BC S Z 23+ D) (25a+ ) ‘ Z (2L + 1) (LASpop|IM) T(r U,(r,, (ocogltloaoy)| ,

/ / ’
papou

’ /’
A(Tb

(4.1)

whereS; = Sy = % are the spins of the particlesandb, v is the incident velocitywg is the phase space
factor, andC?S is the spectroscopic factod, M are the total angular momentum quantum numbers of
particleb. The quantitied and A are the orbital angular momentum carried tbynd its projection.
The two-body transition operatoiis separated outside the distorted wave integral by theffizetion
approximation. The spin matrices are given in thedent coordinates where the directions of propa-
gation of particles, ¢, andd areZ 7, andz’ axes. Spin projections are denotedpasThe quantity
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Table 4.1: Bound-state parameters of the Woods-Saxon taitéor “°Ca nucleus.

Nucleus Orbital rq [fm] a[fm] Vso[MeV]
Elton and Swift [73] 2 1.30 0.60
172 1.30 0.60 83
1d 1.30 0.60 12
1p 1.30 0.60 30
1s 1.30 0.60

Krameretal. [74]  1d3)2 1.295(47) 0.65 7.18
251, 1.276(59) 0.65
1f;,  1.348(67) 0.65 8.48

aThis Vg, value is calculated with Thomas spin-orbit paramater 25 and depth of the potential-waly = 51.6 MeV in
Ref. [74].

bThis Vs, value is calculated with Thomas spin-orbit paramater 25 and depth of the potential-welh = 61.0 MeV in
Ref. [74].

TN is defined by

Toh = 2+ D72 f X () (77) dua (P)XED, (F) o, (4.2)

Papery

wherey = B/A, the y* are distorted waves which also convert the spin states froim p, and ¢,

is the spatial part of the bound state wave function of plartic The inclusion of spin-orbit distortion
increases the complexity of the description of the distbiteves. For an incident polarized beam, we
can omit the average on the spin state of the paréidtethe description of the cross section in Eq. (4.1).

In the present calculations, thN scattering matrix with the on-shell amplitude was approximately
employed in the final energy prescription, although the bedyt matrix used for the g, 2p) reaction
should be evaluated in the nuclear medium includiffgsbell properties. Thematrix was taken from
the solution of the phase shift analysis by Aretal [71].

The distorted waves were calculated using the Schrodiegevalent potential from the Dirac global
optical model parameters obtained by Coogiedl. [72]. The EDAD-1 potential parameter set was used
in the calculations. The wave functions for the bound nutseaere calculated by adjusting the depth
of the Woods-Saxon potential to reproduce the empiricausgjon energies. The parameters provided
by Elton and Swift [73] were employed for the Woods-Saxorepttl and a Coulomb potential for a
uniformly charged sphere with a radius o2%5M?*/3 fm, whereM is a mass number of the nucleus. The
parameters are listed in Table 4.1.

Since the radius of the bound-state potential is criticat&culating the cross section, Elton’s param-
eter choice was confirmed by evaluating the root-mean-sgu@alius (RMSR) of the potential expected
from the point nucleon distribution in the nucleus as folkow
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The mean-square radius (MSR) of the charge distribution@mcleu3r5h> can be written as

N
(Tgn = (1) + (1Gp + 5 {Tephn (4.3)

where(r%), (rgh)p, and(rgh)n denote the MSRs of the point proton distribution in the nusje¢he charge
distribution of the proton, and the charge distribution s heutron, respectivelZ andN indicate the
number of protons and neutrons in the nucleus. The RMSRseottiarge distribution of the proton
and of the*°Ca nucleus areér2 )y/” = 0.8791 fm [75] and(r2)e> = 3.4764 fm [75], respectively. The
MSR of the neutron charge distributi@rg, ), is —0.1149 fn? [75]. Note that the negative value 0F, ),
comes from the negative charge distribution in the largélitrs region of the neutron. From Eg. (4.3),
the RMSR of the proton distribution in tH8Ca nucleus is estimated as

1/2
(rpy? )

N
((r&dca= (rép = 5 (ravn

= 338fm (4.4)

The MSR of the potential in the nucleus can be considered esum of the MSR of the nucleon
distribution in the nucleus and that BN interaction range. Assuming théfective interaction range
of (r2.) = 5.78 fm? calculated from the mass-number-dependent fortnf|a = (0.132+ 0.013)A%/3 +
(4.24 + 0.24) f? [76], we evaluated the RMSR of tl{€Ca potential as

P2 = (42 + (2y) " = 4151m. (4.5)

The MSR of the proton distribution is used instead of the MS$Rhe nucleon distribution because
40Ca has the same number of protons and neutrons. It was codfitmaethe RMSR of 4.14 fm for
the Woods-Saxon potential with the Elton parameter is irdgagreement with the estimated RMSR of
4.15 fm for the*°Ca potential expected from the point nucleon distribution.

To compare the measured and calculated cross sectiongpsesections calculated with the DWIA
code were averaged over the angular and momentum acceptaiite spectrometers.

4.2 Multipole decomposition analysis

Since the deep-hole states induced by nucleon knockoutiogradrom deeply bound orbitals stay far
above the particle-decay threshold and have short lifegjrtieese states have large widths and overlap
each other. If we assume that the cross sections fierdnt hole states do not coherently interfere with
each other, the total cross section can be described by pleemasition of the cross sections fofférent
hole states by they( 2p) reaction. Since the recoil-momentum distribution of tpg2(p) reaction cross
section predominantly depends bna superposition of the cross sections for thg2f) reaction from
differentL orbitals was used for a fitting to the experimental recoilanemtum distribution data. The
single-particle-hole strength for each orbital was oledimy the fitting. This technique is known as
I-decomposition [77] or multipole decomposition analy$itDA).
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Figure 4.1: Recoil-momentum distributions of the crossisas for the k;,2-, 1ps/2-, 1p1/2-,
and Ids/»-hole states by DWIA calculations. They were calculatedhsjiectroscopic factors
of 1 at a separation energy 15 MeV under a certain kinematmadition.

Figure 4.1 shows recoil momentum distributions of the cresstions for some single hole states
calculated by the DWIA code. The cross section shows cheriatit recoil-momentum distribution
depending on the angular momentuln) ¢f the hole state. As the angular momentunmncreases, the
maximum position of the cross section moves to larger reavoiinentum region. The MDA utilizes this
L-dependence of the cross sections.

The momentum distribution of the cross section at a separainergyEsepis written in terms of the
(p. 2p) cross sectiomDWIA (Esep T1) for the single-particle-hole state obtained from a DWIAcota-
tion as follows:

T (Esep T1) = ) SulEsedory " (Esep T1), (4.6)

wherea indicates an occupied single-particle orbital in the nus)efor exampler = 2s;2, 1ds)2, €tc.
S« (Esep is the hole-state strength for the orbital The quantityo-(Esep T1) denotes the triple-dierential
Cross section,

dio

O'(Esep T1) = m,

4.7)

whereQ1, Q,, andT; represent the solid angles of the two spectrometers andrké&denergy of one
of the scattered protons, respectively.



4.3. MULTIPOLE DECOMPOSITION ANALYSIS WITHAy DATA 49

The y? for fitting to the cross-section data is defined by:

_ | 1\2
X2 _ ng _ Z O'eXp(Esep Ty) —o® C(Esep T1i) ’ (4.8)
A0'(Esep T1i)

wherea®®P(Esep T1) and Ao (Esep Ti) are the measured cross section and its uncertainty imgjuitiie
statistical and the systematic uncertainties. From thdysisaof pp scattering in Sec. 3.10, the sys-
tematic uncertainty of 2—3% was estimated, and the 6% wiingrtarose from the thicknesses of the
calcium targets. Therefore, we added these two kinds ofrtaing@es in quadrature and included the
systematic uncertainty of 7% in the uncertainties for thiinfis. The summation indexruns to the
number of the data and tt&,s were searched to minimize tjpé at each separation energy. The uncer-
tainties in theS,s correspond to a change of 1yif from the minimum value. The spectroscopic factor
for the orbitale was given by summing the strengths as

Se = ) SulEsep- (4.9)

Esep

4.3 Multipole decomposition analysis withA, data

The cross sections of each single-particle state for spiand spin-down states of the proton beam
with the polarizationp are written by using the cross sectiofy"V'4(Esep T1) and the analyzing power
AEYZVI A(Esep T1) @s

OﬁaJC(Esep T1) = Z SaU'BWIA(Esep Tl){l +p DXVIA(Esep Tl)} ) (4.10)

O'EaIC(Esep Tl) = Z SaU'EWIA(Esep Tl){l - pA}?\CIyVIA(Esep Tl)} > (4-11)
where thel and | show the spin states of the proton beam.

The analyzing power dsepis written as
AycaJC(Esep Tl)
1 O'?aIC(Esep Ty) - O'EaIC(Esep T1)
p Oﬁalc(Esep Ty + O'EaIC(Esep T1)
2a Sa(Esep) U'BWI A(Esep T1) A?XVIA(Esep T1)

- . (4.12)
D Sa(Esep) O'EWIA(Esep Tl)
In the MDA with the analyzing power data, t}é for the A, data is defined as
Aexp(Esep Ti) - Calc(Esep Ti) ?
Xa == & (4.13)

i AAy(Esep Ti) ’
whereASP(Esep T1) andAA(Esep Ti) are a measured analyzing power and the uncertainty. Inabe c
of MDA including the cross section and the analyzing powé\g, is also included and the totgf is

defined ag? = X§s+)(§\y-
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Chapter 5

Result

5.1 Separation-energy spectra

Separation-energy spectra at the measured kinematidatsetre displayed in Figs. 5.1-5.5. Yields

of some parts of the spectra are reduced owing to the limitee@fmomentum acceptance of the spec-
trometers. Vertical dotted lines in Fig. 5.3-5.5 show baures where the momentum acceptance is
guaranteed. Parts of the yields at the outside of the ddtted are lost owing to the momentum accep-
tance. The typical separation-energy resolution is 750 &efdll width at half maximum (FWHM).

The spectra display the cross section as a function of theratpn energy and show the distribution
of hole states. The transitions to the ground and lower eddatates if°K are seen as the discrete peaks
in Fig. 5.1 and 5.2. In Fig 5.3, a hump is seen around 30 MeVyevtiee hole state of theplorbital
is expected from previous experiments [18, 19, 22]. Over é¥Mhe cross section decreases as the
separation energy increases, and no peak or hump cannotioe se

In these measurements, the vertical acceptances of the@peters were able to be decreased in
offline analysis by using the information of the installed MWR$&ont of the spectrometers. Fol-
lowing a previous work by Volkowt al [22], separation energy spectra with small vertical aceqs
gates were prepared, however, any hump structure was r@t@bk recognized as same as the spectra
without the vertical gates.

Two prominent discrete peaks at 8.3 and 10.9 MeV in the s@éparanergy spectra were analyzed at
the setl independently because they are well isolated,hendata of the broad spectrum region at the
separation energies above 12 MeV was analyzed by the MD/Aeatdt?—5 to separate the contribution
from some hole states.
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Figure 5.1: Separation-energy spectra at the measurethkiieal setl in Table 2.1.
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Figure 5.2: Separation-energy spectra at the measurethkiieal set2 in Table 2.1.
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Figure 5.3: Separation-energy spectra at the measurethkiel set3 in Table 2.1. Vertical dotted
lines show boundaries where the momentum acceptance iargaad. Yields at the outside of the
vertical dotted lines decrease due to the finite momenturaiance of the spectrometers.
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vertical dotted lines decrease due to the finite momenturepdance of the spectrometers.
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5.2 Results for the discrete states

The separation-energy spectrum up to 20 MeV at the setl vgrshmoFig. 5.6. Two prominent peaks are
observed at 8.3 and 10.9 MeV. The recoil-momentum disiobstof the cross section and the analyzing
power for these peaks are displayed in Figs. 5.7 and 5.8ecésply. The error bars that represent the
statistical uncertainties are smaller than the symbols.
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Figure 5.6: Separation-energy spectrum for th@a(p, 2p) reaction up t0Esep =
20 MeV at the kinematical setl (Table 2.1). Two prominentkgeare observed
at 8.3 MeV and 10.9 MeV. The MDA was performed at separaticerggas above
12 MeV.

In Fig. 5.7, the cross section of the first hole state has ammimi nearps = 0 MeV/c in the recoil-
momentum distribution. This suggests that the peak cansfsh hole state of a single-particle orbital
with L # 0, as mentioned in Sec. 2.2.

In 49Ca, the orbital withL # O near the Fermi surface isibrbital. The H orbital is split into the
j< and js orbitals by the spin-orbit interaction and the orbital is bound more deeply than the
orbital. Thej. orbital, that is, the dg/» orbital ought to contribute a hole state of the first peak. The
solid curves in Fig. 5.7 show the recoil-momentum distidmg for the hole state of thedd,, orbital
obtained from the DWIA calculation, which are normalizedhe measured cross section. The DWIA
calculation reproduces the measured cross section rdalgamell. The calculation roughly reproduces
the dependence of the recoil momentum on the analyzing pdwethe value of the analyzing power
is systematically overestimated in the entire recoil-motam range. The spectroscopic factor deduced
as the normalization factor is listed in Table 5.1 and isdathan the 2 + 1 value of 4.

In Fig. 5.8, the recoil-momentum distribution of the crosst®n for the peak at 10.9 MeV exhibits
a maximum around 0 MeX, which is characteristic for a hole state of a single-pletiarbital with
L = 0. Therefore, the hole state of the; 2 orbital is expected to be dominant in the peak at 10.9 MeV.
Comparing with the level structure 81K [78], we see that the hole states of thie,2 and 23/, orbitals
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Figure 5.7: Cross section (a) and analyzing power (b) off8&(p, 2p) reaction for the peak at 8.3 MeV
as functions of the recoil momentupa. The solid line represents the DWIA calculations fitted by th
spectroscopic factor for thed3,» orbital. The discrepancy in th&, (b) between the data and the DWIA
calculation is discussed in the text (Sec.5.2A.).

will be included in the peak as well. Since the contributidrihe 2ps/>-hole state is negligibly small
compared with those of thesg,- and 1f7,»-hole states [9], the peak at 10.9 MeV was analyzed as
the sum of the &/,- and 1f7/>-hole states. We searched the best set of normalizatioor$afir the
calculated cross sections for the; 2- and 1f7/,-hole states to reproduce the measured cross sections.
The result is shown in Fig. 5.8 and the obtained spectrosdaptors are listed in Table 5.1. The fitted
thick solid line for the cross section agrees well with thpexmental data, but the calculated analyzing
power is larger than the measurement, which is similar ta¢lalts for the dl3/>-hole state.

The spectroscopic factors for the valence orbitals wererted from the previousy, 2p) [40, 79, 80]
(e, €p) [47] and @,3He) [9, 47, 81] reactions as listed in Table 5.1. The valuesifthe o, 2p) reaction
contradict because its measurement angles and usedidigfootentials are dierent. This implies there
is uncertainties in spectroscopic factors for tpep) reaction owing to the distorting potential and the
kinematical condition. The spectroscopic factors rembitg Doll et al. from the @,3He) reaction
are systematically larger than those from tkge(p) reaction. However, Kramest al. reanalyzed the
same ¢,3He) data in Ref. [9] and showed that the spectroscopic fadtorthe s>, and %, orbitals
obtained from thed € p) and @,3He) reactions are consistent [47]. As the obtained spexpis
factors in the present work are larger than those consistduaes from thed, € p) and @,3He) reaction
and that for the dz/>-hole state is over theJ2+ 1, the obtained spectroscopic factors are overestimated.
This leads that the DWIA calculation underestimated theits cross sections.

The phenomena that the measured analyzing powers weressithalh the calculation was previously
observed and discussed by Natoal. [82], Miller et al. [83], and Hatanakat al. [84]. Furthermore,
a similar reduction in the polarizatiof was observed by Miklukhet al. [85] and Andree\et al. [86].
These authors suggested that the reduction might be cays#te binfluence of the féective mean
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Figure 5.8: Results of the MDA for the peak at 10.9 MeV. Thessrgection (a) and the analyzing
power (b) are shown as functions of the recoil momenfoyn The thick solid line shows the fitted
results. The thin solid line and the dotted line show the rautions of the 3;,, and 1f;,, states,
respectively. The discrepancy in tig (b) between the data and the DWIA calculation is discussed in
the text (Sec.5.2A.).

density on theNN interaction. The systematic discrepancies between theriempntal data and the
DWIA calculation in Figs. 5.7 (b) and 5.8 (b) possibly imphetmodification of theNN interaction in
the nucleus. Although various extensive theoretical stitiave been performed, no theoretical model
has succeeded in reproducing the experimental analyziwgmpguantitatively.

The measured recoil-momentum distributions of the crostiaefor these two discrete peaks are
well reproduced by fitting with the distributions calculdteith the DWIA. The absolute values of the
cross section might have uncertainties because the obitapextroscopic factors are larger than those
from other measurements. However, it was confirmed forltke0 andL = 2 orbitals that the DWIA
calculation reproduces characteristic behavior of th@irenomentum distribution depending on the
orbital angular momenturh. The MDA for the deep-hole states uses the calculated reomihentum
distributions of the cross section fromfidirentL orbitals, and first requires the reliability of them in
reproducing a one-hole state for respectiverbitals. The result of these two discrete peaks assures
validity for practicing the MDA for deep-hole states.

