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Abstract

Decay particles from the s-hole states in !B and N have been measured in
coincidence with the quasifree ?C(p,2p) and %O(p, 2p) reactions at F,=392 MeV.
Triton-decay was found to be dominant for the "'B(s-hole) state and also found to
be larger than a-decay for the "N(s-hole) state despite its smaller Q-value com-
pared to a-decay. Measured decay branching ratios are discussed in comparison with
the results of statistical-model, microscopic cluster-model, and shell-model calcula-
tions. The energy spectra around the s-hole states in both "B and N exhibit some
bump-like sub-structures, which can be qualitatively explained by recent shell-model
calculations for both nuclei.

The decay pattern of the s-hole state in 1*B can not be explained by the statistical-
decay model. Microscopic cluster-model calculations with SU(3)(Au) wave functions
explain the experimental decay character of the "B(s-hole) state qualitatively. For
the s-hole state in ''B, a quantitative comparison between the experimental results
and theoretical calculations is, however, not sufficient to determine the ratio of the
direct decay from the doorway s-hole state to the statistical decay.

In the fragmentation of the s-hole state in ?N, the suppression of a-decay is clearly
recognized, which supports the selection rule predicted by the microscopic SU(3)-
cluster model. The shell-model calculations explain the measured relative branching
ratios of decay particles fairly well in the 2-body decay region for the *N(s-hole)
state. The ratio of the escape width I'! to the spreading width I'* for the s-hole state
in N is reasonably deduced from a comparison between the experimental results and
both the statistical-model and shell-model calculations.

The present data for decay properties of the s-hole states produced from the tar-
gets of 2C and 190 will provide useful information on the studies of the hypernuclear
productions and on the search of proton decay with water Cerenkov detectors.
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Chapter 1

Introduction

1.1 Quasifree scattering and nuclear hole states

Quasifree scattering is one of the most direct ways of investigating both the single-
particle properties in a nucleus and the nature of the strong interaction in the nuclear
medium. The first kind of quasifree scattering reaction to be studied extensively was
of the form 4Z(p,2p)A~1(Z-1), which is then interpreted as a direct knockout of a
proton bound in the 4Z nucleus by a fast incident proton and the 4=*(Z-1) remains in
a one-hole state. Chamberlain and Segre [1] and Cladis, Hess and Moyer [2] first per-
formed the (p,2p) experiments at the Berkeley synchrocyclotron and demonstrated
that this interpretation of the reaction mechanism is realistic and later this was veri-
fied by Wilcox and Moyer [3]. After the early (p,2p) works [4, 5, 6], quasifree proton
knockout reactions were systematically measured using proton beams at medium en-
ergies (150-1000 MeV) [7, 8, 9, 10] and, then, separation energies and widths of
proton-hole states have been deduced for the wide mass-number range of nuclei,
which directly revealed the existence of not only surface but also inner orbital shells
in nuclei. These orbital shell structures were the basic character of the nuclear shell
model. Thus, Bethe [11] emphasized that “the most striking feature of finite nuclei
is the validity of the shell model. Nuclei can be very well described by assigning
quantum numbers to individual nucleons, just as is done for the electrons in atoms”.
The famous figure compiled by Jacob and Maris [10] is shown in Fig. 1.1.

From Fig. 1.1, the energy eigenvalues of the more strongly bound shells (1s, 1p)
were found to increase rapidly up to A =~ 40, and to saturate above. For the heavier
nuclei, the experimental knowledge is rather poor since the distortion effects, i.e.
the proton-target interactions both in the initial and final stages, reduce the intensity
producing the hole states with large separation energies. The strong distortion is less
severe in another quasifree process, namely, (e, e’p) reaction, because the distortion
of only one proton has to be taken into account. The (e,e€'p) reaction is, therefore,
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Figure 1.1: Separation energies, widths and angular momentum assignments of hole
states obtained from quasifree scattering experiments, as functions of atomic number.
The figure is taken from Ref. [10].

the cleanest tool known for the investigation of the more deeply bound nucleon state,
although the cross section is much smaller than that of the (p, 2p) reaction. After the
first (e, e'p) experiment at Frascati [12], plenty of quasifree (e, e’p) investigations have
been performed at all medium-energy electron accelerators. Fullani and Mougey [13]
reviewed the (e, e’p) works and presented the updated version of Fig. 1.1. However,

information on the deep hole states in heavy nuclei has been still insufficient.

Since the distortion effects were expected to be relatively small at higher energies,
quasifree knockout (p,2p) and (p,pn) reactions were measured at 1.0 GeV [14, 15],
where the 1s-hole states were clearly seen up to *°Ca. Measurements of the (p,2p)
reaction with polarized beams were also performed at several institutes [16, 17, 18,
19]. However, the reaction mechanism and medium effects on the nucleon-nucleon
interaction rather than the single-hole structure were discussed in most cases. High
resolution (e, e'p) investigations during the last decade were mainly concentrated on
the orbitals near the Fermi surface, for instance, 1p-knockout for p-shell nuclei [20, 21],
where the spectroscopic information on binding energies, occupation probabilities and
momentum distributions was obtained. One of the major findings of these studies
is a large reduction of the spectroscopic strength compared to the prediction of the

independent-particle shell model and the theory has been further developed in respect
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to the ground state correlations [22, 23, 24]

In spite of a lot of experimental efforts via quasifree nucleon knockout reactions
as well as pick-up reactions, only the macroscopic structures like separation energies
(Esep) and total widths (I7) are obtained for deep-hole states. Detailed structures
and fragmentation mechanisms of deep-hole states has been little known even for
light nuclei until now, while interests in decay characters of s-hole states in light
nuclei have been newly aroused through the study of the production of hypernuclei

and the relation to the nucleon decay search, as mentioned below.