On the other hand, the recoil-momentum distribution of thalgzing power for the ds/>-hole state
was not reproduced by the DWIA calculation even though it uee one-hole state. Therefore, the
DWIA calculation of the analyzing power is not satisfadiprieliable, and we didn’t accept the MDA
with the analyzing power data and abandoned to distingthisthble states of thg. and j. orbitals by
using the analyzing power data. The results shown in theuiatig sections are obtained from the MDA
only with the cross-section data.
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Table 5.1: Spectroscopic factors for the discrete peakséA%a measurement. Krametr
al. reanalyzed the previousl,¢He) data of Dollet al. in Ref. [9] in their study [47]. The
present result is shown with the statistical uncertaintiaioied in the fitting or MDA.

Esep[MeV] Orbital ~ Spectroscopic factor

(p. 2p)
Ep = 392 MeV, RCNP, Osaka
Present work 8.3 &z, 487+0.09
10.9 %2, 161+004
10.9 lf7/2 1.12+ 0.06

Ep = 45.0-1482 MeV, Maryland
Samantaet al. [40] 8.33 Mz 3.9-6.0
10.85 %, 1.0-16

Ep = 200 MeV, TRIUMF, Antonuket al. [38]

Kudo and Miyazaki [79] 8.33 &z 1.46-3.37
Mano and Kudo [80] 8.33 & 2.44-2.80
(e €p)
NIKHEF
Krameret al. [47] 8.328 O3, 258+0.19
10.850 %, 1.03+0.07
(d,°He)
Eq = 52 MeV, Karlsruhe
Doll et al. [9] 8.33 d3», 3.70
10.85 X, 165
11.15 7,  0.58

Krameret al. [47] (reanalysis) 8.328 &, 2.30
10.850 %, 1.03

Eq = 344 MeV, Oak Ridge

Hiebertet al. [81] 8.33 Mz, 4.23
10.86 X, 162
11.15 17, 0.46

5.3 Results for deeply bound states

The MDA was performed for each 2-MeV bin in the separationrgyneegion of 12—-84 MeV with the
cross section data. The hole states of thg,] 25,2, 1p and M orbitals were taken into account in
the MDA since they are expected to dominate in the broad gpaategion from the naive shell-model
picture. As hole states gf and|. orbitals with the samé& cannot be distinguished in the present MDA
without the analyzing power, the single-particle-holetesavere treated under the following assump-
tions.
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Since the #l orbital is split into the i3> and Is;, orbitals and the ds» orbital is bound more
deeply than diz;» orbital, the hole state of thedd,, orbital is expected to dominate tllestate strength
at separation energies above 12 MeV. The relative strerfgthifie 1p;,2- and 1ps/o-hole states were
fixed in the ratio of 2:4 as suggested by the naive shell-mpaglre. Since the recoil-momentum
distributions of the cross sections for the; k- and 24/,-hole states are quite similar, the strengths
for the 1s1/,- and Z4/2-hole states cannot be distinguished by the MDA. Thereftire,strengths of
the 2s51/5- and Is;/o-hole states were assumed to be $ieole-state strengths in the lower and higher
separation-energy regions, respectively.

In Figs. 5.9-5.18, the recoil-momentum dependencies otithes section and the analyzing power
at the kinematical set2-5 are displayed. The error barhekperimental data represent the statistical
uncertainties. The thick solid lines in the figures of thessreection and the analyzing power indicate
the fitted results by the MDA, and the other lines represemttmtribution of the component hole states.
Note that the analyzing power data was not used for the MDA. [iffes in the figures of the analyzing
power were drawn by using the results of the MDA with the cresstion data.

The MDA was carried out for the data at the set2 with both the,2and 1s;/»-hole states as sthole
state because the border of thg2-and 1s,,-hole states were unknown. Figures 5.9 and 5.10 are
the results with the & /,-hole state as &hole state while Figs. 5.11 and 5.12 are the results with the
1s1/0-hole state. The contributions from thesl,- and Ip-hole states are almost identical between in
Figs. 5.9 and 5.11. Thefiierences between the contributions from tisg 2 and Is;/,-hole states are
insignificant. The MDA for the data at the set3—-5 was carrietvath the 1s;/»-hole states as sthole
state.

Figure 5.19 shows the typical examples of the fitted recailmantum distributions of the cross sec-
tion and the analyzing power at separation energies of 1 Ar&853 MeV. The fitted recoil-momentum
distributions of the cross section reasonably well repoedthe measured cross-section data at each
energy. Itis found that the hole states of thig/4, 1p, and Is;/, orbitals are dominant in the recoil-
momentum distributions of the cross section at 17, 33, andé&3 respectively. However, the calcu-
lated analyzing power shown in Figs. 5.19(d)-5.19(f) osenmeates the experimental data at all of these
energies.

5.3.1 Strength distributions

After the MDA was performed, the strength distributionsasbed for the %;/2-, 251/2-, 1p-, and Hs»-
hole states are shown in Fig. 5.20. Th&eliences of the strengths of thg 2- and s »-hole states are
due to the dierences of the magnitude of the calculated cross sectioa siffangth distributions from
the MDA results with the & ,- and 1s;/»-hole states are in good agreement for tipednd Hs,»-hole
states. Since the strength distribution obtained forsthele state has a minimum at 24 MeV, théole
state strengths were divided into thg 2 and Is,, strengths at 24 MeV.

The strength distributions obtained for thg 4- and 1p-hole states in Fig. 5.20 have hump structures
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around 50 and 30 MeV, respectively. The hump of tipchble state around 30 MeV is consistent with
the hump structure in separation energy spectra in Fig. 5.3.

5.3.2 Background consideration

The continuum physical backgrounds are also observed isttbegth distributions. Although the con-
tinuum strengths are appreciable at separation energgey flnan 80 MeV in the strength distributions
for the 1s;/, and Ip-hole states, it is improbable that a single-particle-rsibge has such a high sepa-
ration energy. These strengths are considered to be thakdittins of many-body processes such as
(p, 3p) or (p, 2pn) reactions or multistep processes that follow the knockreaction.

In the (p, 3p) and (p, 2pn) reactions, the final states are four-body systems with tmdigurations
of 3p+38Ar and 2p + n+38K, respectively. The phase-space volumes of the four-bady §tates were
considered under the condition that two protons in the fiteteswere detected by the GR and LAS
but the other particles in the final states were not detedibd.combined phase-space volume was ob-
tained by averaging the phase-space volumes ofgf#pj and (p, 2pn) final states with equal weights.
Since the*°Cay(p, 3p)38Ar and “°Ca(p, 2pn)*eK reaction channels open at 14.7 and 21.4 MeV in the
separation-energy spectrum for tfCa(p, 2p)3°K reaction, respectively, the combined phase-space
volume increases from 14.7 MeV.

For the multistep processes, Cowlgyal. studied the contribution of the rescattering processes tha
follow the knock-out reaction to the coincidence measurenoé the “°Ca(p, 2p) reaction [87]. The
theoretical cross sections for the rescattering processas incoherent sum of thp, (o’ p”) and (o, 2p)
reactions well reproduced their experimental coincidesppectra. The contributions of the rescattering
processes have shapes similar to the four-body phase spi@oated here. Both of them gradually in-
crease from the lower separation energy region. Thus, we lised the estimated four-body phase space
as the background-shape model including the four-body lamdescattering processes; the adequacy of
the model will be discussed later.

An asymmetric Lorentzian shape was suggested by Sartor amguyk to describe the spectral func-
tion of a hole state near the particle threshold [88]. It camdnitten as
1+ (Esep— Ec)A

f(Esep = N
(Fsen (Esep— Ec)? + %Fz

(5.1)

whereE; andrI” are the centroid energy and width of the peak, HrethdA are a normalization parameter
and an asymmetric parameter. When the paranfetercomes small, the function becomes symmetric.
We fitted a combination of the asymmetric Lorentzian funtéod the estimated phase-space volume to
the strength distributions for thesi,, 1p, and Is»-hole states. The dotted lines in Fig. 5.21 show the
phase-space volumes that seem to give reasonable baclgsbapes. The background for the; 2-
hole state was determined to be of the same magnitude in ¢iss section as that for thes},-hole
state.

The reduced? of y2 = 1.0 and 09 were obtained in the fit for thesi, and Ip-hole states. The
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Table 5.2: Centroid energies and widths (FWHM) of the sttierdistributions for the hole
states of the b and 1y, orbitals in4°Ca. For the present result, the uncertainties were
obtained as the region corresponding to a change ofy® finom the minimum value in the
fitting of the asymmetric Lorentzian and the background.

Centroid Width
(MeV) (MeV)
Present work
(p,2p) 1p 296+ 05 114+£12
1s1)2 484+ 0.6 234+ 11
Mougeyet al. 1p 41
(e.€p) [16] 1sy2 56
Amaldi Jr.etal. @ 1p 32+4 18+5
(e €p)[19] 1812 77+ 14 46+ 24
Nakamuraet al. P 1p 35+1 21+3
(e, €p) [18] 112 (A) 587+12 36+1
1512 (B) 584+ 1.1 32+1
Volkov et al. © 1p12 298+0.1 85+11
(p, 2p) [22] 1pz2 347 +0.3 94+12
1s1)2 536+0.7 188+ 14

aThe values were obtained by fitting Maxwellian curves to tbpasation-energy spectra. We evaluated the
listed widths from the values given in Ref. [19] (where théhaus show the distances between the zero and the
maximum of the Maxwellian curve) by regarding them asrair3 Gaussian function.

bTwo results (A) and (B) were presented for the,1 orbital.

“Volkov et al. disentangled thef,» and Ips/»-hole states by fitting the separation-energy spectra voithes
Gaussian functions.

reducedy? is defined ag? = y?/v, wherev is the number of degrees of freedom in the fit. In gRdit

for the 1ds,-hole statey? value of 2.3 was obtained, that is, it was larger than 1. Iftteelel in the fit
were perfecty? would be 1. The largey? is due to an inadequate model used in the fit. To compensate
this inadequacy of the model, the uncertainties in the patars were estimated in thels},-hole state
case, following the method of Terashirdaal. in Ref. [89]. The uncertainties in the strength data were
artificially increased by multiplying all the strength umizénties by a constant factor so thatbecame

1, and so increased uncertainties in the parameters wes@elt The increased uncertainties involve
the model uncertainties that originate in the inadequadh@mMmodel, and they were defined as the total
uncertainties. The uncertainties estimated without emeean the uncertainties in the strength data were
defined as the statistical uncertainties.

The centroid energiedst) and widths ) of the peaks for thed»- and Ip-hole states were obtained
as the parameters of the asymmetric Lorentzian functioherfit; they are listed in Table 5.2 with the
results from the previous experiments. The total uncettsrin the centroid energies and widths were
estimated as mentioned before. The centroid energies dftla@d 1s;,,-hole states are deduced to be
296 + 0.5 and 484 + 0.6 MeV, respectively.

The spectroscopic factors obtained by subtraction of thedfitour-body background are listed in



64 CHAPTER 5. RESULT

Table 5.3: Spectroscopic factors relative to the IPSM Bnfiitr the orbitals ir*°Ca. They
are obtained after the background subtraction in the ptegady. The second uncertainty,
in parentheses, is the statistical uncertainty estimayeithdo propagation of the strength un-
certainties at each 2-MeV bin and the uncertainty of therdmrtion of the background. The
first one is the total uncertainty that includes also the rhadeertainty, which is mentioned
in the text. The spectroscopic factors deduced by the DWIéutation with the nonlocality
correction are also shown. The detail discussion is givedhap. 6.

Spectroscopic factor

IPSM limit with nonlocality correction
1ds)2 4 122+ 0.02(x0.02) 092+ 0.02(x0.02)
172 8 0.14+0.01(x0.01) 010+ 0.01(=0.01)
2512 2 100+ 0.03(x0.03) 075+ 0.02(x0.02)
1ds2 6 160+ 0.12(+0.11) 119+ 0.09(+0.08)
1p 6 0.93+0.12(x0.12) 071+ 0.08(+0.08)
1s1/2 2 169+ 0.10(=0.10) 136+ 0.12(+0.10)

Table 5.4: Spectroscopic factors relative to the IPSM Enfiir the orbitals irf°Ca without
background subtraction. The uncertainty is the statiktinaertainty estimated by the propa-
gation of the strength uncertainties at each 2-MeV bin.

Spectroscopic factor

IPSM limit with nonlocality correction
2512 2 102+ 0.03 077+ 0.02
1ds2 6 223+0.11 173+ 0.08
1p 6 187+ 0.07 132+ 0.05
1s1/2 2 253+ 0.05 189+ 0.04

Table 5.3, together with the total and statistical uncett@é. The spectroscopic factors without back-
ground subtraction are listed in Table 5.4 with only stat&édtuncertainties.

The spectroscopic factors of the;2 and Ip orbitals are consistent with 100% within the uncertainty,
whereas the spectroscopic factors df,3, 1ds,> and 1s;,»-hole states are over 100% of th&+21 values.
The spectroscopic factors of over 100% implies the unagstaif the DWIA calculation, as mentioned
in Sec. 5.2. The absolute value of the spectroscopic fastiscussed in Chap. 6.
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Figure 5.9: Cross section for each 2-MeV bin in the sepamatioergy at the set2 as a function of the
recoil momentunps. The thick solid line shows the MDA results including; 2-hole state as a-hole
state. The dotted lines, the short-dashed lines, and tiedtz#ted lines show the contributions i 2-,

1p-, and Ms/2-hole states, respectively.
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Figure 5.10: Analyzing power for each 2-MeV bin in the sefiaraenergy at the set2 as a function of the
recoil momentunps. The thick solid line shows the MDA results including; 2-hole state as a-hole
state. The analyzing power data was not included in the MD¥e dotted lines, the short-dashed lines,

and the dash-dotted lines show the contributionsspf,2, 1p-, and Is,»-hole states, respectively.
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Figure 5.11: Cross section for each 2-MeV bin in the sepamaghergy at the set2 as a function of the
recoil momentunps. The thick solid line shows the MDA results including; k-hole state as a-hole
state. The dotted lines, the short-dashed lines, and tihedizged lines show the contributions o -,
1p-, and Ms»-hole states, respectively.
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Figure 5.12: Analyzing power for each 2-MeV bin in the sefiaraenergy at the set2 as a function of the
recoil momentunps. The thick solid line shows the MDA results including; k-hole state as a-hole
state. The analyzing power data was not included in the MD#e dotted lines, the short-dashed lines,
and the dash-dotted lines show the contributionsspf,d, 1p-, and Ms,2-hole states, respectively.
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Figure 5.13: Cross section for each 2-MeV bin in the sepamaginergy at the set3 as a function of
the recoil momentunps. The thick solid line shows the MDA results. The dotted lintge short-
dashed lines, and the dash-dotted lines show the contisunf 1s;,5-, 1p-, and Is»-hole states,
respectively.
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Figure 5.14: Analyzing power for each 2-MeV bin in the sefiaraenergy at the set3 as a function of
the recoil momentunps. The analyzing power data was not included in the MDA. Theedbtines,
the short-dashed lines, and the dash-dotted lines showotitelutions of k;,2-, 1p-, and s »-hole
states, respectively.
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Figure 5.15: Cross section for each 2-MeV bin in the sepamaginergy at the set4 as a function of
the recoil momentunps. The thick solid line shows the MDA results. The dotted lintge short-
dashed lines, and the dash-dotted lines show the contitsunf 1s;/5-, 1p-, and Is»-hole states,
respectively.
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Figure 5.16: Analyzing power for each 2-MeV bin in the sefiaraenergy at the set4 as a function of
the recoil momentunps. The analyzing power data was not included in the MDA. Theedbtines,
the short-dashed lines, and the dash-dotted lines showotitelutions of k;,2-, 1p-, and s »-hole

states, respectively.
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Figure 5.17: Cross section for each 2-MeV bin in the sepamaginergy at the set5 as a function of
the recoil momentunps. The thick solid line shows the MDA results. The dotted lindee short-
dashed lines, and the dash-dotted lines show the contmsunf 1s;,5-, 1p-, and Is,»-hole states,
respectively.
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Figure 5.18: Analyzing power for each 2-MeV bin in the sefiaraenergy at the set5 as a function of
the recoil momentunps. The analyzing power data was not included in the MDA. Theedbtines,
the short-dashed lines, and the dash-dotted lines showotitelutions of k;,2-, 1p-, and s »-hole

states, respectively.
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Figure 5.19: Cross section and analyzing power as a funcfitime recoil momentunps for
the selected separation-energy bins at 17 [(a) and (d)](l83hd (e)] and 53 MeV [(c) and
(H]- The thick solid lines show the MDA results. The thin isblines, the dotted lines, the
short-dashed lines, and the dash-dotted lines shwwahd Ils/>-hole states, respectively.
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Figure 5.20: Strength distributions obtained in the sep@araenergy region of 12—84 MeV. The solid
lines are shown to guide the eyes. The vertical dotted lir&dd#leV in (a) shows the border where
the s-hole state contribution was divided into the contributiminthe 2s;/,-hole state and that of the
1s/2-hole state.
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Figure 5.21: Strength distributions for the hole stateshef (a) X:/2, (b) 1p, (C) 2s1/2, and (d) B,
orbitals in the separation energy region of 12-84 MeV. Thadimes and the dash-dotted lines in
the figures for the 4;»-, 1p- and Ids/»-hole states show the fitted curves and the fitted asymmetric

Lorentzian functions, respectively. The short-dashedslishow the estimated contribution of the four-
body background.
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Chapter 6

Discussion

6.1 Strength distribution of the deep-hole states

The strengths for the orbital states for each 2-MeV bin wadependently obtained by the MDA at
each 2-MeV bin, that is, the strength distributions in Fi2(bwere obtained without any assumption
on the shape of the distribution. This igfdrent from the previous analyses by Volkeval. [22] and

by Nakamureet al. [18]. The obtained strength distribution shows clearepsisahan those from the
previous experiments, which are shown in Figs. 1.3, 1.4,@n8 1.6 in Chap. 1. It was useful to discuss
the strength distributions and the contribution of the lgaoknd.

In Fig. 6.1, the centroids and widths of the strength distidns for the D- and Is;/,-hole states
are compared with those obtained from the previous expeitsniested in Table 5.2. Vertical lines in
Fig. 6.1 indicate uncertainties of the centroids as thedstahdeviation. The centroid energies for the
1p- and Is;/,-hole states were determined with small uncertaintieserptiesent analysis. The obtained
centroid energies and widths of thg &nd 1s;/,-hole states are close to the results from the2p)
experiment at PNPI [22]. The centroid values from the presank are the smallest among the listed
values.

Since the centroid of the obtained distribution for theHole state corresponds to the peak position
at 30 MeV in the separation energy spectra in Fig. 5.3, th& p¢&80 MeV in the separation energy
spectra should be the peak gi-hole state. This correspondence assures that the MD/Alglizorked.
Furthermore, it shows that a one-hole state can be obseveedfer such a deeply bound orbital.

The success in obtaining the strength distributions redieshe good reproduction of the recoil-
momentum distribution of the cross section for a one-haéestwhich is confirmed by analyzing two
low-lying discrete peaks.

79
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Figure 6.1: Centroids (symbols) and FWHM widths (solid §hef the strength
distributions for the p- and Is/,-hole states with those obtained from the previous
experiments, from Table 5.2. Vertical lines indicate utmieties of the centroids
as standard deviation. Mougeyal. did not give the uncertainties.

6.2 DWIA calculation

For the first two peaks at 8.3 and 10.9 MeV in the separatiomggrepectra, the cross sections and the
analyzing powers are reproduced by the DWIA calculationlitatavely well as shown in Figs. 5.7 and
5.8, and the peaks seem to involve scarcely any backgrouaderitieless the spectroscopic factor for
the 1d3/,>-hole state exceeds 100% of th&+21 value, and that of the/»-hole state is much larger than
the experimental values from the ¢ p) and @,2He) reactions as shown in Table 5.1. Here the validity
of the DWIA calculation is discussed for the hole states ef\thlence orbitals in the following para-
graphs. For theds),, 21,2 and 1f7,o-hole states, the DWIA calculation was performed wittfatient
parameters to examine uncertainties in the obtained s@ecipic factors.

First, the results of the DWIA calculation with various diging potentials are displayed in Figs. 6.2
and 6.3. The several parameter sets of Coepalr. [72] and Hamaet al. [90] were used as the distorting
potential. The used potentials are listed in Table 6.1; tiiained spectroscopic factors for the respective
potentials are shown in Fig 6.4. The calculations by thegsdaave-impulse approximation (PWIA) are
also displayed by thick solid lines in Figs. 6.2 and 6.3 tastigate the contribution of the distortion.
The contribution from the & /»-hole state is displayed but that from th& 2-hole state is not in Fig. 6.3
for simplicity.

In Figs. 6.2 and 6.3, all the results of the DWIA calculatioithwarious potentials qualitatively
reproduced the experimental data as well as the result iliAEL used in the previous chapter, and
the recoil-momentum distributions of the cross section tiedanalyzing power for the used distorting
potentials are almost indistinguishable. Comparing thel®@alculation with the PWIA calculation in
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Table 6.1: Global optical potentials used for the distariio the DWIA calculation.

Potential Data for fit Num. of parameters Reference
EDAD1 '?C,1%0,%%Ca,%0zr, “%8Pb(p, p) 20-1040 MeV 106 [72]
EDAD2  12C,180,40Ca,%0zr, 2%8pPp(p, p) 20-1040 MeV 154 [72]
EDAD3  12C,160,4%Ca,%0zr, 2%8Pp(p, p) 20-1040 MeV 176 [72]
EDAICA “°Ca(p, p) 20-1040 MeV 70 [72]
DP1 40Ca,*8Ca,%0Fe,%ONi, 90zr, 298pPp(p, p) 65-1040 MeV 80 [90]
DP2 40Ca,*8Ca,%6Fe,ONi, 9°zr, 298pp(p, p) 65-1040 MeV 84 [90]
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Figure 6.2: DWIA calculations of th#Ca(p, 2p) reaction for the di3/»-hole state
at 8.3 MeV with diferent optical potentials. The parameter sets of Coepel.
(EDAD2, EDADS, EDAICA) [72] and of Hamat al. (DP1, DP2) [90] were used
for the distorting potential. The strengths of thes%-hole state were obtained by
fitting to the experimental data. The thick solid line indesmthe PWIA calcula-

tion.

Figs. 6.2 and 6.3, itis found that the distorting potentialyp an important role to reproduce the recoil-
momentum distribution of the cross section and the analypiower. The qualitative reproduction of
the cross section and the analyzing power shows that the Didiks well to reproduce the data for
the 392-MeV proton. The obtained spectroscopic factordgroF shows that the cross sections by the
DWIA calculation are reduced to about 20-30% of the PWIA galand the relative strength between
these three orbitals are nearly invariable. However, alhefspectroscopic factors are much larger than
the results from theg( € p) and @,3He) reactions.

Second, the sensitivity of the spectroscopic factors teouarbound state parameters in the DWIA
calculation is investigated. The recoil-momentum disifiin of the cross section and the analyzing
power with the diferent radii of the Woods-Saxon potential for thes2- and 2,,-hole states are
displayed in Figs. 6.5 and 6.6. A change of thifudieness parameter slightly modifies the distributions
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Figure 6.3: DWIA calculations of th#Ca(p, 2p) reaction for the &;,,-hole state

at 10.9 MeV with dfferent optical potentials. The used optical potentials waree

as those for the $/,-hole state in Fig. 6.2. The strength of thg 2-hole state was
determined by the MDA for the peak. The only contribution ef 2-hole state are
displayed for simplicity. The thick solid line indicatesstRPWIA calculation.

of the cross section and the analyzing power. The relatitwdsn the obtained spectroscopic factors
and the radius parameter is shown in Fig. 6.7. A change of fir0in the radius will change the
spectroscopic factors by about 3, 2, and 5% for thgt, 2s,2-, and 1f7/2-hole states respectively,
relative to the values with 1.30 fm by Elton and Swift. Nexte tdffuseness parameter was changed
within a range. The relation between the obtained speapmsdactors and the fluseness is shown in
Fig. 6.8. A change of the fluseness parameter doesn’t modify distributions of thescsestion and
the analyzing power so much as the radius does, and the cb&Od¥. fm in the diftuseness parameter
will change the spectroscopic factors by about 1% for allhef ids/,-, 2s1/2-, and 1f7/»-hole states
relative to the values with 0.60 fm by Elton and Swift. Theestyth of the spin—orbit term in the optical
potential also influences on the spectroscopic factors ewrslin Fig. 6.9. The spectroscopic factor
gradually changes about 2% by 1 MeV for thiy 2-hole state.

The nonlocality corrections also give sizable influencehandalculation. Although the present analy-
sis shown in Chap. 5 doesn’t includes the nonlocality cdimas, some recent analyses of the knockout
reactions take them into account, and Kraraeal. also uses it for their analyses of the € p) and
(d,3He) reactions. In order to investigate the influence of thelowality corrections on the spectro-
scopic factors, the DWIA calculation for the present worksvgeerformed with the nonlocality correc-
tions with a nonlocality range ¢f = 0.85 fm by Perey and Buck [91] in the bound state wave function
and in the reaction. Using the calculated cross sectionhé&lMDA, the obtained spectroscopic factors
were shown in Fig. 6.10 with the result obtained in the presiohapter. It is found in Fig. 6.10 that the
nonlocality corrections almost uniformly decrease thecpscopic factors for all of the orbitals though
a couple of the spectroscopic factors are still larger thashell-model limits of the 2+ 1 values.
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As seen in the previous paragraphs, the bound state parangéte some influence on the spectro-
scopic factors. The étierence of the spectroscopic factors between from the preseatysis and from
the (@ € p) reaction by Krameet al. in the reference [47] might be attributed to théfelience in the
bound state parameters used in the DWIA calculation. Thadbstate parameters used by Krarger
al. are listed in Table 4.1. Kramest al. performed their analysis with the same bound state wave
function for the € € p) and @,3He) reactions and obtained consistent spectroscopicréaf@]. The
parameters in Table 4.1 were determined by the analysisiéogi€e p) reaction on the grounds that the
(e, € p) reaction is sensitive to the whole of the bound-state wawetfon. It should be noted that the
radius and dtuseness parameters by Kraneeal. are optimized for each orbital although those values
by Elton and Swift in Table 4.1, which are used in the presealysis, are same for all the orbitals in
40Ca. The analysis by Kramet al. includes the nonlocality corrections with a nonlocalitpge of
B = 0.85 fm by Perey and Buck [91] in the bound state wave functiash iarthe reaction. By using
the same bound-state parameters with Kraenet., the cross sections for tf8Ca(p, 2p) reaction are
calculated and the spectroscopic factors of 3.23 for thg aind 1.19 for the &, are obtained. Even if
the same bound-state parameters and the nonlocalityetiomeparameters are used for the Zp) and
(e, € p) reactions, the spectroscopic factors from the2) reaction are still larger than those from the
(e, € p) reaction by 20% or more. Theftitrences of the spectroscopic factors from the2p) in the
present analysis and the previous result by Kraghak. are not explained by the bound-state parameters
only. Therefore, other problems still remain in the DWIA@alation.

It should be noted that the spectroscopic factors from @) reaction are not settled even at
the proton-injection energy of 200 MeV, where marny 4p) experiments have vigorously been per-
formed [40, 44, 79, 80]. It is seen in Table 5.1 that the spsctpic factors for the valence orbitals in
40Ca change by a factor of about 2 at th&etlient measured angles.
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Figure 6.5: DWIA calculations of th&’Ca(p, 2p) reaction for the ti3/>-hole state
with the diterent radius parameters of the Woods-Saxon potential. ffeegihs
of the 1d3/»-hole state were obtained by fitting to the experimental.data

Table 6.2: Normalized spectroscopic factors relative ® BSM limits for the orbitals in
40Ca. The description of the uncertainty is same as Table E&ptthat these total uncertain-
ties include also the uncertainty of the normalization.

Spectroscopic factor

IPSM limit with nonlocality correction
1d3/2 4 0.65+ 0.05(+0.01) 065+ 0.05(x0.01)
1f7)2 8 0.074+ 0.007E0.004) Q069+ 0.007E0.04)
2512 2 0.53+0.04(+0.01) 053+ 0.04(+0.01)
1ds)2 6 0.85+ 0.09(+0.06) 083+ 0.09(+0.05)
1p 6 0.49+ 0.07(x0.06) 049+ 0.07(x0.06)
1s12 2 0.89 + 0.09(+0.06) 095+ 0.11(=0.07)

The aim of this work is to investigate the spectroscopicdexfor the deeply bound orbitals. In order
to discuss them in spite of the unsolved problems of the DWAKdation, the spectroscopic factors
were normalized by using the value from thed p) reaction. Since there was no way to optimize
bound-state parameters for the overlapped deeply bourithlstithe common bound state parameters
by Elton and Swift were used. As the hole state of thg lorbital is well separated from the other
orbital contributions in the separation energy spectra,sjpectroscopic factor of theld;, orbital was
used as the normalization reference. The ratio of the spsazipic factor for the dz,» orbital from the
(e, € p) reaction by Krameet al. to that obtained from the present analysis was 0.53. Thasjeduced
spectroscopic factors are normalized by the factor of Oblssted in Table 6.2. The uncertainty of 8%
from the normalization is added in quadrature for the totedartainty.
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Figure 6.6: DWIA calculations of th#Ca(p, 2p) reaction for the &;,,-hole state
with the diferent radius parameters of the Woods-Saxon potential. {féegth of
the 251/,-hole state was determined by the MDA for the peak. The onfytrduu-
tion of 2s12-hole state are displayed for simplicity.

6.3 Spectroscopic factors

6.3.1 Comparison with experimental works

The spectroscopic factors from the present analysis ar@awed with those obtained from the previous
(e, €p) experiments in Table 6.3, and they are illustrated as atiummf the separation energy in
Fig. 6.11. They are shown as ratios to the IPSM limits. Thesgrpental uncertainties are not given for
the spectroscopic factors obtained by Mougegl. [16].

The spectroscopic factors obtained from thge(p) experiment by Nakamuret al. are larger than
the sum-rule limits except for thedd,, orbital [18]. Their large spectroscopic factors for the dnd
1sy/, orbitals suggest the underestimation of the cross seatitinei calculation or the inclusion of the
continuum background in the higher-separation-energioreg

The spectroscopic factors of 0.65 and 0.75 obtained by Mpegal. [16] for the 25,2 and 1si/»
orbitals are as low as the present results of 0.53 and 0.88reah the spectroscopic factor of 0.95 for
the 1p orbital is much larger than the present result of 0.49. Theroal energy of 41 MeV obtained by
Mougeyet al. for the 1p orbital is much higher than the present result of 29.6 MeVesnsn Fig. 6.1.
As can be seen in Fig. 6.1, both the centroid energies of thentl Is orbitals by Mougeyet al. are
higher than those from the present result. The larger spemipic factor and the higher centroid energy
for the 1p orbital can be explained by inclusion of the continuum baclkgd in the pb-hole strengths
in the higher-separation-energy region or by an flisient separation of thept and 1s-hole states. It
is also plausible that the extremely high centroid energy/fleV for the Is;/,-hole state reported by
Amaldi et al. [19] is due to the continuum background at higher separagiwrgy.
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Figure 6.7: Spectroscopic factors obtained Figure 6.8: Spectroscopic factors obtained
with the diferent radius parameters of the with the diferent difuseness parameters of the
Woods-Saxon potential for theddo-, 2s/o- Woods-Saxon potential for thedd,z-, 2sy,2-,
and 1f7/,-hole states. and 1f7/,-hole states.

The present analysis also depends on the background treatirtee spectroscopic factors obtained
without background subtraction for the},, 1p, and s/, orbitals are 1.5-2.0 times larger than those
with backgrounds subtraction, as seen in Tables 5.3 and hid indicates that the spectroscopic factors
are greatly &ected by the background estimation.

The background from the four-body final states in the higssinig-energy region in th¥C(e, € p)
reaction was investigated by Fissugnal. at JLab [92]. The measured separation-energy spectra were
compared with calculation of thes, pp) and €, € pn) reactions included meson-exchange currents,
isobar currents, central short-range correlations, andaemedium-range correlations. However, the
calculated cross section was smaller than the measuresl s2otion by about 50% and did not clarify
the total background components.

The contribution of the rescattering processes was stumigtiowleyet al. [87]. It is remarkable that
the calculated rescattering processes well reproduceéxperimental coincidence spectra especially
in the kinematical region in which the quasi-free eventseN®rdly expected. The rescattering process
cannot be ignored in some kinematical regions in the cograid measurement.

Although the background components are still controvérsiahe present study, we used the four-
body phase space as the background-shape model, takingnaaifothe four-body and rescattering
processes. To compensate the inadequacy of the model, tieetainties in the deduced observables
were estimated to include the model uncertainties, asq@uelyi mentioned.

A large reduction in the single-particle strength has alserbobserved for the strongly bound valence
neutrons near the Fermi surface in proton-rich unstabléen{@3, 94]. This reduction has been sug-
gested to be due to the stropgn interactions [95]. Although the nucleons in thp dand 1s;/, orbitals
in 40Ca are also strongly bound, these orbitals are far below gmniFsurface. Therefore, the mech-
anisms for reducing the spectroscopic factors for theafid 1s), orbitals in“°Ca are expected to be
different. We need further experimental study on the spectpas¢actors in other nuclei to clarify the
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Figure 6.9: Correlation between the spectroscopic fadtwrshe Idsz»-hole state
and the strength of the spin—orbit term for the bound state.

NN correlations that contribute to the reduction of the spettopic factors for deeply bound orbitals.

6.3.2 Comparison with theoretical works

The spectroscopic factors from the present result are coedpaith those from theoretical studies in
Table 6.4, and they are illustrated as a function of the sdjoerenergy in Fig. 6.12. They are shown as
ratios to the IPSM limits.

The calculations reported by Fabrocetial. [13] and by Biscontiet al. [14] used state dependent
correlations with central and tensor components, so-¢dfecorrelation. Fabrocinét al. ignored the
Coulomb interaction in the mean-field potential and used $towupling scheme of the single-particle
wave function basis. Biscongt al. followed the calculation in Ref. [13] by Fabrociet al., and
considered the presence of the antiparallel spin terms &tishglished between proton and neutron
contributions in thej j coupling scheme for sake of completeness. Both calcumsoggested that the
spectroscopic factor decreases as the binding energyaseseas can be seen in Fig. 6.12. This is con-
trary to the prediction by the nuclear matter calculationBanharet al.[12]. Furthermore, Bisconit
al. insisted from the results dfC, 180, 40Ca, “Ca, and?®®Pb that the spectroscopic factors increase
when the principle quantum numberand thel j values increase. Although the values predicted by
Biscontiet al. show a rather moderate reduction, the quantitativieince between these calculations
was not discussed. The role played by the various correstiave been unclear.