1.2 Fragmentations of deep-hole states

The 1s-hole states are observed as broad bumps in the region of highly excited energies
above the particle decay thresholds with large widths in the excitation spectra of
quasifree nucleon knockout reactions. For example, the proton s-hole states for 'B
and PN, which are the typical deep-hole states in p-shell nuclei, appear at E, ~
20 MeV with I' ~ 9-13 MeV and E, ~ 28 MeV with I' ~ 14 MeV [4, 7, 10],
respectively, where F, is the excitation energy from its ground state and given with
the )-value of the knockout reaction as E,= FE,,+(. The energy and width give
important information on the wave function of a deep-hole state. In addition, the
partial fragmentation widths which relate to how a deep-hole state is fragmented
should provide extremely interesting information on the fragmentation mechanism.
The wave function of a nuclear s-hole state (¥ _y 1.) is given generally as U _y 1., =
Ugoorway + Weompound; Where the doorway s-hole state ( Wgoorway) is orthogonal to the
compound state (Veompound)- In medium-heavy and heavy nuclei, the doorway s-hole
produced by a quasifree knockout reaction is propagating in a nuclear medium and
spread out in the nucleus. Then, a compound nucleus with many particle-hole states
is produced by strong coupling with higher configuration states, because the deep-
hole state appears in a highly excited energy region in which the level density is very
high. Thus, the deep-hole state has been believed to be fragmented statistically.
This scenario, however, may not be always realized in the case of deep-hole states
in light nuclei. The ratio of the nuclear radius to the mean free path of a 1s-hole
presents a good index of how much the doorway s-hole state survives without exciting
many particle-hole states when the s-hole propagates in the nuclear medium. This
can be simply estimated according to Ref. [33]. The mean free path (L) is calculated
as [25)]
h%k 2 2m(E — Vi)

N kaW FLQ ’

where k is the wave number of the 1s-hole, Vz and W are the real and imaginary
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Table 1.1: Ratios of nuclear radius (R) to mean free path (L) of 1s-hole. k and I’
denote the wave number and width of the s-hole state [27]. Experimental widths
(Iesp) are also shown for light nuclei [4, 7, 10].

7Li 1QC 160 27A1 40Ca 208Pb
k (fm 1) 0.89 0.81 0.77 0.71 0.67 0.47
I' (MeV) 6.5 11.5 14 20 22 30
Lewp (MeV)  ~6 9 13 ~14 ~20
L (fm) 9.4 4.8 3.8 2.4 2.1 1.1
R (fm) 2.40 2.52 2.77 3.30 3.76 6.52
R/L 0.26 0.53 0.73 1.4 1.8 5.9

parts of the hole-nucleus optical potential, and m is the nucleon mass. my is the
so-called effective k-mass and the value of =& = (1 + %%)_1 ~ 0.6 is taken from
the result of mean field calculations [26]. W is given by the s-hole width I" as W=
I' /2. Since there are no experimental s-hole widths in the case of medium-heavy and
heavy nuclei, the theoretical values estimated by Kohler [27] are employed, in which
the experimental values of the s-hole widths in light nuclei are well reproduced. If the
simple formula for the averaged kinetic energy (7') of an s-hole, T= < E—-Vp >= %hw
with hw = 41/AY3 MeV is used [28], k of a 1s-hole is given by k? ~ 1.5/A/3 fm™2.
For the medium-heavy and heavy nuclei, the harmonic oscillator wave functions are
supposedly less good, the kinetic energy T' of a self-consistent field calculations [27]
are used. For the nuclear radius (R), a root mean square (rms) radius [29] is used for
"Li and R= 1.1 A3 is employed for other nuclei.

The calculated values of R/L for various nuclei are shown in Table 1.1. (It should
be noted that, in Ref. [33], nucleon mass (m) was used for the calculation of L and
rms values were taken for R. Then, the R/L values in Table 1.1 are different from
their results.) R/L is less than 1 in p-shell nuclei, and larger than 1 in medium-heavy
and heavy nuclei. These results indicate that the s-hole states in light nuclei may have
large escape widths (I'") (| doorway |2 = [|¥compound||?) and that the spreading widths
(I'") are dominant (|| eompound||? = || Wdoorway [|?) in heavy nuclei. It is expected that
the character of the fragmentation of deep-hole states in light nuclei is considerably
different from that in heavy nuclei, since the nuclear saturation property of the ground
states largely deviates in light nuclei.