The spectroscopic factors of 0.86 and 0.87 for thg2orbital predicted by Fabrocirgt al. [13] and
Biscontiet al. [14] considerably exceed the present result of 0.53. Thisrdpancy could be explained
by surface &ects, which are not taken into account in their calculatidhss theoretically known that
the surface fects reduce the spectroscopic factors for the orbitals theaFermi level.

Though the spectroscopic factor of 0.85 for thig,2 orbital is consistent with the values predicted
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in the bound state wave function and in the reaction. Theawatity corrections almost uniformly
decrease the spectroscopic factors for all of the orbitals.

by Fabrociniet al. and by Biscontkt al., those for the %/, and 1p orbitals show a dferent tendency
from the predictions. The spectroscopic factor of 0.89 fier Is > orbital is slightly smaller than unity,
but the reduction of the spectroscopic factor is not sigaificbecause the experimental uncertainty
is as large as 0.09. On the other hand, the spectroscopir faic0.49 for the p orbital is largely
suppressed and is smaller than the predicted value of 0.58lbsociniet al. The large reduction of the
spectroscopic factor for theplorbital indicates a strong influence BN correlations in the inner core
far below the Fermi surface.

The spectroscopic factors for thelsl, 1p and 1Is;,, don't show monotonous decrease or increase
with respect to binding energy as predicted. The presenttrpessibly suggests other dependence of
the NN correlations,e.g., | dependence, and a clue to disentangle the role played bytrelations.
Therefore, it is interesting to investigate the spectrpgcactor for the P orbital in detail. The spectro-
scopic factor for the f orbital was obtained on the assumption that the relativengths for the 2
and Jpz2-hole states are in the ratio of 2:4. It is important to dediln@espectroscopic factors for the
1p1/2 and 1ps/»-hole states separately to obtain further information @réuuction of the spectroscopic
factor for the deeply bound orbitals.

6.4 Perspectives

The 1py/2- and Ipz/o-hole states could not be separated in the present stududretae DWIA calcula-
tion of the analyzing power was not fully reliable. It is inmpant to separate the hole states of tipg,1
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Table 6.3: Spectroscopic factors relative to the IPSM Bnidr the orbitals in*°Ca obtained from
previous experiments. For the present result, the degmmipf the uncertainty is same as Table 6.2.

IPSM limit Present work Mougewgt al. [16] @ Nakamuraet al.[18] P
2512 2 0.53+ 0.04(x0.01) 0.65 10+0.1
1d 10 0.77
1dz/2 4 0.65+ 0.05(+0.01) 11+ 04
1ds)2 6 0.85+ 0.09(x0.06) 078+ 0.27
1p 6 0.49 + 0.07(x0.06) 0.95 170+ 0.15
1s1)2 2 0.89 + 0.09(+0.06) 0.75 260+ 0.15 (A)
19+0.1(B)

aThe uncertainties were not given for the spectroscopiofadity Mougeyet al..
bTwo results ((A) and (B)) were presented fa; 4 orbital.

Table 6.4: Spectroscopic factors relative to the IPSM kniir the orbitals in*°Ca obtained from
theoretical studies. For the present result, the desonpf the uncertainty is same as Table 6.2.

IPSM limit Present work Fabrocirgt al. [13] Biscontiet al. [14]
2512 2 0.53+ 0.04(+0.01) 0.86 0.87
1d 10 0.87
1d3)2 4 0.65+ 0.05(+0.01) 0.85
1ds)2 6 0.85+ 0.09(x0.06) 0.86
1p 6 0.49 + 0.07(+0.06) 0.58
1py2 2 0.81
1p3/2 4 0.82
1s12 2 0.89 + 0.09(+0.06) 0.55 0.78

and Ipz/, orbitals, that is, the hole states of theand j. orbitals, by use of the analyzing power data,
to obtain further information on the deeply bound orbitaisl &0 understan®N correlations in atomic
nuclei. Therefore, progress in the reaction theory is gfiypulesired because it enables us to use the
analyzing power data in the MDA.

Following the present work, anothep,2p) experiment with a polarized proton beam was done at
200 MeV [96] at RCNP. The analyzing power data was reprodibgeitie DWIA calculation better than
that in the present work, and it encourages us to separatetbestates of th¢. and j. orbitals. Since
that measurement was performed under the symmetric angtéition for ejected protons, the symmet-
ric angle condition seems to be advantageous to the anglppbiwer measurement. Understanding why
the DWIA calculation reproduced the analyzing power datéhan lower injection-energy experiment
remains to be done. Although background contribution migterfere the analyzing power for deeply
bound orbitals, the analyzing power measurement at 200 M&léiuthe symmetric angle condition
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Figure 6.11: Spectroscopic factors relative to the IPSMtsirfor the orbitals in*°Ca as a function of
the separation energy. The dashed lines are shown to guidsy/#s.

might be useful to separate the;}o- and Ipz/2-hole states.

We also need a systematic measurement of the spectrosempicsf for the orbitals far below the

Fermi surface in various nuclei. It should be highly helgfd us to clarify theNN correlation in the
atomic nuclei.
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Chapter 7

Summary

A “OCa(g, 2p) experiment was performed with a 392-MeV polarized protearh to measure the recoil-
momentum distributions of the cross section and the anajyzower in the separation-energy region of
0-89 MeV.

Although a hump structure is seen around 30 MeV in the meds@paration energy spectra, no peak
or hump cannot be seen above 40 MeV, whesédle state is expected to be seen.

Two prominent peaks were observed at 8.3 and 10.9 MeV in tha@ragon energy spectra, and their
recoil-momentum distributions of the cross section shoaratteristic behavior for a hole state of a
single-particle orbital withL # 0 andL = O, respectively. The DWIA calculation reproduces the
dependence of the recoil momentum on the measured crossrsgoglitatively well. This assured
the validity of the MDA with the cross-section data. Althduthe DWIA calculation reproduces the
dependence of the recoil momentum on the measured analgeingr qualitatively, it systematically
overestimates the analyzing power faiz® and 25,,-hole states. The obtained spectroscopic factors
for the 1d3/» and %, are larger than those from the, € p) and @,3He) reactions. The ffierences of
the spectroscopic factors for the low-lying orbitals betwdrom the ¢, 2p) in the present work and
from the €, € p) reactions are due not only to the bound-state parametéeddmito the treatment of the
distortion in the f, 2p) reaction. It is found that there are some uncertaintiefiénabsolute values of
the cross section and the analyzing power from the DWIA datmn under the present experimental
condition.

The strength distributions for the deep-hole states wetaitndd by the MDA for each 2-MeV bin
in the separation energy without any assumption on the stifajhe distribution and were successfully
separated from the continuum background by subtraction foluabody background. The centroid
energies and widths of the distributions were deduced tod®+20.5 and 484 + 0.6 MeV for the 1p
and 1s;/2-hole states, respectively. The hump of thetble state around 30 MeV is consistent with the
hump structure in the separation energy spectra.

Taking the uncertainty of the DWIA calculation into the cmlesation, the spectroscopic factors
were normalized by using the value for thésp orbital from the €, € p) reaction and discussed. The
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normalized spectroscopic factors for thednd 1s;/» orbitals were obtained as 497% and 83t 9% of

the IPSM limits, respectively. Although the small quenchiar the Is;/, orbital doesn’t give a decisive
evidence of the influence of théN correlations, the large quenching for the drbital suggests that the
spectroscopic factor for the orbital in the inner core isu@ed owing to theNN correlations. Further
development of the DWIA calculation of the analyzing povgenéeded to separate the hole states of the
1p1/2 and Ips)2 orbitals and clarify the influence of tHéN correlations on the spectroscopic factors.
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Appendix A

Revised result

We had already published the result of this work in Ref. [972010. After the publication, a mistake
in the estimation of the cross section was found during tlepamation of this thesis. The results in
this thesis were obtained after correcting the mistake emataving the inadequate estimation of the
MWPC dficiency. The revised result in this thesis is compared wighgihblished result in Ref. [97] in
Tables A.1 —A.4. The errata based on the revised result wifiublished.

In the reanalysis, at first, the spectroscopic factors wemkiated in the same way as that in Ref. [97],
which are listed as “Raw” in Tables A.1, A.3, and A.4. Howetke obtained spectroscopic factors are
considerably larger than the published values, and sonteeaf exceed 100% of thel2 1 value. It was
concluded that there are some uncertainties in the absedliles of the cross section from the DWIA
calculation under the present experimental condition.inigakhe uncertainty of the DWIA calculation
into the consideration, the spectroscopic factors wersabzed by using the value for thelg,, orbital
from the €, € p) reaction by Krameet al. in Ref. [47], which are listed as “Normalized” in Tables A.1,
A.3, and A.4.

Table A.1: Spectroscopic factors for the discrete peakbérfiCa measurement. The first uncer-
tainty is the total uncertainty and the second, in parerihes the statistical uncertainty included
in the total. In the published results, the uncertainty fiii@ DWIA calculation is included in the

total uncertainty. In the reanalyzed results, the unaatefrom the normalization reference [47]
is included in the total uncertainty of the normalized résul

Esep[MeV]  Orbital Spectroscopic factor
Published [97] Reanalyzed
Raw Normalized
8.3 1d3, 312+ 0.53(x0.06) 487+ 0.09(x0.09) 258+ 0.20(x+0.05)
10.9 %12 1.01+0.17(0.03) 161+ 0.04(x0.04) 085+ 0.07(x0.02)
10.9 172, 0.78+ 0.14(x0.04) 112+ 0.06(x0.06) 059+ 0.06(x0.03)
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98 APPENDIX A. REVISED RESULT

Table A.2: Centroid energies and widths (FWHM) of the sttardjstributions for the hole states
of the Ip and Iy, orbitals in%0Ca. The first uncertainty is the total uncertainty, whicHules the
statistical and the model uncertainties, and the secorghrentheses, is the statistical uncertainty
included in the total.

Orbital Published [97] Reanalyzed
Centroid Width Centroid Width
(MeV) (MeV) (MeV) (MeV)

1p 300+0.4(x0.3) 103+1.1(x09) 296+ 0.5(x05) 114+12(x1.2)

1s12 496 + 0.6(x0.6) 213+ 0.9(x0.9) 484 + 0.6(+0.6) 234+ 1.1(x1.1)

Table A.3: Spectroscopic factors relative to the IPSM linfidr the orbitals in*°Ca. They are
obtained after subtraction of the background. The first taggy is the total uncertainty and the
second, in parentheses, is the statistical uncertaintyded in the total. The model uncertainty is
included in the total uncertainty. The uncertainty fromERN&IA calculation are included in the to-
tal uncertainty of the published results, while the undetyafrom the normalization reference [47]
is included in the total uncertainty of the normalized résul

Orbital IPSM limit Spectroscopic factor
Published [97] Reanalyzed
Raw Normalized

1dz/2 4 0.78+ 0.13(+0.01) 122+ 0.02(x0.02) 065+ 0.05(x0.01)
172 8 0.097+ 0.017(0.005) 014+ 0.01(+0.01) 0074+ 0.007E0.004)
2312 2 0.60+ 0.10(+0.02) 100+ 0.03(x0.03) 053+ 0.04(x0.01)
1ds2 6 0.94+ 0.17(+0.06) 160+ 0.12(x0.11) 085+ 0.09(x0.06)

1p 6 0.49 + 0.10(+0.06) 093+ 0.12(x0.12) 049+ 0.07(x0.06)
1s12 2 0.78 + 0.14(+0.05) 169+ 0.10(x0.10) 089+ 0.09(x0.06)

Table A.4: Spectroscopic factors relative to the IPSM linfidr the orbitals irf°Ca without back-
ground subtraction. The first uncertainty is the total utaiety and the second, in parentheses,
is the statistical uncertainty included in the total. Theentainty from the DWIA calculation are
included in the total uncertainty of the published resuiiisile the uncertainty from the normaliza-
tion reference [47] is included in the total uncertainty lé inormalized results.

Orbital  IPSM limit Spectroscopic factor
Published [97] Reanalyzed
Raw Normalized
2512 2 0.61+0.11(x0.02) 102+ 0.03(x0.03) 054+ 0.04(x0.01)
1ds,2 6 133+ 0.23(x0.05) 223+ 011(=0.11) 118+ 0.11(x0.06)
1p 6 141+ 0.24(x0.04) 187+ 0.07(x0.07) 099+ 0.08(x0.04)
1s12 2 112+ 0.19(x0.03) 253+ 0.05(x0.05) 134+0.11(x0.03)




Appendix B

Scattering angles and recoil momentum

B.1 Scattering angle

Scattering angles for the emitted protons from the targeewbtained with the MWPCs in front of the
spectrometers and with the VDCs at the focal planes. Angesalution by the MWPC was determined
by the wire spacing, a beam-spot size at the target, and stiende between the target and the anode
plane. It is estimated at approximately (”14s mentioned in Sec. 3.5.

Horizontal angular resolutions by the MWDC were evaluatedifing pp scattering event for refer-
ence. The event gbp scattering was measured at 25f6r the GR and at 600for the LAS. Forpp
scattering, the measured kinetic energy and horizontdtesoay angle of the emitted proton strongly
correlate to each other, and they are one-to-one corregpogdn the laboratory system sinpp scat-
tering event is two body reaction and two particles are igahtFigure B.1 (A) shows two dimensional
plot of the horizontal scattering anglésg) and the position at the focal plang4g), which corresponds
to the kinetic energy. The width of the locus line indicatles tesolution of the scattering angle and
the kinetic energy. The locus was corrected so that the ikhestergy dependence of the horizontal
scattering angle was canceled, as shown in Fig. B.1 (B}5B1< Xgr < 50, the corrected angléyy,)
was projected on the horizontal angle axis , which is showhign B.1 (C), and fitted with Gaussian
function. The estimated angular resolution was 018 the GR. It is smaller than that by the MWPC
for the GR. The horizontal angular resolution by the MWDCtfue LAS was also estimated in the same
way as the GR case and was 0.2B is larger than that by the MWPC for the LAS. The worse aagul
resolution for the LAS is due to the low proton energy andkliien at the exit of the LAS spectrometer.

B.2 Recoil momentum

Recoil momentumig3) of the residual nucleus in th@,2p) reaction was calculated on the basis of the
momentum conservation law as

P =6~ Pi- P2 (B.1)
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Figure B.1: (A) Two dimensional plot of the horizontal segithg angle zr) and the position at the
focal plane KgRr), which corresponds to the kinetic energy, for the GR. (BpTimensional plot of the
horizontal scattering angle corrected so that the kinetiergy dependence of the horizontal scattering
angle was canceled(;) andXgr. (C) Corrected anglesg,) projected on the horizontal angle axis in
-50 < Xgr < 50.

wherep; (i = 0,1,2) are the momentum of the incident protan=( 0), the scattered and knocked-
out protons i( = 1, 2), respectively. Impp scattering event, the recoil momentum doesn’t exist sihee t
residual particle doesn’t exist. The momentpgcalculated by Eq. B.1 should be zero fop scattering
event. Itis useful to estimafe; and the deviation from zero ipp scattering event for the accuracy of
momentum reconstruction.

The information from the MWPCs was used for the vertical tecaitg angle for particles coming
to the GR and the horizontal and vertical scattering angbegérticles coming to the LAS. Here,
in estimating the momenturpz in pp scattering event, the scattering angles from the MWPCs were
randomly deviated in the angular resolution by Monte Caglchhique for smoothing. The obtained
result for|pa| in pp scattering event is shown in Fig. B.2. The average devidtam y defined by

<|>q—m>=f|x—mf(x)dx (82)
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Figure B.2: Momentunips| estimated inpp scattering event. The scattering angles from the MWPCs
were randomly deviated in the angular resolution by Montddtachnique for smoothing.

was estimated fox = |pa|, wheref(x) is a distribution function and=0. The obtained average deviation
was 4.4 MeVec. If we didn't have any information on the vertical scattgriangles and ignored them,
that is, the vertical scattering angles were taken as Zieecaterage deviation would be 2.9 Me\and
be a little underestimate.
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Appendix C

Phase space calculation

C.1 Introduction

The (p, 3p) and (o, 2pn) reactions are possible components of the background igp#p) reaction,
while the dynamical aspects in thp, Bp) and (o, 2pn) reactions are unclear. In order to estimate the
contribution of those reactions in thp,@p) reaction measurement without the dynamical details of the
(p, 3p) and (p, 2pn) reactions, the phase space for the 4-particle final stasecalgulated. Phase space
describes a kinematical aspect of the process. In this ehdpée four-body phase space is derived from
its definition.

As the DWIA calculation in the present study employs the neaiiant form, the noninvariant phase
space is employed here. The momentpmand energyE; of the j-th particle satisfy the following
relation

E?—pf =

i (C.1)

wherem; is the mass of the j-th particle. As is defined in Werbrouckigtttook [98], the probability
dP, of an-particle final state with a total momentuRand total energ¥ is defined as

&P, = d*"R A, (C.2)

whereH is the square of the noninvariant matrix element for the @sscand contains the dynamical
aspects of the process, aRdis pure kinematical and the Lorentz noninvariant phaseesgatined by

n

PR, = {]—[ d3pj}53(2 p - P)o(> Ej-E). (C.3)
=1 =1

j=1
C.2 Phase space for four-particle final state

The processes that we take account of are™¥@a(p, 3p)38Ar and “°Ca(p, 2pn)*eK reactions. As the
final states have the configuration g-&%Ar or of 2p + n+38K, respectively, the four-body phase space
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104 APPENDIX C. PHASE SPACE CALCULATION

R4 is discussed here. The calculation employs the conditianttie two protons in the final states are
detected by GR and LAS but the other particles in the finakstare not detected, as is same as the
experiment.

Let particles 1 and 2 correspond to protons detected by GR.ARI The particles 3 and 4 are the
combination ofp+38Ar or n+38K. The phase space for the four-body final states is given #om(C.3)

as
4 4 4
d*3R, = {]—[ o pj}53(z p, - P) 5(2 Ej - E). (C.4)
j=1 =1 =1

From Eg. (C.4), we have the four-body phase space in theraitégm

R4(E’ P)

fd3pld3p2d3p3d3p463(pl+ P+ Ps+ Py — P)3(Ex + E2 + Ez + E4 — E)

fd3 Py d3p2fd3p3d3p453(p3 + - P)o(Es+ Es— E), (C.5)

whereE” andP’ are defined b’ = E— E; — E; andP’ = P— p; — p,, respectively. The last integral in
Eq. (C.5) corresponds to the two-body phase sg&¢E’, P’) with total momentunP’ and total energy
E.
Ro(E’, P') = f o pad®py0°( 3 + s — P')5(Es + E4 - E') (C.6)
Therefore, we have
R4(E, P) = f d>p, d3p, Ro(E’, P)). (C.7)

Under the condition that only two protons in the final statesdetected, the state of the rest parti-
cles is indefinite. The 4-particle final states could contebin the separation energy spectrum for the
40Ca(p, 2p)*°K reaction. Excluded the reactid@-value, the separation energy calculated from the en-
ergies of the injected and detected protons correspondeetexcitation energy of the residual nucleus
in the 3-particle final states, while it corresponds to tleaive mass of the particles 3 and 4 in the
4-particle final states. Thetective mass$viz, of the particles 3 and 4 is defined by

M2, = (Ez + E4)* - (ps + Pa)* (C.8)

In order to estimate the contribution of the 4 particle firtatss in the separation energy spectrum for
the*°Ca(p, 2p)*°K reaction, the mass distribution of the four-body phasespa

dR,
dMzy

(C.9)

is needed. By using the conservation laws of momentum anderibe dfective masis, is expressed
as

(E-E1-E2’ - (P-p - p)°
(M2 4 8 + M8 — 2EE; + 2P - p)? — 2EE» + 2E1E, - 2P - p1—2p - P2 . (C.10)

2
M34
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Let p; = |p;l, and diferentiating Eq. (C.10) with respect p gives

dM34 1 ( P2 )
—— = ——(E-E1)= +Pcos#, — p;costr>| . C.11
dpz M3y ( 2 E> 2= b ' ( :

b

E _
The use oiﬂpj = g

gives the other forms af®p,
d*p; = pfdp;dQ; = pjE;dE;dQ; . (C.12)
Combining Eqg. (C.7), Eq. (C.11), and Eq. (C.12) yields

R4(E,P) = f p1E1dE1dQ; p5dpodQ, Ro(E/, P')

dp;

_ f p1E1dE1dQ; p2dQ;, dMag Ro(E', P') . (C.13)
dMzy
Therefore, Eq. (C.9) is obtained as
dRs 2| dp2 =
T = deldﬂldQZ p1E1p2 ANz Ra(E', P'). (C.14)

The phase space for the four-body final state is calculatdénuthe condition that two protons from
a final state are detected by the GR and LAS. Therefore, ttaapers of particle 1 and 2 are given by
the measurement condition. The integral range of thesanmeas are determined by the acceptances
of the GR and LAS.

C.3 Phase space for two-particle final state

When the parameters of the particles 1 and 2 are given, thgye& and momentun®’ of the rest
two-body system are determined.

At the integration of Eq. (C.6) ovem, the integration rules for &function gives

Ro(E’, P)

fd3p3d3p463(p3 +py— P)S(Es+ E4 - E)

[ d3p3[ (o)

whereA = p,—(P’ — p3). Since the solutionps* of A= 0is py* =(P" — p3) and% =1,

Ro(E, P') = fd3p3(5(,/p§+rn§+,/(P'—p3)2+m§—E’).

C.15
Ty (C.15)

-1
]p4: Pa* ’
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The following integration oveps yields
fngfp%dpgé(\/p§+ m§+ \/(P/ _ p3)2+ r‘rﬁ— E/)

whereB = \/pg +ms + \/(P/ - pg)2 +mg — E’ and ps* is the solution o8 = 0.

Ro(E’, P')

] (C.16)
P3=p:

Since
(;9_8 _ P3 ps — P’ costs (C.17)
Ps \/p3+m§ V(P = p)? 2
Ro(E’, P') is derived as
. p; — P’ cosgs |
RZ(E,P) = fng,[ 3 —* 3T ]
4
© pt— P coshs |t
= 2nfdc0303[p§2 p—‘:’ p3—*3 ] (C.18)
E; E;,

where

Ey= P2+me, Ej= /(P —py)°+m. (C.19)

C.4 Two-body kinematics

As definedP’” = |P’|, B = 0 gives

P22+ (P - )%+ - E = 0.

This equation is simplified in a straightforward way as

api+2bp3+c=0 (C.20)
where

a = 4(E?-P?cod6s),
= -2P'costza,

¢ = 4E%mR- a2,

a = E?+mi-nmi-P2.

The solution of Eq. (C.20) is

_ —bx Vb?-ac

P3 = a (C.21)
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The physical solutiom; of the B = 0 is theps solutions that are real and positive. This solutiorppf
makes the two-body phase space of Eq. (C.18) definite, tiverehe mass distribution of the four-body
phase space of Eq. (C.14) is also given.

Here, the condition under which the physical solution existdiscussed at aftierent viewpoint. In
the center of mass system of the particles 3 and 4, the momeuitthe particle 3 is given as

M2, (s ma)M3, — (mg - my)?)
Ps= 2M3zq4 '

(C.22)

The relative velocitieg§ = E—z andg = £ are defined, ang; = —X—, y = —2=. There are 3

cases depending on the relative velocities. dzdte the angle between the directionspgfand P’. The
number of the physical solution @& and the maximum of the anglg are classified by 3 cases.

1. B<p5
There is one physical solution f@g and(63),,,, = 180°.
2. Bp=p5
There is one physical solution f@s and(63) ., = 90°.
3. B> p5
There are two physical solutions fpg and(63) ., is given as follows.
*,y* 2
cOg03),rmx = |1 - ﬁ) C.23
o= \[1- (2 (23)

C.5 Supplement

The probability of the reaction for the-particle final staté®, is defined in Lorentz invariant form as
d*'P, = d*"R,H. (C.24)

H is the square of the invariant matrix element for the proegshR, is the invariant phase space defined
by

ARy = [ [d*a;o*(> a5 - Q)] [otaf —mf). (C.25)

=1 =1 =1

gj represents a four-momentum of the j-th particle that hashengy E; and a momentunp;,
a; = (Ej, py) - (C.26)

It satisfies the following relation
G =Ef—pf=n7. (C.27)
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The total four-momentun@ of the system has the components

Q=(EP). (C.28)

By using a property of the Dirag-function, the following relation is proved.

-1
2_m?)d(a), = . ]
fé(qj J) (qJ)O ‘3(%) (qj ) (qj)o:Ej
-1
_ P ]
’ a(aj)o ((qj)o i J) (a)o= P+
I ]
L 200 1(q;)=e;
1
= Z_E, (C.29)
This relation simplify the phase space as
PR, = ]_[ o (53 Z p - P)o(> Ej-E). (C.30)
=1 =1 =1

The probability in the invariant form is equivalent to thatthe noninvariant form provided that

H = ﬁiH (C.31)



Appendix D

Numerical data tables

Table D.1: Data table for th&Ca(g, 2p) reaction for the peaks at 8.3 and 10.9 MeV in the separation

energy at the setl in Table 2.1.

Esep = Ps 4055 Ay
(MeV) (MeV) (MeV/c) (ub/sP MeV)
83 230.0 -164.3 59.23 0.62 0.215+ 0.015
83 234.0 -154.9 73.63: 0.70 0.244+ 0.013
8.3 238.0 -1454 86.84:0.76 0.231+0.012
83 246.0 -126.4 116.2% 0.86 0.202+ 0.010
8.3 250.0 -116.7 124.9%0.91 0.233+ 0.010
83 254.0 -107.1 130.78 0.92 0.209+ 0.010
8.3 258.0 -97.4 131.42-0.93 0.207 0.010
8.3 266.0 -77.7 121.580.90 0.154+ 0.010
8.3 270.0 -67.8 104.50: 0.83 0.097% 0.011
83 2740 -57.9 88.61+ 0.78 0.086+ 0.012
83 278.0 -47.9 74.03:0.72 0.059+ 0.014
8.3 286.0 -28.0 49.89:0.41 0.130+ 0.013
8.3 290.0 -18.6  43.50: 0.55 0.220+ 0.020
8.3 294.0 -11.4  40.51+0.55 0.353: 0.021
8.3 298.0 12.0 41.02 0.57 0.415+ 0.021
10.9 230.0 -160.3 34.77% 0.48 0.002+ 0.020
109 2340 -150.9 35931.14 0.031+ 0.020
10.9 238.0 -141.3 36.34+ 0.50 0.015+ 0.020
10.9 246.0 -122.1 32.42: 0.49 -0.085+0.021
10.9 250.0 -1124 28.14+ 0.46 -0.053+ 0.023
10.9 254.0 -102.6 27.89- 0.47 0.062- 0.024
10.9 258.0 -92.8 32.34+ 0.50 0.242+ 0.022
10.9 266.0 -73.0 72.82+0.75 0.4320.014
10.9 270.0 -62.9 116.95: 0.96 0.429+ 0.011
10.9 274.0 -52.8 172.49: 1.20 0.409+ 0.010
10.9 278.0 -42.6 239.18: 1.45 0.387+ 0.008
10.9 286.0 -22.2 382.2% 1.43 0.326+ 0.006
10.9 290.0 -12.5 42294 2.14 0.310+ 0.008
10.9 294.0 6.9 43752211 0.282+ 0.007
10.9 298.0 13.3 416.791.98 0.263+ 0.007
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Table D.2: Data table for th#’Ca(g, 2p) reaction at the set2 in Table 2.1.

Table D.2(Continued)

AEsep= 2 MeV.
Esep Ex Ps m Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
13.0 214.0 -169.3 19.58:0.37 0.071+=0.026
13.0 218.0 -160.6 19.0A40.37 0.078:0.027
13.0 222.0 -151.9 19.54-0.37 0.076+0.027
13.0 226.0 -143.1 23.0A40.40 0.0780.025
13.0 230.0 -134.4 31.580.45 0.039-0.020
13.0 234.0 -125.6 28.23:0.43 0.062:0.022
13.0 238.0 -116.9 27.05-0.43 0.08%# 0.022
13.0 246.0 -99.3 44.81+0.54 0.044+0.017
13.0 250.0 -90.6 36.81+1.07 0.069-0.019
13.0 254.0 -81.9 3290:£1.35 0.111+0.021
13.0 258.0 -73.3 3241+ 1.36 0.11740.021
13.0 266.0 -56.5 36.02-0.42 0.231+0.018
13.0 270.0 -48.6 32.74 0.40 0.236+0.019
13.0 274.0 -41.4 33.86:-0.41 0.260-0.019
13.0 278.0 -35.4 35.18:0.42 0.265-0.018
15.0 2140 -166.1 38.13-0.80 0.110:0.018
15.0 218.0 -157.3 46.08-0.53 0.05% 0.016
15.0 222.0 -148.5 53.0%40.57 0.044+0.015
15.0 226.0 -139.7 56.73:0.59 0.053+0.015
15.0 230.0 -130.9 56.41k0.59 0.060:0.015
15.0 234.0 -122.1 63.880.62 0.064+0.014
15.0 238.0 -113.2 68.06-0.64 0.028-0.013
15.0 246.0 -955 56.86+0.60 0.072-0.015
15.0 250.0 -86.7 59.41+1.22 0.088-0.014
15.0 254.0 -77.8 60.35:1.54 0.0830.014
15.0 258.0 -69.1 56.7A4 1.23 0.121+0.015
15.0 266.0 -52.1 48.26:0.46 0.148-0.015
15.0 270.0 -44.1 47.33:0.47 0.204+0.015
15.0 274.0 -36.9 44.6/4+0.46 0.194+0.016
15.0 278.0 -31.1 41.20:0.45 0.217%#0.017

Esep El 0] dmfﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
17.0 2140 -162.9 27.930.43 0.122:0.022
17.0 218.0 -154.1 32.04:0.46 0.046+ 0.020
17.0 222.0 -145.2 35.90-0.48 0.068+0.019
17.0 226.0 -136.3 39.0k0.50 0.053:0.018
17.0 230.0 -127.5 40.84-0.51 0.049+0.017
17.0 2340 -1185 45.330.53 0.079:0.017
17.0 238.0 -109.6 46.610.54 0.035:0.016
17.0 246.0 -91.7 42.66:1.00 0.030:0.017
17.0 250.0 -82.7 42.46:£1.04 0.011+0.018
17.0 254.0 -73.8 42.54-0.54 0.081+0.018
17.0 258.0 -64.9 38.81+0.52 0.113:0.019
17.0 266.0 -47.7 34274+ 0.40 0.154:0.018
17.0 270.0 -39.6 31.55:0.40 0.166+0.019
17.0 274.0 -32.4 28,95 0.39 0.1620.021
17.0 278.0 -26.8 26.97%0.38 0.163+0.022
19.0 2140 -159.7 13.080.32 0.145:0.034
19.0 218.0 -150.8 15.05%:0.34 0.129:0.032
19.0 222.0 -1419 16.14-0.35 0.047 0.031
19.0 226.0 -133.0 17.46:-0.36 0.083+0.029
19.0 230.0 -124.0 18.4x0.37 0.110:0.028
19.0 2340 -115.0 20.3G:0.39 0.100:0.027
19.0 238.0 -106.0 21.380.40 0.060:0.026
19.0 246.0 -87.9 20.35+0.40 0.117%#0.028
19.0 250.0 -78.8 21.21+0.41 0.059+0.027
19.0 254.0 —-69.7 22.01+0.42 0.068-0.027
19.0 258.0 -60.7 20.81+0.41 0.135:0.028
19.0 266.0 -43.2 19.35%:0.33 0.078: 0.027
19.0 270.0 -35.0 19.14-0.34 0.111+0.027
19.0 274.0 -27.8 17.89-0.34 0.106+0.029
19.0 278.0 —-22.7 16.64-0.33 0.076+0.031
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Table D.2(Continued)

Table D.2(Continued)

Esep El P3 m Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

21.0 2140 -156.6 8.49: 0.28 -0.015+ 0.046
21.0 218.0 -147.6 9.33: 0.29 0.109+ 0.044
21.0 2220 -138.6 10.1%0.30 0.101+ 0.042
21.0 2260 -129.6 11.6A0.32 0.067+ 0.038
21.0 230.0 -120.6 11.720.32 0.051+ 0.038
21.0 2340 -1115 12.680.33 0.102+ 0.036
21.0 238.0 -102.4 13.22-0.34 0.068+ 0.036
21.0 246.0 -84.1 13.96:0.36 0.081+ 0.036
21.0 250.0 -74.9 13.18:0.36 0.086+ 0.038
21.0 254.0 -65.7 13.82:-0.36 0.127+ 0.037
21.0 258.0 -56.5 12.70:0.36 -0.025+ 0.040
21.0 266.0 -38.7 12.66:0.30 0.041+ 0.037
21.0 270.0 -30.4 12.00:0.30 0.109+ 0.039
21.0 274.0 -23.2 1147 0.30 0.060+ 0.041
21.0 278.0 -18.9 11.10+0.30 0.160+ 0.042
23.0 2140 -1534 8.62+ 0.28 0.098+ 0.046
23.0 218.0 -144.4 9.18+ 0.29 0.157% 0.044
23.0 2220 -1354 10.86-0.31 0.139+ 0.040
23.0 226.0 -126.3 11.34-0.32 0.140+ 0.039
23.0 230.0 -117.1 11.9%40.32 0.097 0.038
23.0 234.0 -108.0 13.24:0.33 0.120+ 0.035
23.0 238.0 -98.8 13.78:0.34 0.016+ 0.035
23.0 246.0 -80.3 14.26+ 0.36 0.094+ 0.035
23.0 250.0 -71.0 14.75:0.37 0.090+ 0.035
23.0 254.0 -61.7 14.18+0.37 0.102- 0.036
23.0 258.0 -52.4 14.59:0.38 0.155+ 0.036
23.0 266.0 -34.1 13.66:0.31 0.161+ 0.035
23.0 270.0 -25.7 12,91+ 0.31 0.105+ 0.037
23.0 274.0 -18.7 12.41+0.31 0.147+0.038
23.0 278.0 156 11.860.31 0.228+ 0.040