Theoretical studies of the structures and fragmentations of deep-hole states, es-
pecially for the partial fragmentation widths, were very scarce. The continuum shell
model [30] was applied to describe the experimental excitation spectra for quasifree
(p,2p) knockout. The Green function method [31] was developed and the hole-
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strength functions were calculated [32] in the framework of Brueckner’s theory, which
showed fair agreement with the spectra measured from (e,e’p) knockout process.
However, only the nucleon fragmentation of the final deep-hole state was taken into

account in these calculations.

Yamada et al. recently calculated spectroscopic factors and partial decay widths
for 2-body cluster decay processes from the doorway s-hole states of *!B and N in the
framework of the microscopic cluster model with SU(3)[f](Ap) wave functions [33].
The description of the s-hole state is based on the fact that the doorway s-hole state
produced by the quasifree knockout reactions should have the same spatial symmetry
as the ground state of the target nucleus, whose wave function is well described by the
SU(3)-cluster model in light nuclei. The authors showed that a selection rule owing
to the spatial symmetry is valid for fragmentations of s-hole states in light nuclei: n-,
p-, d-, t- and 3He-fragments are allowed, while the fragments such as the a-particle

and the heavier particles are forbidden.

An intuitive understanding of the reason why a-cluster fragmentation is forbid-
den in the ™ B(s-hole) doorway state, is shown in Fig. 1.2. According to the simple
shell model, the 'B(s-hole) state is given as the (s)(p)® configuration [Fig.1.2(b)].
In the case of the ®Be + t channel, the eight nucleon in the p-shell are correlated to
form the ®Be cluster [Fig.1.2(c)] and has a large spectroscopic factor. On the other
hand, in the case of the "Li + a channel, the four nucleons in the p-shell are cor-
related to form the o cluster and then the remainder nucleus, “Li, corresponds to
the unbound s-hole state [Fig.1.2(d)], which is orthogonal to the "Li ground-band
states [Fig.1.2(e)]. Therefore, 2-body a-cluster fragmentation is forbidden. This
is strictly supported by the SU(3) algebra if the "'B(s-hole) state has the same
SU3(Au)=(04) as the 2C ground state [Fig.1.2(a)], because (Ap)=(04) representation
can be given from (00)®(40)®(40), but can not be constructed from (00)®(30)®(50),,
where the (A, 1),=(40), and (50), describe the relative wave functions between 8Be
and t and between "Li and «, respectively.

Since the Q-values for a-fragments in most light nuclei are larger than those for
other cluster decay channels, a-decay is favored in the statistical decay process. Thus,
the experimental study of the a-decay partial widths (I',) is especially important to

investigate if deep-hole states are statistically fragmented.

Various thresholds for fragmentation channels of B and °N are shown in Fig. 1.3
and Fig. 1.4, respectively. In the case of the N(s-hole) state, the threshold energy
of the 3-body decay is higher than 2-body decay thresholds of n+*N, p+C, d+13C,
t+12C and a+''B channels, while the 3-body decay channel of 2a-+t has a very low
threshold energy and may compete against the 2-body decay processes of n+'B,
p+1°Be, d+°Be, t+5Be and a+7Li for the 'B(s-hole) state. In general, theoreti-
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Figure 1.2: Intuitive explanation for the suppression of the a-cluster fragmentation
in the 1'B(s-hole) doorway state. (a) The (s)*(p)® shell model configuration for the
12C ground state (g.s.). (b) The (s)?(p)® shell model configuration for the *'B(s-hole)
doorway state, which has the same SU3(Au)=(04) configuration as (a). (c¢) In the
8Be+t fragmentation channel, the eight nucleons in the p-shell of the 'B(s-hole) are
correlated to form a ®Be cluster. (d) In the "Li*+a fragmentation channel, the four
nucleons in the p-shell of the ''B(s-hole) are correlated to form an a-cluster, where the
residual nucleus “Li remains in the s-hole state. (e) The “Li(g.s.)+a fragmentation
channel, which is orthogonal to (d). Therefore this channel is forbidden. The value
of SU(3)(Au) of each cluster is indicated in all panels.
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Figure 1.3: Threshold energies for various fragmentation channels of the s-hole state
in 1'B. The energy region of the "'B(s-hole) state is shown at the left side.

cal calculations including 3-body decay are practically difficult and might be more
complicated than 2-body decay. Then, the N is more suitable to understand the
microscopic structure of the deep hole state and its fragmentation mechanism. It is
also interesting to study the effect of 3-body decay in the fragmentation process by
comparing the decay patterns of the ''B(s-hole) and ®N(s-hole) states.

1.3 Related topics

Nuclear deep-hole states are closely related to hypernuclear physics [34, 35]. In the
(K, 7m) strangeness-exchange reaction, the substitutional states with a neutron s-
hole A-particle configuration [sy' s (or pa)] are strongly populated [36] since the mo-
mentum transfer of the reaction is very small (¢ ~ 50 MeV/c). If the selection rule
from the SU(3) spatial symmetry as mentioned above is applied, 1*C(s-hole), which is
the nuclear-core s-hole state of 2C(sy",54), can decay to the *Be + *He channel but
the decay to the "Be + a channel is suppressed. Thus, the }2C(s3',sa) state with the
[11C(s-hole)®s,] configuration can decay to the { Be + 3He channel, while the decay
to the § Be + a channel is largely hindered.