Esep El 0] dmfﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
25,0 214.0 -150.3 8.64: 0.28 0.113:0.046
25.0 218.0 -141.2 9.72: 0.30 0.122:0.043
25,0 2220 -132.1 11.29-0.31 0.079+0.039
25.0 226.0 -122.9 12.320.33 0.059 0.037
25.0 230.0 -113.7 13.40-0.33 0.138+0.035
25,0 2340 -1045 14.7#0.35 0.075:0.033
25.0 238.0 -95.2 15.66:0.36 0.071:0.032
25.0 246.0 -76.5 17.150.38 0.082:0.031
25.0 250.0 -67.1 17.11+0.39 0.119+0.032
25.0 254.0 -57.7 16.53-0.39 0.081+0.033
25.0 258.0 -48.2 17.550.40 0.117% 0.032
25.0 266.0 -29.6 15.59:0.32 0.105:0.032
25.0 270.0 -21.0 14.45-0.32 0.103:0.034
25.0 274.0 -14.3 13.18-0.31 0.123+0.037
25.0 278.0 13.3 12.940.31 0.063+0.037
27.0 2140 -147.2 10.8G:0.30 0.134+0.039
27.0 218.0 -138.0 12.12-0.32 0.140:0.037
27.0 2220 -128.9 13.620.33 0.079:0.034
27.0 2260 -119.6 15.39%0.35 0.121+0.032
27.0 230.0 -110.4 16.93:0.36 0.080:0.030
27.0 2340 -101.1 18.44-0.38 0.087% 0.029
27.0 238.0 -91.7 1954 0.39 0.116£0.028
27.0 246.0 -72.8 21.32-0.41 0.110+0.027
27.0 250.0 —-63.2 20.88-0.41 0.099+0.028
27.0 254.0 -53.7 21.69-0.42 0.124+0.027
27.0 258.0 -44.1 21.45%0.42 0.087% 0.028
27.0 266.0 -25.0 18.49:0.33 0.058:0.028
27.0 270.0 -16.2 16.62-0.33 0.089+ 0.030
27.0 274.0 -10.2 15.71+0.32 0.076+0.032
27.0 278.0 12.6 14.620.32 0.071+0.034
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Table D.2(Continued)

Table D.2(Continued)

Esep El P3 ﬁ Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

29.0 2140 -1441 11.09:0.31 0.116+£0.039
29.0 218.0 -1349 12.96:0.32 0.108:0.035
29.0 2220 -125.7 1496:0.35 0.10%# 0.032
29.0 226.0 -116.4 16.330.36 0.158-0.031
29.0 230.0 -107.0 18.36-0.37 0.101+0.028
29.0 234.0 -97.6 18.9740.38 0.077%# 0.028
29.0 238.0 -88.2 21.63:0.40 0.098+ 0.026
29.0 246.0 -69.1 22.30:0.42 0.050: 0.026
29.0 250.0 -59.4 2224+ 0.42 0.07%# 0.027
29.0 254.0 -49.7 21.76£0.42 0.069-0.027
29.0 258.0 -40.0 20.98-0.42 0.064+0.028
29.0 266.0 -20.5 19.66: 0.34 0.059: 0.027
29.0 270.0 -11.4 16.71+0.33 0.058 0.030
29.0 274.0 7.1 15.660.32 0.061+0.032
29.0 278.0 13.8 13.950.32 0.116+0.035
31.0 2140 -141.0 10.8Q:0.31 0.088t0.040
31.0 218.0 -131.8 12.74-0.33 0.173:0.036
31.0 2220 -1225 14.44-0.34 0.104+0.033
31.0 226.0 -113.1 17.28 0.37 0.080-0.030
31.0 230.0 -103.7 18.2Q:0.37 0.076£0.029
31.0 234.0 -94.3 19.28:-0.38 0.072:0.028
31.0 238.0 -84.7 19.99: 0.39 0.056+ 0.027
31.0 246.0 -65.5 21.69-0.42 0.1010.027
31.0 250.0 -55.7 21.88:0.42 0.0980.027
31.0 254.0 -45.9 21.11+0.42 0.009-0.028
31.0 258.0 -36.0 19.84-0.41 0.092:0.029
31.0 266.0 -16.0 17.75:0.33 0.048:0.029
31.0 270.0 -6.6 16.08-0.32 0.028-0.031
31.0 274.0 6.7 14.260.32 0.080+0.035
31.0 278.0 16,5 13.260.31 0.051+0.036

Esep El P3 dglgﬁ Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)
33.0 214.0 -138.0 10.28:0.30 0.092+ 0.042
33.0 218.0 -128.7 13.24:0.33 0.146+ 0.035
33.0 2220 -119.3 13.64-0.34 0.109+ 0.035
33.0 226.0 -109.9 15.2%#0.35 0.1130.032
33.0 230.0 -100.4 16.53+0.36 0.101+0.031
33.0 234.0 -90.9 18.05:0.38 0.073: 0.029
33.0 238.0 -81.3 19.03:0.38 0.077% 0.028
33.0 246.0 -61.9 20.78& 041 0.036+ 0.028
33.0 250.0 -52.1 20.41+041 0.083+ 0.028
33.0 254.0 -42.1 18.32-0.40 0.051+ 0.030
33.0 258.0 -32.1 17.080.39 -0.020+0.032
33.0 266.0 -11.7 15.86:0.32 0.048+ 0.032
33.0 270.0 -1.7 14.61+£0.32 0.050+ 0.034
33.0 274.0 9.5 13.740.31 0.126+ 0.036
33.0 278.0 20.2 11.320.30 0.146+ 0.041
35.0 214.0 -135.0 10.0A0.30 0.090+ 0.042
35.0 218.0 -125.6 11.71k0.32 0.156+ 0.038
35.0 2220 -116.2 12.86+0.33 0.052+ 0.036
35.0 226.0 -106.7 14.15-0.34 0.074+ 0.034
35.0 230.0 -97.2 14.80:0.35 0.138+ 0.033
35.0 234.0 -87.6 16.41+0.36 0.071+ 0.031
35.0 238.0 -78.0 16.86:0.37 0.016+ 0.031
35.0 246.0 -58.4 17.56+ 0.39 0.049+ 0.031
35.0 250.0 -48.5 17.18:0.39 0.009+ 0.032
35.0 254.0 -38.5 16.43:0.39 0.043+0.033
35.0 258.0 -28.4 15.88:0.38 0.05%4 0.034
35.0 266.0 -79 15.13:0.32 0.061+ 0.033
35.0 270.0 3.3 13.380.31 0.106+ 0.036
35.0 274.0 13.6 11.740.30 0.082- 0.040
35.0 278.0 24.4 10.560.29 0.044+ 0.043
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Table D.3: Data table for th&’Ca(g, 2p) reaction at the set3 in Table 2.1.

Table D.3(Continued)

AEsep= 2 MeV.
Esep =] P3 m Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

29.0 202.0 -147.6 9.30+ 0.31 0.106+ 0.045
29.0 206.0 -139.3 11.25-0.33 0.198+ 0.040
29.0 210.0 -130.9 12.39%-0.34 0.147+0.038
29.0 2140 -1225 13.30:0.36 -0.009+ 0.037
29.0 218.0 -114.2 15.23:-0.38 0.079+ 0.034
29.0 222.0 -105.8 17.020.39 0.070+ 0.032
29.0 226.0 -97.5 18.52:0.41 0.088+ 0.030
29.0 230.0 -89.2 19.14# 041 0.122+- 0.029
29.0 234.0 -80.9 20.7#0.43 0.086+ 0.028
29.0 238.0 -72.8 20.41+0.43 0.081+ 0.028
29.0 246.0 -57.0 20.00:0.31 0.061+ 0.024
29.0 250.0 -49.5 19.24 0.31 0.025+ 0.025
29.0 254.0 -42.7 18.89+0.31 0.046+ 0.026
29.0 258.0 -37.0 18.70:£0.31 0.036+ 0.026
31.0 202.0 -144.4 9.14+ 0.31 0.041+ 0.046
31.0 206.0 -136.0 10.90-0.33 0.149+ 0.041
31.0 210.0 -1275 12.8%-0.35 0.197+ 0.037
31.0 2140 -119.1 13.830.36 0.062+ 0.036
31.0 218.0 -110.6 14.34-0.37 0.019+ 0.036
31.0 222.0 -102.2 16.3@:0.39 0.092+ 0.033
31.0 226.0 -93.7 18.05-0.41 -0.008+0.031
31.0 230.0 -85.3 18.75:0.41 0.079+ 0.029
31.0 234.0 -77.0 19.61x0.42 0.021x= 0.029
31.0 238.0 -68.7 20.23:0.43 0.094+ 0.028
31.0 246.0 -52.6 18.70:0.30 0.039+ 0.026
31.0 250.0 -45.1 18.48+: 0.30 0.030+ 0.026
31.0 254.0 -38.3 18.38:0.31 0.030+ 0.026
31.0 258.0 -32.6 17.12-0.30 0.032- 0.028

Esep El P3 dmé’% Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)

33.0 202.0 -141.2 9.69+ 0.31 0.083+ 0.044
33.0 206.0 -132.7 11.04+0.32 0.104+ 0.040
33.0 2100 -124.2 11.85%-0.34 0.101+ 0.040
33.0 2140 -1156 13.56+0.36 0.08%+ 0.037
33.0 218.0 -107.1 14.920.37 0.040+ 0.035
33.0 2220 -98.6 15.63:0.39 0.168+ 0.034
33.0 226.0 -90.0 17.68:0.40 0.150+ 0.031
33.0 230.0 -81.5 17.64+0.40 0.037 0.031
33.0 234.0 -73.0 18.24-0.41 0.025+ 0.030
33.0 238.0 -64.6 18.61+x0.42 -0.023+0.030
33.0 246.0 -48.2 17.35:0.30 0.040+ 0.027
33.0 250.0 -40.6 16.99:0.30 0.073: 0.028
33.0 254.0 -33.7 16.38:0.30 0.110+ 0.029
33.0 258.0 -28.3 16.240.30 0.089+ 0.029
35.0 202.0 -138.0 9.46+ 0.31 0.063+ 0.045
35.0 206.0 -129.4 10.4Q:0.32 0.031+ 0.043
35.0 2100 -120.8 11.720.34 0.08&+ 0.040
35.0 2140 -112.2 12.180.35 0.064+ 0.040
35.0 218.0 -103.6 13.9Q:0.37 0.087 0.036
35.0 2220 -949 15.13:0.38 0.021+ 0.035
35.0 226.0 -86.3 15.69:0.39 0.060+ 0.034
35.0 230.0 -77.7 16.11+0.39 0.039+ 0.033
35.0 234.0 -69.1 16.66+0.40 0.028+ 0.032
35.0 238.0 -60.5 17.34-0.41 0.052+ 0.032
35.0 246.0 -43.9 16.14+0.29 0.054+ 0.029
35.0 250.0 -36.1 14.74+0.29 0.063+ 0.031
35.0 254.0 -29.2 15.08+0.29 0.035%- 0.031
35.0 258.0 -24.1 14.50+0.29 0.079+ 0.032
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Table D.3(Continued)

Table D.3(Continued)

Esep El P3 W Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

37.0 202.0 -134.8 8.56+ 0.30 0.061+ 0.049
37.0 206.0 -126.2 9.73+ 0.32 0.082 0.045
37.0 2100 -1175 104%#0.32 0.067+ 0.043
370 2140 -108.8 11.46-0.35 0.041+ 0.042
37.0 218.0 -100.1 12.46:0.35 0.065+ 0.039
37.0 2220 -91.4 13.40:0.37 0.041+ 0.038
37.0 226.0 -82.6 13.74:0.37 0.020+ 0.037
37.0 230.0 -73.9 14.39-0.38 -0.008+ 0.035
37.0 234.0 -65.1 15.10+0.39 0.085+ 0.035
37.0 238.0 -56.4 15.75:0.39 0.026+ 0.034
37.0 246.0 -39.5 14.05:0.28 0.058+ 0.032
37.0 250.0 -31.5 14.19:0.28 0.054+ 0.032
37.0 254.0 -24.7 14.03:0.29 0.052 0.032
37.0 258.0 -20.0 12.50+0.28 0.084+ 0.036
39.0 202.0 -131.7 7.80+ 0.30 0.120+ 0.053
39.0 206.0 -123.0 8.04+ 0.30 0.089+ 0.052
39.0 2100 -114.2 9.72+ 0.32 0.091+ 0.045
39.0 2140 -1054 10.06-0.33 -0.040+0.046
39.0 218.0 -96.6 10.86:0.34 0.018+ 0.044
39.0 2220 -87.8 11.54:+0.35 0.067 0.042
39.0 226.0 -78.9 11.58:0.35 0.120+ 0.042
39.0 230.0 -70.1 12.05+0.36 0.030+ 0.040
39.0 234.0 -61.2 12.76+ 0.37 0.100+ 0.039
39.0 238.0 -52.3 13.51+0.38 0.056+ 0.038
39.0 246.0 -35.0 12.27#0.27 0.006+ 0.035
39.0 250.0 -27.0 12.16£0.27 -0.007+0.036
39.0 254.0 -20.1 11.66+0.27 0.109+ 0.037
39.0 258.0 -16.3 11.46+0.28 0.059+ 0.038

Esep El P3 dmé’% Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)

41.0 202.0 -128.6 7.06+ 0.29 0.070+ 0.057
41.0 206.0 -119.8 7.20=0.29 0.042+ 0.056
41.0 210.0 -110.9 8.64+ 0.31 0.088&+ 0.049
41.0 2140 -1021 9.23+ 0.33 0.079+ 0.049
41.0 218.0 -93.2 10.01+0.33 0.059+ 0.046
41.0 2220 -84.3 10.59:0.34 0.017 0.045
41.0 226.0 -75.3 10.53:0.35 0.051+ 0.046
41.0 230.0 -66.3 11.540.35 0.080+ 0.041
41.0 234.0 -57.3 11.69+0.36 0.032 0.041
41.0 238.0 -48.3 11.90:0.37 0.020+ 0.041
41.0 246.0 -30.6 11.60:0.27 0.035+ 0.037
41.0 250.0 -22.3 11.01=0.27 0.008+ 0.039
41.0 254.0 -15.6 10.81+0.27 0.037+ 0.040
41.0 258.0 13.3 9.96 0.27 0.083+ 0.043
43.0 202.0 -1255 6.81+ 0.29 0.036+ 0.058
43.0 206.0 -116.6 7.22+ 0.29 0.139+ 0.056
43.0 210.0 -107.7 7.48+ 0.30 0.052+ 0.055
43.0 214.0 -98.8 7.97+ 0.31 0.055+ 0.054
43.0 218.0 -89.8 8.74+ 0.32 0.026+ 0.051
43.0 222.0 -80.8 8.75+ 0.33 0.035+ 0.051
43.0 226.0 -71.7 9.90+ 0.34 0.067 0.047
43.0 230.0 —-62.6 10.70: 0.35 0.037+ 0.044
43.0 234.0 -53.5 10.85+0.36 -0.002+0.044
43.0 238.0 -44.3 10.70+ 0.36 0.064+ 0.045
43.0 246.0 -26.2 10.99:0.27 0.063+ 0.039
43.0 250.0 -17.7 10.19: 0.27 0.067 0.041
43.0 254.0 -11.2 10.23:0.27 0.109+ 0.042
43.0 258.0 115 9.94 0.27 0.068+ 0.043
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Table D.3(Continued)

Table D.3(Continued)

Esep El P3 m Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)

45,0 202.0 -1224 5.95: 0.28 0.003: 0.065
450 206.0 -1135 6.28- 0.29 0.133-0.063
450 210.0 -1045 7.2% 0.30 0.110+0.057
450 214.0 -95.5 8.09+ 0.31 0.055+ 0.053
45,0 218.0 -86.4 7.84+ 0.32 0.073: 0.055
45,0 222.0 -77.3 8.33: 0.33 0.148: 0.054
45,0 226.0 -68.2 8.59+ 0.33 0.0774 0.053
45.0 230.0 -58.9 9.66+ 0.34 0.019+ 0.047
450 234.0 -49.7 10.21+0.35 0.012-0.046
45,0 238.0 -40.3 9.93+ 0.35 0.097 0.048
45,0 246.0 -21.7 10.63:0.27 0.015:0.040
45.0 250.0 -13.0 10.10:0.26 0.069: 0.042
450 254.0 -7.3 10.17+0.27 0.084+0.042
45.0 258.0 11.6 10.040.27 0.114+0.043
47.0 202.0 -1194 6.00: 0.28 0.087 0.064
47.0 206.0 -1104 6.34- 0.29 0.087 0.062
47.0 210.0 -101.4 6.49- 0.29 0.062 0.061
47.0 214.0 -92.3 6.88+ 0.30 0.040+ 0.061
47.0 218.0 -83.1 7.16+ 0.31 0.120: 0.059
47.0 222.0 -73.9 7.98+ 0.32 0.046+ 0.055
47.0 226.0 -64.7 9.45+ 0.34 0.118+ 0.049
47.0 230.0 -55.4 10.02: 0.35 0.094+ 0.046
47.0 234.0 -46.0 10.54+0.35 0.176+0.045
47.0 238.0 -36.5 9.78+ 0.35 0.019+ 0.048
47.0 246.0 -17.4 10.47+0.26 0.072:0.040
47.0 250.0 -8.2 10.91+0.27 0.085: 0.039
47.0 254.0 5.1 10.320.27 0.024+0.041
47.0 258.0 13.6 9.62 0.27 0.073:0.044

Esep El P3 dmé’% Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
49.0 202.0 -116.4 5.15+ 0.27 0.056+ 0.073
49.0 206.0 -107.3 6.30+ 0.28 0.080+ 0.062
49.0 210.0 -98.2 6.33+ 0.29 0.000+ 0.062
49.0 214.0 -89.1 7.57+0.31 0.183+ 0.056
49.0 218.0 -79.9 7.30£ 0.31 0.048+ 0.059
49.0 2220 -70.6 8.37+ 0.32 -0.020+ 0.053
49.0 226.0 -61.3 8.11+ 0.32 0.072+ 0.055
49.0 230.0 -51.9 9.58+ 0.34 0.046+ 0.047
49.0 234.0 -42.4 9.66+ 0.34 0.072 0.048
49.0 238.0 -32.8 9.59+ 0.35 0.082+ 0.048
49.0 246.0 -13.3 10.21+0.26 0.074+ 0.041
49.0 250.0 -3.5 10.08+0.27 0.014+ 0.042
49.0 254.0 6.8 10.020.27 0.075 0.042
49.0 258.0 17.0 10.320.27 0.063+ 0.041
51.0 202.0 -1134 5.04 0.27 -0.008+0.074
51.0 206.0 -104.3 5.38: 0.28 0.108+ 0.071
51.0 210.0 -95.2 6.19+ 0.28 0.009+ 0.063
51.0 214.0 -86.0 6.51+ 0.30 0.050+ 0.064
51.0 218.0 -76.7 7.03: 0.31 0.084+ 0.060
51.0 222.0 -67.4 7.20£ 0.31 0.091+ 0.060
51.0 226.0 -58.0 7.87+0.32 0.063+ 0.056
51.0 230.0 -48.5 8.82+ 0.34 -0.010+0.051
51.0 234.0 -38.9 9.39%+ 0.34 0.031+ 0.049
51.0 238.0 -29.3 9.33+ 0.35 -0.021+0.050
51.0 246.0 -9.7 9.82+ 0.26 0.032: 0.042
51.0 250.0 1.9 9.44 0.26 0.044+ 0.044
51.0 254.0 10.8 9.5 0.26 0.100+ 0.044
51.0 258.0 21.0 9.42 0.26 0.069+ 0.045
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Table D.3(Continued)

Esep Ex Ps m Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

53.0 202.0 -110.6 5.03: 0.27 0.094+ 0.074
53.0 206.0 -101.4 5.13-0.27 0.135-0.073
53.0 210.0 -92.2 5.56+ 0.28 -0.058+0.070
53.0 214.0 -83.0 6.11+ 0.30 0.095+ 0.067
53.0 218.0 -73.7 6.36+ 0.30 0.070+ 0.065
53.0 222.0 -64.3 6.56+ 0.30 0.083+ 0.064
53.0 226.0 -54.8 7.81+0.32 0.085+ 0.056
53.0 230.0 -45.3 8.30+ 0.33 0.110+ 0.053
53.0 234.0 -35.7 8.43+ 0.33 0.032- 0.053
53.0 238.0 -26.1 9.08+ 0.34 0.047+ 0.051
53.0 246.0 -7.6 8.80+ 0.26 0.018+0.047
53.0 250.0 6.5 9.44 0.26 0.065+ 0.044
53.0 254.0 154 9.150.26 0.059+ 0.045
53.0 258.0 255 8.88 0.26 0.034+ 0.047

Table D.4: Data table for th&’Ca(, 2p) reaction

at the set4 in Table 2.

AEgep= 2 MeV.
Esep El P3 dglgﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)

41.0 186.0 -140.9 5.57 0.36 0.088+ 0.096
41.0 190.0 -133.0 6.41+ 0.37 0.051+ 0.087
41.0 1940 -125.1 7.55: 0.39 0.104+ 0.078
41.0 202.0 -109.3 7.55+0.32 -0.004+0.063
41.0 206.0 -101.5 8.64+ 0.33 -0.043+ 0.057
41.0 210.0 -93.7 8.83+ 0.34 -0.079+ 0.057
41.0 214.0 -86.0 9.23+ 0.32 0.031+ 0.049
41.0 218.0 -78.3 9.74+ 0.33 0.127 0.048
41.0 222.0 -70.9 9.15+ 0.32 0.090+ 0.051
41.0 226.0 —-63.6 10.75+0.34 -0.046+ 0.045
41.0 230.0 -56.6 9.30+ 0.26 -0.017+0.045
41.0 234.0 -50.1 9.78+ 0.27 0.066+ 0.043
41.0 238.0 -44.3 9.93+ 0.27 0.040+ 0.043
43.0 186.0 -137.8 5.20+ 0.35 0.156+ 0.101
43.0 190.0 -129.7 5.57 0.36 0.051+ 0.098
43.0 1940 -121.7 6.25: 0.37 -0.054+ 0.090
43.0 202.0 -105.8 7.35: 0.32 0.117 0.063
43.0 206.0 -97.9 7.09+ 0.32 0.056+ 0.065
43.0 210.0 -90.0 8.59+ 0.34 0.032- 0.058
43.0 214.0 -82.1 8.48+ 0.31 0.086+ 0.052
43.0 218.0 -74.4 8.76+ 0.32 -0.007+0.052
43.0 222.0 -66.8 9.69+ 0.33 0.078+ 0.048
43.0 226.0 -59.4 9.23+ 0.33 0.050+ 0.051
43.0 230.0 -52.3 9.28+ 0.26 0.094+ 0.045
43.0 234.0 -45.7 8.67+ 0.26 0.000+ 0.048
43.0 238.0 -39.9 8.75+ 0.27 0.056+ 0.048
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Table D.4(Continued)

Table D.4(Continued)

Esep Ex Ps W Ay
(MeV) (MeV) (MeV/c) (ub/sP MeV)

45.0 186.0 -134.6 4.84+ 0.35 0.296+ 0.109
45.0 190.0 -126.5 4,95 0.35 0.195+ 0.105
45.0 194.0 -118.4 6.70+ 0.37 0.147+0.084
45,0 202.0 -102.3 6.52+ 0.31 0.017 0.069
45,0 206.0 -94.3 7.16+ 0.32 0.083+ 0.066
45,0 210.0 -86.3 7.44+ 0.32 -0.024+ 0.064
45.0 214.0 -78.3 8.03+ 0.31 0.038+ 0.055
45.0 218.0 -70.4 8.51+ 0.31 0.038+ 0.053
45,0 222.0 -62.7 9.02+ 0.32 0.003: 0.051
45,0 226.0 -55.2 8.94+ 0.33 0.056+ 0.052
45,0 230.0 -48.0 9.34+ 0.26 0.019+ 0.044
45.0 234.0 -41.3 8.82+ 0.26 0.052 0.047
45.0 238.0 -35.5 9.35+ 0.27 0.020+ 0.045
47.0 186.0 -131.5 4.89+ 0.35 0.116+ 0.108
47.0 190.0 -123.3 5.04- 0.35 -0.049+ 0.106
47.0 194.0 -115.1 5.93+ 0.37 0.099+ 0.094
47.0 202.0 -98.8 6.30+ 0.31 0.267+ 0.072
47.0 206.0 -90.7 6.72- 0.31 -0.034+0.069
47.0 210.0 -82.6 7.77+0.33 0.075+ 0.062
47.0 2140 -74.5 8.11+ 0.31 0.022+ 0.054
47.0 218.0 -66.5 7.63+0.31 -0.092+ 0.058
47.0 222.0 -58.6 8.95+ 0.32 0.059+ 0.051
47.0 226.0 -50.9 9.31+ 0.33 -0.032+ 0.051
47.0 230.0 -43.6 8.81+ 0.26 -0.018+ 0.047
47.0 234.0 -36.8 9.02+ 0.27 -0.009+ 0.047
47.0 238.0 -31.1 8.72+ 0.26 0.084+ 0.048

Esep E: Ps mlé’ﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
49.0 186.0 -128.3 5.44+ 0.36 0.092+ 0.098
49.0 190.0 -120.1 4.80+ 0.35 0.102-0.110
49.0 194.0 -111.9 5.47+0.36 0.023+ 0.100
49.0 202.0 -954 6.27+ 0.31 0.107% 0.071
49.0 206.0 -87.1 7.08£ 0.32 0.092+ 0.066
49.0 210.0 -78.9 6.85+ 0.32 -0.002+ 0.069
49.0 214.0 -70.7 6.94+ 0.30 0.092+ 0.062
49.0 218.0 —-62.6 8.34+ 0.31 0.066+ 0.054
49.0 222.0 -54.5 8.36+ 0.32 0.058+ 0.054
49.0 226.0 -46.7 8.86+ 0.33 0.046+ 0.053
49.0 230.0 -39.2 8.56+ 0.26 0.110+ 0.048
49.0 234.0 -32.4 8.59+ 0.26 0.096+ 0.048
49.0 238.0 -26.7 8.72+ 0.27 0.096+ 0.048
51.0 186.0 -125.3 4.30:£ 0.34 -0.056+0.120
51.0 190.0 -116.9 4.98: 0.35 -0.098+ 0.107
51.0 194.0 -108.6 5.34+ 0.36 0.1320.101
51.0 202.0 -91.9 5.95+ 0.30 -0.038+0.075
51.0 206.0 -83.6 6.71+ 0.32 0.011+ 0.069
51.0 210.0 -75.3 6.77+ 0.32 0.124+ 0.069
51.0 214.0 -66.9 7.20+ 0.30 0.117 0.059
51.0 218.0 -58.7 8.29+ 0.32 0.093+ 0.054
51.0 222.0 -50.5 8.26+ 0.32 0.051+ 0.055
51.0 226.0 -42.4 9.08+ 0.33 0.126+ 0.052
51.0 230.0 -34.8 8.03+ 0.26 0.019+ 0.051
51.0 234.0 -27.9 8.58+ 0.26 -0.031+0.049
51.0 238.0 -22.4 8.39+ 0.27 0.102- 0.050
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Table D.4(Continued)

Table D.4(Continued)

Esep Ex Ps W Ay
(MeV) (MeV) (MeV/c) (ub/sP MeV)

53.0 186.0 -122.2 4.820.35 0.015-0.111
53.0 190.0 -113.8 4.70+0.35 -0.001+0.113
53.0 194.0 -105.4 463 0.35 -0.075+0.114
53.0 202.0 -88.5 5.08+ 0.30 0.034+ 0.086
53.0 206.0 -80.1 6.07+ 0.31 0.031+ 0.076
53.0 210.0 -71.6 6.35+ 0.32 0.074+ 0.073
53.0 214.0 -63.2 7.45+ 0.30 0.044+ 0.058
53.0 218.0 -54.8 7.42+ 0.30 -0.014+ 0.059
53.0 2220 -46.4 8.00+ 0.32 -0.024+ 0.056
53.0 226.0 -38.2 8.26+ 0.32 0.020+ 0.056
53.0 230.0 -30.4 7.91+ 0.26 0.038+ 0.051
53.0 234.0 -23.3 8.51+ 0.26 0.063+ 0.049
53.0 238.0 -18.1 7.95+ 0.26 0.016+ 0.053
55.0 186.0 -119.2 4.08: 0.34 0.183+ 0.125
55.0 190.0 -110.7 4.66+£ 0.35 -0.070+0.113
55.0 194.0 -102.2 477+ 0.35 -0.038+0.110
55.0 202.0 -85.2 5.12+ 0.30 0.083+ 0.086
55.0 206.0 -76.6 4,99+ 0.30 -0.002+ 0.088
55.0 210.0 -68.1 6.60+ 0.32 0.044+ 0.071
55.0 214.0 -59.5 7.01+ 0.30 0.070+ 0.061
55.0 218.0 -50.9 7.47+ 0.31 -0.005+ 0.059
55.0 222.0 -42.4 7.37+ 0.31 0.033+ 0.060
55.0 226.0 -34.0 8.08+ 0.32 0.087+ 0.056
55.0 230.0 -25.9 7.70+ 0.26 -0.080+ 0.053
55.0 234.0 -18.7 7.79+ 0.26 0.122+ 0.053
55.0 238.0 -14.1 7.7% 0.26 0.016+ 0.054

Esep E: Ps mlé’ﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
57.0 186.0 -116.2 3.74- 0.33 -0.038+0.135
57.0 190.0 -107.6 4,34+ 0.34 -0.134+0.120
57.0 194.0 -99.1 4.43+ 0.35 0.125-0.119
57.0 202.0 -81.9 5.08+ 0.30 0.237 0.085
57.0 206.0 -73.2 5.48+ 0.31 0.068+ 0.082
57.0 210.0 -64.5 6.15+ 0.32 0.050+ 0.075
57.0 214.0 -55.8 5.90+ 0.29 0.016+ 0.070
57.0 218.0 -47.1 7.23+0.30 -0.103+0.061
57.0 222.0 -38.4 7.03: 0.31 0.029+ 0.063
57.0 226.0 -29.7 7.64+ 0.32 0.076+ 0.059
57.0 230.0 -21.4 6.60+ 0.25 0.041+ 0.060
57.0 234.0 -14.1 7.06+ 0.26 0.032- 0.058
57.0 238.0 10.5 7.39 0.26 0.081+ 0.056
59.0 186.0 -113.2 3.90: 0.34 0.00A 0.131
59.0 190.0 -104.6 4.05:0.34 -0.011+0.127
59.0 194.0 -96.0 4.21+ 0.34 0.0830.123
59.0 202.0 -78.6 4.17+0.29 0.138+ 0.102
59.0 206.0 -69.9 5.10+ 0.30 0.071+ 0.086
59.0 210.0 -61.1 5.38: 0.31 -0.097+0.084
59.0 214.0 -52.2 6.02:£ 0.29 -0.028+0.070
59.0 218.0 -43.3 6.68+ 0.30 0.050+ 0.064
59.0 222.0 -34.4 6.41+ 0.30 -0.094+ 0.068
59.0 226.0 -25.6 7.04+0.31 -0.044+0.063
59.0 230.0 -17.0 6.59+ 0.25 -0.032+ 0.060
59.0 234.0 -9.5 6.88+ 0.25 -0.032+ 0.059
59.0 238.0 8.2 6.92 0.26 0.079+ 0.059
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Table D.4(Continued)

Table D.4(Continued)

Esep Ex Ps W Ay
(MeV) (MeV) (MeV/c) (ub/sP MeV)

61.0 186.0 -110.3 3.99+ 0.34 0.033:0.130
61.0 190.0 -101.7 4.39 0.35 0.138+-0.118
61.0 194.0 -93.0 4.66+ 0.35 0.085-0.114
61.0 202.0 -75.4 5.32+ 0.30 0.110+ 0.082
61.0 206.0 -66.6 5.95+ 0.31 0.146+ 0.075
61.0 210.0 -57.7 5.33+ 0.30 0.023: 0.084
61.0 214.0 -48.7 6.01+ 0.29 0.014+ 0.070
61.0 218.0 -39.7 6.12+ 0.30 0.108+ 0.069
61.0 222.0 -30.6 6.21+ 0.30 0.053+ 0.069
61.0 226.0 -21.5 6.71+ 0.31 0.075+ 0.065
61.0 230.0 -12.6 6.03+ 0.25 -0.072+ 0.065
61.0 234.0 -4.9 6.27+ 0.25 0.049+ 0.063
61.0 238.0 8.4 5.9%¢0.25 0.045+ 0.067
63.0 186.0 -107.5 3.7+ 0.34 -0.241+0.139
63.0 190.0 -98.8 4.09+ 0.34 0.033: 0.126
63.0 194.0 -90.0 4.44+ 0.35 0.107+0.118
63.0 202.0 -72.3 3.99+ 0.29 -0.161+0.107
63.0 206.0 -63.4 5.11+ 0.30 -0.026+ 0.086
63.0 210.0 -54.4 5.24+ 0.30 -0.009+ 0.085
63.0 214.0 -45.4 5.73: 0.29 -0.037+0.072
63.0 218.0 -36.2 5.15+ 0.29 -0.021+0.079
63.0 222.0 -27.0 5.88+ 0.30 0.112 0.072
63.0 226.0 =-17.7 5.99+ 0.30 0.081+ 0.072
63.0 230.0 -84 5.98+ 0.25 -0.002+ 0.066
63.0 234.0 1.7 5.5 0.25 0.075: 0.071
63.0 238.0 10.9 5.620.25 -0.020+0.072

Esep E: Ps mlé’ﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
65.0 186.0 -104.7 3.78+ 0.33 0.085% 0.133
65.0 190.0 -95.9 3.92+ 0.34 0.124+ 0.130
65.0 194.0 -87.1 4.31+ 0.35 0.039+0.121
65.0 202.0 -69.3 4,42+ 0.29 -0.038+ 0.096
65.0 206.0 -60.3 4.74+ 0.30 0.151+ 0.092
65.0 210.0 -51.3 4.27+ 0.29 0.109+ 0.101
65.0 214.0 -42.2 5.61+ 0.29 -0.033+0.074
65.0 218.0 -33.0 5.52+ 0.29 0.201+ 0.075
65.0 222.0 -23.7 5.82+ 0.29 0.084+ 0.072
65.0 226.0 -14.4 5.70+ 0.30 0.074 0.074
65.0 230.0 -5.1 4.86+ 0.24 -0.097+0.079
65.0 234.0 5.3 4,72 0.24 -0.055+0.081
65.0 238.0 14.7 4.58 0.24 0.084+ 0.086
67.0 186.0 -102.0 3.40+ 0.33 0.244+ 0.148
67.0 190.0 -93.1 3.35+0.33 0.181+ 0.150
67.0 194.0 -84.3 3.99+ 0.34 -0.097+0.129
67.0 202.0 -66.4 3.89+ 0.28 -0.048+0.107
67.0 206.0 -57.4 4.05+ 0.29 -0.039+0.105
67.0 210.0 -48.3 4.47+ 0.30 0.092+ 0.097
67.0 214.0 -39.2 5.14+ 0.28 -0.029+ 0.079
67.0 218.0 -30.0 4.68+ 0.29 0.004+ 0.087
67.0 222.0 -20.8 5.69+ 0.29 0.125- 0.073
67.0 226.0 -11.8 5.04+ 0.29 0.124+ 0.082
67.0 230.0 -5.2 4,58+ 0.24 -0.079+ 0.083
67.0 234.0 10.0 4.800.24 0.045+ 0.080
67.0 238.0 19.1 4.2%0.24 -0.022+0.090
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Table D.4(Continued)