The production of hypernuclei with strangeness S=—2 via the =~ atomic capture
reaction at rest is of particular interest because the ()-value of the elementary process
(27p — AA + 28 MeV) is almost the same as the separation energy of an s-state
proton in light nuclei. According to recent hybrid emulsion-counter experiments with
the (K—,K™) reaction [37, 38, 39, 40, 41], several double-A and twin-A hypernuclear
production events were identified. Five events including an event with two inter-

pretations were produced by =~ atomic captures into 2C. Only the following three
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Figure 1.4: Threshold energies for various fragmentation channels of the s-hole state
in 1°N. The energy region of the °N(s-hole) state is shown at the left side.

processes were observed:
=420 — OBe+t, SHe+a+t, and Be+ 3H,

where a triton or a YH(=t ® A) was emitted in all cases. This high probability of the
S=-—2 formation with a triton-based fragment is hardly understood on the basis of
the statistical decay model [43] and the microscopic transport model [44]. The S=—2
hypernuclear production rates were also explored by Yamada et al. using a direct
reaction model [45]. Their calculation, however, does not explain the enhancement
of t-based fragments if the =~ particle interacts mainly with a p-state proton in 2C.
It is therefore important to better understand the fragmentation of the s-hole state
in 1B.

Decay properties of the s-hole states produced from the targets such as 2C and
160 are also interesting from a particle physics point of view. In fact, C and O are
typical nuclei used as detectors for studies of proton decay and neutrinos. Both the
decay of an s-proton and the neutrino knockout of an s-proton leaves an s-hole. Thus,
proton decay and neutrino interactions can be studied by observing the decay from
the s-hole states as well.

Deexcitation v-rays from the hole states of N and O have been used in the

nucleon-decay search by means of the Kamiokande and Super-Kamiokande water
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Cerenkov detectors [46, 47, 48], which is one of the most efficient methods to find
nucleon decays. Ejiri discussed deexcitations of proton hole states in *N produced
by proton decay in 0O [49]. If a proton in O decays, the remaining N nucleus is
left in the ground state or excited states and the latter can emit prompt v-rays. The
v-decay rates are 100 % for the low excited p-hole states. If the excited state is the
s-hole state, many particle decay channels are open. It decays by emitting n, p, d, t,
a, and other clusters. Here, various residual nuclei such as *C, 1N, B3C, BN, 3B,
12N, 120, 12B, U Be, etc., are left in their ground or excited states, the latter of which
also deexcite by emitting v rays. The level and deexcitation schemes relevant to the
proton hole in N is shown in Fig. 1.5.

By using these prompt ~y-rays as a tag, the background contamination can be
strongly reduced in the p — 7+ KT mode [47, 48], which is favored by most super-
symmetric Grand Unified Theories (SUSY GUT) [50]. Moreover, if the branching
ratio of a characteristic y-ray such as the 15.1 MeV v from the 2C, ¥N, and 3C, it
may provide a new method to determine a mode-independent nucleon-decay rate like
n — v [46]. The 15.1 MeV ~-ray is also one of the most astrophysically significant
v-rays [b1]. For example, the ratio of the flux of 15.1 MeV ~-rays to the flux of
4.44 MeV ~-rays resulting from excitation of **C and spallation of 60 is a sensitive
measure of the spectrum of the exciting particles produced in solar flares and other
cosmic sources.

Information on the deexcitation v-rays from the s-hole state can be obtained not
only from the direct measurements of «-rays, but also, in principle, from the particle
decay measurements, because the production rate of decay to discrete excited states
in residual daughter nuclei are obtained and y-decay probabilities from these discrete
states are well known.

In the present work, charged particle and neutron decays from the quasifree
proton-knockout reactions on 2C and %0 are studied to understand the structures
and fragmentation mechanisms of the s-hole states in ''B and N. (The measure-
ments of neutron decay were only performed for the O target.) The results of the
early test experiment for "B [52] and the preliminary analysis of the charged-particle
decay measurements [53] were already reported. The experimental setup and pro-
cedures are explained in Chap. 2. The data analysis and results are presented in
Chap. 3. The structures and fragmentation characters of s-hole states in both B
and PN are discussed in Chap. 4, in comparison with the theoretical calculations of a
statistical model, an SU(3)(A, u) microscopic cluster model, and a shell model. Con-
clusions are presented in Chap. 5. The efficiency calibration of the neutron detector
is described in Appendix A. The statistical-model calculations and the microscopic
cluster-model calculations are briefly described in Appendix B and C, respectively.
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Figure 1.5: Level scheme of proton-hole states in N and their deexcitation modes.
Particle-decay threshold energies of residual nuclei after emitting neutrons, protons,
deuterons, tritons and a-particles from the N(s-hole) state are indicated by dashed
lines, respectively. Only the first and the highest excited states below the particle-
decay threshold are displayed for each residual nucleus, except for the 15.1 MeV states
in 12C and 13C.



Chapter 2

Experiment

2.1 Overview and beam transportation

The experiment was carried out at the Research Center for Nuclear Physics (RCNP),
Osaka University, by using a 392 MeV proton beam. We separated the experiment
into two parts. In the first beam time, charged particle decay of the s-hole states
in both "B and »N was measured in coincidence with the quasifree 2C(p, 2p) and
60(p, 2p) reactions, and neutron decay of the s-hole state in °N was studied in
the second beam time. The quasifree (p,2p) reaction was measured with the dual
spectrometer system consisting of the high resolution spectrometer Grand Raiden
(GR) [54] and the large acceptance spectrometer (LAS) [55]. Sixteen telescopes of
AE-FE Si solid-state detectors (SSD) were used for the measurements of p-, d-, t-,
and a-decays, and thirty liquid scintillation counters were employed to detect decay
neutrons.

A proton beam extracted from a high intensity ion source [56] was accelerated
up to 64.2 MeV by the K=120 MeV AVF cyclotron and its energy was boosted
to 392 MeV by the K= 400 MeV ring cyclotron [57]. The beam was transported
achromatically from the ring cyclotron to the target in the scattering chamber and
further lead to a Faraday cup in a well shielded beam dump about 25 m downstream
of the target. The beam spot size at the target point was typically 1 mme. Since
the beam line was reconstructed between two beam times, the first experiment of
the charged particle decay was performed with the old WN beam line and the next
neutron decay experiment was carried out with the new WS beam line. (Although
the new WS beam line can be applied for a high resolution measurement with a
dispersion matching mode [58], an achromatic transport was still used in the present
experiment.) The very stable and clean (halo-free) beam was provided through the
experiment. A schematic layout of the RCNP cyclotron facility with both new and

old beam lines is shown in Fig. 2.1.

11
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Figure 2.1: Layout of the RCNP cyclotron facility. Both the old WN and new WS
beam lines are shown.
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Figure 2.2: (p, 2p) reaction in the laboratory coordinate system. Four-momenta are
indicated as (T;+m,, , k;) for incident (i=0) and two emerging (i=1,2) protons, re-
spectively. k3 denotes the recoil momentum.

2.2 Quasifree (p,2p) reactions

2.2.1 Kinematics

The (p,2p) reaction at an intermediate energy such as 392 MeV is well described by
the direct reaction picture and is flexible enough to choose the proper kinematics to
enhance the s-hole state [59].

Fig. 2.2 illustrates the (p,2p) reaction in the laboratory coordinate system. For
the reaction A(p,2p)B*, one measures the differential cross section as a function of
the momenta k; and ko of two emerging protons. From the energy and momentum
conservation, the state of the final nucleus B* is specified by two quantities [60]:

ks = ko — ki — ko, (2.1)

Esep = TO - (Tl + T2 + Tg) = Ex — Q, (22)

where kg and T are the momentum and energy of the incident proton, and Ty, Ts,
and T3 are the kinetic energies of two emerging protons, and of the recoiling nucleus
B*, respectively. ks is the recoil momentum of B*. If one neglects the distortion
effect, the initial momentum of a proton removed from the target A is equal to —ks3,
since the momentum of the target A is zero. F, is the separation energy and F, is
the excitation energy of B* from its ground state. The reaction Q-value is given by
Q=M 4—(m,+Mpg), where m,, M4, and Mp are the masses of proton, target A, and

residual nucleus B, respectively.
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Table 2.1: Setting parameters of spectrometers in the coincidence measurements with
decay particles. The suffix 1 and 2 correspond to GR and LAS, respectively. The
values of the central orbits are denoted for angles (f) and kinetic energies (7).

Q—Value Esep (s—hole) 91 T1 92 T2

(MeV) (MeV) (deg) (MeV) (deg) (MeV)
2C(p,2p)''B  —15.96 36 255 268 516 88
%0(p,2p)'"N  —12.13 39 25.5 265 51.0 88

In the coincidence measurements with decay particles, GR was set at 25.5° and
detected a fast proton of the (p, 2p) reaction and another proton was detected by LAS,
taking into account the difference of the momentum acceptance of GR. (5 %) and LAS
(30 %). The laboratory angle of LAS and the magnetic fields of the spectrometers
were determined to satisfy the zero-recoil momentum condition (ks = 0) at the central
energy of the 1s;/-knockout bump, where the cross section leading to the s-hole
state is maximum. The kinematical parameters used in the experiment are shown in
Table 2.1. Although the recoil momentum k3 is distributed around zero due to the
finite solid angles and momentum acceptances, the width of the distribution of k3 is
only about 60 MeV /c (FWHM) for the s-hole states.

In the second beam time, the angular correlations of the %O(p,2p)!°N reaction
for 30° < fOpas < 65° were also measured to estimate the amount of non-quasifree
components around the excitation energy of the s-hole state.

2.2.2 Dual spectrometer system

Emerging two protons from the quasifree (p, 2p) reaction were measured with the dual
magnetic spectrometer system, consisting of GR and LAS. A schematic view of the
dual spectrometer system is shown in Fig. 2.3.