Table D.4(Continued)

Esep Ex Ps W Ay
(MeV) (MeV) (MeV/c) (ub/sP MeV)

69.0 186.0 -99.3 3.19+ 0.34 0.358+ 0.159
69.0 190.0 -90.5 3.08+ 0.33 0.389+ 0.162
69.0 194.0 -81.6 3.44+ 0.33 0.160+ 0.146
69.0 202.0 -63.6 3.71+0.29 -0.037+0.113
69.0 206.0 -54.6 4.02+ 0.29 0.021+ 0.106
69.0 210.0 -45.5 4.28+ 0.29 0.039+ 0.099
69.0 214.0 -36.5 4,72+ 0.28 0.132 0.084
69.0 218.0 -27.4 4,73+ 0.28 0.057+ 0.086
69.0 222.0 -18.6 4.80+ 0.29 -0.137+0.086
69.0 226.0 -10.9 5.13+ 0.29 0.066+ 0.081
69.0 230.0 8.6 4.2# 0.24 -0.102+ 0.089
69.0 234.0 14.8 4,12 0.24 -0.021+0.091
69.0 238.0 23.8 4.02 0.24 -0.058+ 0.094
71.0 186.0 -96.8 3.64+ 0.33 0.012+ 0.138
71.0 190.0 -87.9 3.11+ 0.33 0.083+ 0.159
71.0 194.0 -79.0 3.46+ 0.33 -0.132+0.142
71.0 202.0 -61.0 3.85+ 0.28 0.013+-0.108
71.0 206.0 -52.0 3.76+ 0.29 0.116+ 0.111
71.0 210.0 -43.0 3.62: 0.29 -0.039+0.116
71.0 214.0 -34.1 4,41+ 0.28 -0.029+ 0.091
71.0 218.0 -25.4 4.32+0.28 -0.117+0.092
71.0 222.0 -17.4 4.81+ 0.28 -0.017+0.084
71.0 226.0 -11.9 4.01+ 0.28 0.034+ 0.099
71.0 230.0 13.0 4.18 0.24 0.073: 0.089
71.0 234.0 19.8 4.1%0.24 -0.102+ 0.092
71.0 238.0 28.6 3.5 0.23 0.017 0.104

Esep E: Ps dmé‘ﬁ Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

73.0 186.0 -94.3 2.75+0.32 -0.129+0.174
73.0 190.0 -85.4 3.07+0.33 0.306+ 0.160
73.0 194.0 -76.5 3.47+0.33 0.089+ 0.145
73.0 202.0 -58.6 2.90+ 0.28 -0.064+0.140
73.0 206.0 -49.7 3.59+0.28 0.180+0.116
73.0 210.0 -40.8 4.15+ 0.29 -0.076+0.102
73.0 214.0 -32.2 3.96+ 0.27 0.023+ 0.099
73.0 218.0 -24.1 4.10+0.28 0.182+ 0.097
73.0 222.0 -17.4 3.88+0.28 -0.031+0.103
73.0 226.0 -14.5 3.86+0.28 0.122+ 0.102
73.0 230.0 17.6 3.68 0.23 -0.052+0.101
73.0 234.0 24.7 3.320.23 0.262: 0.111
73.0 238.0 33.5 3.08 0.23 -0.134+0.121
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Table D.5: Data table for th&’Ca(g, 2p) reaction

at the set4 in Table 2.1.

Table D.5(Continued)

AEgep= 2 MeV.
Esep El P3 W Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

59.0 174.0 -119.0 3.36+ 0.27 0.165+ 0.114
59.0 178.0 -111.1 3.74: 0.27 0.074+ 0.105
59.0 186.0 -95.3 4,19+ 0.29 0.094+ 0.098
59.0 190.0 -87.5 4.35+ 0.29 -0.092+ 0.095
59.0 194.0 -79.7 4,52+ 0.29 0.034+ 0.093
59.0 202.0 -64.2 4.82+ 0.28 0.085+ 0.086
59.0 206.0 -56.6 4.97+ 0.29 0.146+ 0.085
59.0 210.0 -49.2 5.98+ 0.30 -0.005+ 0.074
59.0 214.0 -42.2 4,76+ 0.18 0.061+0.134
59.0 218.0 -35.7 5.18+0.18 0.134+ 0.057
59.0 222.0 -30.2 5.01+ 0.18 0.076+ 0.059
59.0 226.0 -26.4 5.60+ 0.19 -0.039+ 0.055
61.0 174.0 -115.9 3.48+ 0.27 0.039+ 0.111
61.0 178.0 -108.0 3.6A40.27 -0.116+0.106
61.0 186.0 -92.0 3.94+ 0.28 0.112+ 0.102
61.0 190.0 -84.1 3.82- 0.28 -0.086+ 0.106
61.0 194.0 -76.1 4.07+ 0.29 0.108+-0.101
61.0 202.0 -60.4 4.54+ 0.28 0.102- 0.090
61.0 206.0 -52.7 4,94+ 0.29 -0.041+0.085
61.0 210.0 -45.1 4.84+ 0.29 -0.036+ 0.088
61.0 214.0 -37.9 452+ 0.18 -0.028+ 0.063
61.0 218.0 -31.3 5.00+ 0.18 -0.020+ 0.058
61.0 222.0 -25.8 5.07+0.18 0.022- 0.058
61.0 226.0 -22.5 5.21+ 0.19 -0.072+ 0.058

Esep E1 P3 dgﬂfﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)

63.0 174.0 -112.9 3.23: 0.27 0.049+0.118
63.0 178.0 -104.9 3.73:0.27 0.001+0.103
63.0 186.0 -88.7 4.24+0.29 -0.032+0.097
63.0 190.0 -80.7 4,19+ 0.28 0.169+ 0.097
63.0 194.0 -72.6 4.54+ 0.30 0.072- 0.093
63.0 202.0 -56.6 4.11+ 0.28 -0.160+ 0.099
63.0 206.0 -48.7 4.84+ 0.29 0.081+ 0.086
63.0 210.0 -41.0 5.05+ 0.29 -0.012+0.085
63.0 214.0 -33.6 4,70+ 0.18 -0.064+ 0.061
63.0 218.0 -26.8 4.53+0.18 0.052+ 0.063
63.0 222.0 -21.5 5.09+0.18 0.071+ 0.058
63.0 226.0 18.9 4.7#0.18 -0.059+ 0.063
65.0 174.0 -110.0 3.13:0.27 0.082-0.121
65.0 178.0 -101.8 3.0+ 0.26 0.043+0.125
65.0 186.0 -85.5 3.32+-0.28 -0.027+0.120
65.0 190.0 -77.3 4.01+ 0.28 -0.021+0.102
65.0 194.0 -69.1 4.55+ 0.29 0.141+0.091
65.0 202.0 -52.8 4.06+ 0.27 0.088+ 0.097
65.0 206.0 -44.8 4.65+0.29 -0.003+0.090
65.0 210.0 -36.9 4.99+0.29 -0.111+0.086
65.0 214.0 -29.2 3.97+0.17 0.033:0.070
65.0 218.0 -22.4 4.42+ 0.18 0.004+ 0.065
65.0 222.0 -17.2 4.23+0.18 -0.022+ 0.069
65.0 226.0 15.7 4.490.18 0.029+ 0.066
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Table D.5(Continued)

Table D.5(Continued)

Esep Ex P3 m Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

67.0 174.0 -107.0 2.61+ 0.26 0.081+ 0.143
67.0 178.0 -98.8 3.00+ 0.27 -0.043+0.128
67.0 186.0 -82.3 3.74+ 0.28 -0.064+0.108
67.0 190.0 -74.0 4,16+ 0.29 -0.184+0.099
67.0 194.0 -65.7 4,19+ 0.29 -0.102+0.100
67.0 202.0 -49.1 4.19+ 0.28 -0.084+ 0.098
67.0 206.0 -40.9 4.30+ 0.29 0.090+ 0.097
67.0 210.0 -32.8 3.82+-0.28 0.152- 0.108
67.0 214.0 -24.9 3.72+0.17 0.087 0.074
67.0 218.0 -17.8 4,30+ 0.18 0.006+ 0.066
67.0 222.0 -13.0 4.26+0.18 0.068+ 0.068
67.0 226.0 13.4 3.860.18 -0.002+0.075
69.0 174.0 -104.1 2.730.26 -0.223+0.138
69.0 178.0 -95.8 3.17+ 0.26 0.066+ 0.119
69.0 186.0 -79.2 3.77+0.28 0.014+ 0.107
69.0 190.0 -70.8 2.89+0.27 -0.129+0.135
69.0 194.0 -62.4 3.75+0.28 0.025+ 0.107
69.0 202.0 -45.5 4,17+ 0.28 -0.007+0.099
69.0 206.0 -37.1 4,27+ 0.29 -0.046+ 0.097
69.0 210.0 -28.7 414+ 0.29 -0.017+0.101
69.0 214.0 -20.6 3.53+ 0.17 0.062+ 0.077
69.0 218.0 -13.3 3.58+0.17 -0.109+0.077
69.0 222.0 9.3 3.6 0.17 0.009+ 0.078
69.0 226.0 12.6 3.760.18 0.066+ 0.077

Esep E1 P3 dgﬂfﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)
71.0 174.0 -101.3 2.8% 0.27 -0.043+0.132
71.0 178.0 -92.9 3.12+ 0.27 0.272£0.124
71.0 186.0 -76.1 3.31+ 0.27 0.042-0.118
71.0 190.0 -67.6 3.20+ 0.28 -0.104+0.123
71.0 194.0 -59.1 3.89+ 0.28 -0.068+0.105
71.0 202.0 -42.0 450+ 0.28 -0.021+0.091
71.0 206.0 -33.4 3.68+ 0.28 0.002+ 0.109
71.0 210.0 -24.8 3.34+ 0.27 -0.183+0.120
71.0 214.0 -16.3 3.46+0.17 -0.103+0.079
71.0 218.0 -8.7 3.39+ 0.17 -0.079+0.081
71.0 222.0 6.7 3.380.17 0.065+ 0.082
71.0 226.0 13.4 3.54 0.18 0.042+ 0.080
73.0 174.0 -98.5 2.71+0.26 0.198+ 0.139
73.0 178.0 -90.1 3.13+0.27 0.1170.122
73.0 186.0 -73.1 3.36+0.28 0.018:0.121
73.0 190.0 —-64.6 3.67+0.28 -0.077+0.111
73.0 194.0 -56.0 3.03+0.27 -0.097+0.129
73.0 202.0 -38.6 3.69+ 0.27 -0.047+0.106
73.0 206.0 -29.9 3.78+0.28 0.054+ 0.108
73.0 210.0 -21.1 3.19+0.28 -0.241+0.128
73.0 214.0 -12.3 3.36:0.17 -0.168+0.081
73.0 218.0 -4.0 3.05+0.17 0.144+ 0.089
73.0 222.0 6.9 3.220.17 0.031= 0.086
73.0 226.0 15.8 3.280.17 -0.047+0.088
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Table D.5(Continued)

Table D.5(Continued)

Esep Ex P3 m Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

75.0 174.0 -95.9 2.25+0.25 -0.200+0.162
75.0 178.0 -87.4 2.68+ 0.26 -0.042+0.138
75.0 186.0 -70.3 3.39%+0.28 0.037% 0.117
75.0 190.0 -61.6 3.26+ 0.27 0.136+0.120
75.0 194.0 -53.0 3.33 0.27 0.182-0.118
75.0 202.0 -35.4 2.72+0.27 -0.077+0.141
75.0 206.0 -26.6 3.36-0.28 -0.192+0.121
75.0 210.0 -17.6 3.36+ 0.28 0.07%- 0.119
75.0 214.0 -8.6 3.10+ 0.17 0.027+ 0.087
75.0 218.0 0.7 3.120.17 -0.045+0.088
75.0 222.0 9.8 2.74 0.17 -0.044+ 0.099
75.0 226.0 19.1 3.130.17 0.018+ 0.089
77.0 174.0 -93.2 251+ 0.26 -0.085+0.147
77.0 178.0 -84.7 2.56+ 0.26 0.001= 0.143
77.0 186.0 -67.5 2.96+ 0.27 0.026+ 0.130
77.0 190.0 -58.8 2.90+ 0.27 -0.202+0.136
77.0 194.0 -50.1 3.20+ 0.28 -0.001+0.124
77.0 202.0 -32.5 3.15+ 0.27 0.035- 0.125
77.0 206.0 -23.7 2.78+ 0.27 0.006+ 0.142
77.0 210.0 -14.8 2.97+ 0.27 0.086+ 0.135
77.0 214.0 -6.4 2.89+0.17 -0.129+0.093
77.0 218.0 5.4 2.7 0.17 -0.021+ 0.097
77.0 222.0 13.8 2.840.17 0.023+ 0.095
77.0 226.0 23.1 2.7#0.17 -0.060+0.101

Esep E1 P3 dgﬂfﬁ Ay
(MeV) (MeV) (MeV/c) (ub/sr MeV)

79.0 174.0 -90.7 2.31+0.26 0.103+ 0.159
79.0 178.0 -82.1 3.13: 0.26 -0.043+0.120
79.0 186.0 -64.9 2.87+0.27 0.001=0.135
79.0 190.0 -56.2 2.85+ 0.27 0.051+0.136
79.0 194.0 -47.4 3.01+ 0.27 0.315-0.131
79.0 202.0 -29.9 2.78+0.27 0.058+0.142
79.0 206.0 -21.3 2.59+ 0.27 0.070+ 0.149
79.0 210.0 -13.0 2.79% 0.27 0.127+0.143
79.0 214.0 -7.1 2.69+ 0.16 -0.082+0.099
79.0 218.0 10.1 2.640.16 -0.057+0.101
79.0 222.0 18.3 2.5%20.17 -0.056=+0.105
79.0 226.0 27.4 2.62 0.17 0.022+ 0.103
81.0 174.0 -88.3 2.78+0.26 0.109+ 0.135
81.0 178.0 -79.7 2.51+0.26 -0.012+0.148
81.0 186.0 -62.4 2.55+ 0.27 0.055+0.151
81.0 190.0 -53.7 2.76+ 0.27 0.13740.142
81.0 194.0 -45.0 2.51+0.27 -0.069+ 0.153
81.0 202.0 -27.8 2.51+ 0.27 0.122+ 0.155
81.0 206.0 -19.6 2.52+ 0.27 0.327+ 0.154
81.0 210.0 -12.6 2.37+0.27 0.219+0.158
81.0 214.0 10.2 2.450.16 -0.037+0.106
81.0 218.0 14.9 2.4%0.17 -0.014+0.108
81.0 222.0 22.9 2.320.16 -0.138+0.116
81.0 226.0 31.9 2.760.17 -0.002+ 0.099

XA



Table D.5(Continued)

Esep Ex P3 m Ay
(MeV) (MeV) (MeV/c) (ub/srP MeV)

83.0 174.0 -86.0 1.90+ 0.25 0.092+ 0.190
83.0 178.0 -77.4 2.34+ 0.26 0.007%4 0.157
83.0 186.0 -60.1 3.36+ 0.28 -0.007+0.118
83.0 190.0 -51.5 2.89%+0.27 -0.150+0.135
83.0 194.0 -42.9 2.76+0.27 -0.103+0.140
83.0 202.0 -26.3 2.40+ 0.26 0.205+ 0.153
83.0 206.0 -19.0 2.56+ 0.27 -0.054+0.149
83.0 210.0 -14.0 3.04+ 0.27 0.007 0.127
83.0 214.0 14.3 2.2%0.16 0.058+ 0.114
83.0 218.0 19.8 2.380.16 0.213+0.115
83.0 222.0 27.7 2.24 0.16 0.070+0.119
83.0 226.0 36.6 2.34 0.16 0.015+0.114
85.0 174.0 -83.8 2.7% 0.26 0.034+ 0.134
85.0 178.0 -75.2 2.37+ 0.25 0.108+ 0.153
85.0 186.0 -58.0 2.53+ 0.27 0.034+ 0.153
85.0 190.0 -49.5 3.26+ 0.27 -0.008+0.120
85.0 194.0 -41.1 2.86+ 0.27 -0.047+0.135
85.0 202.0 -25.5 2.84+ 0.27 0.101+0.136
85.0 206.0 -19.4 2.44+ 0.26 -0.079+ 0.155
85.0 210.0 -16.6 1.94+ 0.26 0.343+ 0.203
85.0 214.0 18.7 2.1 0.16 0.203:0.122
85.0 218.0 24.7 2.430.16 0.099+ 0.109
85.0 222.0 32.6 2.020.16 0.212-0.129
85.0 226.0 41.4 2.020.16 0.231+0.128

144"
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