GR [54, 61] was designed and constructed for high resolution measurements, and
also for detecting tritons with F; < 450 MeV emerging from, for example, (*He,t)
reactions. GR consists of three dipole (D1, D2, and DSR) magnets, two quadrupole
(Q1 and Q2) magnets, a sextupole (SX) magnet, and a multipole (MP) magnet as
shown in Fig.2.3. In Table 2.2, the designed values of the specifications and ion-optical
properties of GR are summarized. GR. is mostly characterized by its high momentum
resolution of p/Ap= 37,000 and the large magnetic rigidity of 5.4 T-m. The second-
order ion-optical properties like the tilting angle of the focal plane are adjusted by
the SX magnet, and higher-order aberrations are minimized by the MP magnet and

the curvatures of the pole edges at the entrance and exit of dipole magnets. The
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Figure 2.3: Schematic view of the dual spectrometer system at RCNP. The high
resolution spectrometer Grand Raiden (GR) is placed on the left side of the beam
line and the large acceptance spectrometer (LAS) is on the right side.

Table 2.2: Design specifications of the Grand Raiden spectrometer

Mean orbit radius 3m

Total deflection angle 162°
Measurable angle —4° to 90°
Momentum range 5%
Momentum dispersion 15.45 m
Momentum resolution (p/Ap) 37000
Tilting angle of focal line 45°

Focal plane length 120 cm
Maximum magnetic rigidity 5.4 T-m
Maximum field strength (D1, D2) 1.8 T
Maximum field gradient (Q1) 0.13 T/cm
Maximum field gradient (Q2) 0.033 T'/cm
Horizontal magnification (z|x) —0.417
Vertical magnification (y|y) 5.98
Horizontal acceptance angle 420 mrad
Vertical acceptance angle +70 mrad
Maximum solid angle ~4.3 msr?
Flight path for the central ray 20 m

@ The source width is assumed to be 1 mm.
b This is the actual value measured in the present experiment.
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Table 2.3: Design specifications of the large acceptance spectrometer (LAS)

Mean orbit radius 1.75 m
Total deflection angle 70°
Measurable angle 0° to 130°
Momentum range 30 %
Momentum resolution (p/Ap) 5000
Tilting angle of focal line ~bHT7°
Focal plane length 170 cm
Maximum magnetic rigidity 3.22 T-m*
Maximum field strength (D) 1.6T
Maximum field strength (Q) —74 mT/cm
(Sextupole component,) 0.465 mT /cm?
(Octupole component) 0.029 mT/cm?
Horizontal magnification (z|x) —0.40
Vertical magnification (y|y) —7.3
Horizontal acceptance angle +60 mrad
Vertical acceptance angle +100 mrad
Maximum solid angle ~20 msr

Flight path for the central ray 6.2 m

“The value is given for the high momentum end (6 = +15 %).

third dipole (DSR) magnet, which is added for the measurements of the in-plane
polarization transfer, was not used in the present experiment.

LAS [55] was designed as the second arm spectrometer with medium energy res-
olution, complementary to GR. LAS is a QD type spectrometer with a large solid
angle (~20 msr) and a wide momentum acceptance (Pmaz/Pmin ~=1.3). The design
specifications are listed in Table 2.3. Following the requirement from ion optical
calculations, the quadrupole magnet includes sextupole and octupole components.

The entrance slits of both spectrometers were fully opened for maximum accep-
tance in the coincidence measurements with decay particles. Absolute values of cross
sections were determined by normalizing results obtained in separate measurements
with slits defining the solid angles of GR and LAS to 2.4 msr and 12.0 msr, respec-
tively.

2.2.3 Focal-plane detectors of GR and LAS

Two multi-wire drift chambers (MWDC) in each focal plane of both spectrometers
determined the positions and the incidence angles of particles. Particle identification

was provided by the AFE signals from plastic scintillation counters, that were also
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Figure 2.4: Focal plane detectors of Grand Raiden.

used for trigger signals. The layout of the focal-plane detector system of GR. is shown
in Fig. 2.4.

The type of any plane of the MWDC’s is, so called, a vertical drift chamber
(VDC), in which electrons ionized by a radiation drift perpendicularly to the anode
plane [62]. Specifications of the GR-MWDC’s are summarized in Table 2.4. Each
MWDC consists of two sets of anode wire planes (X and U), sandwiched between three
cathode planes. Anode planes include sense wires and potential wires. The structure
of an X-wire plane is schematically illustrated in Fig. 2.5. It should be noted that the
spacing of sense wires are different between X-planes (6 mm) and U-planes (4 mm)
for the GR-MWDC’s. The potential wires serve to make a uniform electric field
between the cathode plane and the anode plane. Taking into account the difference
of wire diameters between sense wires and potential wires, high voltages of —350 V
and —500 V were supplied to the potential wires in the X- and U-plane, respectively,
while the cathode voltage was —5.6 kV and the sense wires were grounded (0 V). The
gas multiplications by avalanche processes are only occurred near the sense wires. In
the case of Fig. 2.5, drift-time information from four wires are obtained and, thus,
the particle trajectory can be determined with a good position resolution (typically
300 pm (FWHM)).

Mixture gas of argon (71.4 %), iso-butane (28.6 %), and iso-propyl-alcohol was
used. The iso-propyl-alcohol was mixed in the argon gas with vapor pressure at 2° in
order to reduce the deterioration due to the aging effect like the polymerizations of gas
on the wire surface. Signals from the sense wires were pre-amplified and discriminated

by LeCroy 2735DC cards, which were directly connected on the printed bases of the
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Figure 2.5: Structure of an X-plane of the MWDC’s. Cathode planes and anode wires
are illustrated with a typical charged particle track.

MWDC’s without cables. Output ECL signals of 2735DC cards were transfered to
LeCroy 3377 TDC’s, in which information on the hit timing of each wire was digitized.

The GR drift chambers were backed by two plastic scintillation counters with
a thickness of 3 mm (PS1) and 10 mm (PS2), whose area size was 1200% mm x
120" mm. The scintillation light was detected by photo-multiplier tubes (Hamamatsu
H1161) on both sides of PS1 and PS2. Signals from these scintillators were used to
generate a trigger signal of the GR event. An aluminum plate with a thickness of
5 mm was placed between PS1 and PS2 in order to avoid that the secondary electrons

produced by one scintillator hit another scintillator.

The focal plane detector system of LAS consists of two MWDC’s [55] and two
planes of plastic trigger scintillators (PS1 and PS2). The detector layout is shown in
Fig. 2.6. In order to cover the vertically broad focal plane of LAS, both PS1 and PS2
consist of three (up, middle, and down) scintillation counters. Fach scintillator had
the size of 2000 mm x 1502 mm with a thickness of 6 mm. Fast photo-multiplier
tubes (Hamamatsu H1949) were used on both sides of each scintillator. (A scintillator

hodoscope drawn in the figure was not used in the present experiment.)

The LAS-MWDC'’s are similar to those for GR, except for the size and wire
configuration. Although each MWDC consists of three anode planes (X, U, and
V), the V plane has not been used due to the lack of the readout electronics. A
high voltage of —5.4 kV was supplied to the cathode planes, and —300 V was to the
potential wires. The specifications of the LAS-MWDC’s are summarized in Table 2.5.
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Table 2.4: Specifications of the MWDC’s for Grand Raiden.

Wire configuration X (0°=vertical), U (48.2°)

Active area 1150% mm x 120" mm

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

Cathode-anode gap 10 mm

Anode wire spacing 2 mm

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

Sense wires 20 pme gold-plated tungsten wire

Potential wires 50 pme gold-plated beryllium-copper wire

Cathode 10 pm-thick carbon-aramid film

Cathode voltage —5.6 kV

Potential-wire voltage —350 V (X), =500 V (U)

Gas mixture Argon + Iso-butane + Iso-propyl-alcohol
(71.4 %) (28.6 %)  (2° vapor pressure)

Entrance and exit window 12.5 pm aramid film

Distance between two MWDC’s 250 mm

Pre-amplifier LeCroy 2735DC

Sideview of trigger scintillators

MWDCL!
MWDC2 | l
PSSl [ ]
P& -o--o--o—-o—-o—-oﬁQ--o--o--o--o-
0 m ~ Scintillator

| | Hodoscop

Figure 2.6: Focal plane detectors of LAS.
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Table 2.5: Specifications of the MWDC’s for LAS.

Wire configuration X (0°=vertical), U (31°), V (—=31°)

Active area 1700Y mm x 350" mm

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

Cathode-anode gap 10 mm

Anode wire spacing 2 mm

Sense wire spacing 6 mm

Sense wires 20 pme gold-plated tungsten wire

Potential wires 50 pme gold-plated beryllium-copper wire

Cathode 10 pm-thick carbon-aramid film

Cathode voltage —5.4 kV

Potential-wire voltage —300 V

Gas mixture Argon + Iso-butane + Iso-propyl-alcohol
(71.4 %) (28.6 %)  (2° vapor pressure)

Entrance and exit window 25 pm aramid film

Distance between two MWDC’s 164 mm

Pre-amplifier LeCroy 2735DC

2.2.4 Trigger and readout systems of focal plane scintillators

The readout electronics and trigger systems of the focal plane scintillators for GR
and LAS, are shown in Figs. 2.7 and 2.8, which were all placed near the focal planes
of GR and LAS, respectively. Any output of photomultiplier tube (PMT) was first
divided into two signals and one was discriminated by a constant fraction discrim-
inator (CFD) and another was sent to a FERA (Fast Encoding and Readout ADC
(analog-to-digital converter)) module. One of the CFD outputs was transmitted to
the TDC (time-to-digital converter) system consisting of TFC’s (Time to FERA Con-
verter) and FERA’s. A coincidence signal of two PMT-outputs on both sides of the
same scintillator was generated by a Mean-Timer circuit, in which the times of two
signals were averaged. Thus, the position dependence of output timing caused by the
difference of the propagation time in the long scintillator was minimized.

The trigger system was constructed with LeCroy 2366 universal logic modules
(ULM) with field programmable gate-array (FPGA) chips [63]. As shown in Fig. 2.7
( Fig. 2.8), the trigger system received signals from the outputs of Mean Timers and
generated the GR (LAS) trigger by the coincidence of PS1 and PS2, internally. (In
the LAS case, PS1 (or PS2) was generated when there was at least one signal of
three Mean Timer outputs corresponding to up, middle, and down scintillators.) The
GR trigger gave the gate signals of ADC modules and start or stop signals of TDC
modules for the GR. focal plane detectors, while the LAS trigger was used as the ADC
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Figure 2.7: Circuit diagram for the GR focal plane detectors and the trigger logic for
the coincidence measurements.
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gate signals and the TDC start or stop signals for the LAS focal plane detectors,
The coincidence trigger of GR and LAS was also generated in the 2366 module of
the GR side, where the output timing was determined by the GR trigger. In order to
select the main trigger mode, it was only needed to set the proper sampling conditions
(n, m, and k in Fig. 2.7) via CAMAC functions. Thus, the system was very flexible
to operate the trigger in several modes, for example, a GR+LAS coincidence mode
(no sampling), a GR single mode (n=1), a LAS single mode (m=1), and an SSD
test mode (k=1, described in § 2.3.3). During the present experiment, the GR+LAS
coincidence mode was usually used, except for some measurements for the check of
detectors such as SSD’s. (In the first experiment, GR single triggers are mixed with
a small sampling rate.) The main trigger output started the data acquisition system.

2.3 Measurements of charged particle decay

2.3.1 SSD-Ball

Charged particles decaying from the highly excited states in ' B and N were detected
in sixteen telescopes of AE-F Si solid-state detectors (called SSD-Ball) in coincidence
with two protons of the (p, 2p) reaction. This SSD-Ball is an upgraded version of the
previous SSD-Ball [64, 65] at RCNP. Each telescope consisted of a thin (20 gm, 50 pm
or 100 pm) AFE SSD (surface-barrier type) and a thick (5000 ym) E detector (lithium-
drifted silicon (Si(Li)). The active area of a AE was 300 mm? or 450 mm? and that
of an F is 450 mm?. Eight 20 um AFE detectors were used for the identification of

identification of protons, deuterons and tritons. The SSD telescopes were mounted
on a copper frame of a hemisphere shape and placed at backward angles around 135°
in the scattering chamber with the inner diameter of 70 cm. The distance between
the target and AFE SSD’s was 114 mm and the total solid angle of the SSD array was
3.5 % of 4r. In order to reduce the leakage current, the SSD-Ball system was cooled
to about —20 °C' with four Peltier elements. The backsides of the Peltier elements
were connected to a cooling pipe through which coolant liquids were circulated by a
pump outside the scattering chamber. A photograph of SSD-Ball is shown in Fig. 2.9
and a schematic arrangement of the SSD-Ball system is illustrated in Fig. 2.10.

In order to reduce the background caused by the beam halo, a beam halo monitor
system consisting of four plastic scintillators was set at about 1 m upstream of the
target (see Fig. 2.10). In the beginning of the experiment, the beam was tuned
without SSD-Ball to reduce the counting rates of these scintillators. (The actual
values were less than 1 kHz at 50 nA when they were set at 2 ¢m from the beam
line.) After getting the clean beam with a small halo, we set the SSD-Ball system
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Figure 2.9: Photograph of the SSD-Ball system.

in the scattering chamber and started the decay measurements. The beam intensity
was, however, limited to about 70 nA by the maximum counting rate of the SSD
closest to the beam. The lowest detectable energies of particles were determined by
the thickness of the 100 pm and 20 pm AFE SSD’s and, therefore, were different for
each particle (see Tables 3.1 and 3.2). In the analysis, the same energy threshold was
set for the 50 pum AFE SSD as for the 100 pum AE SSD.

2.3.2 Targets

In the measurements of charged particle decay, one generally needs a thin target as
possible because the energy losses of the emitted particles like a in the target are not
negligible. We used a natural carbon target with a thickness of 0.5 mg/cm? for the
12C(p, 2p) reaction. In the measurements of the %O(p, 2p) reaction, a glass (SiOz)
target and a natural silicon (Si) target with each thickness of about 2 mg/cm? were
employed, and cross sections of the 1°O(p, 2p)°N were obtained after subtracting the
Si target runs from the SiO, runs. Taking into account a long-term shift of the beam
condition, SiOs data and Si data were alternately taken every three hours. We rotated
the target through 45° towards LAS in order to increase the (p,2p) yields, where the
energy losses of decay particles detected by SSD-Ball were minimized because the
target was perpendicular to the axis towards the center of SSD-Ball.

The target thicknesses were measured by means of the dE/dz method with 24! Am
a-source. The position dependences were also studied with a 1.5 mme¢ collimator.
As a result, the uniformity of the thickness was not so good for the Si target. The
obtained values are shown in Table 2.6. The errors denoted in the thickness are the

maximum deviations from the averaged values.
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Figure 2.10: Schematic view of the setup of the SSD-Ball system and a beam halo
monitor.

Table 2.6: Targets used for the measurements of charged particle decay.

material thickness (nominal) thickness (measured)
2C(p,2p)"'B natural C foil 0.5 mg/cm? 0.484+0.02 mg/cm?
60(p,2p)?N  Quarts glass (SiO») 8 pm 1.9340.02 mg/cm?

natural Si foil 10 pm 2.4240.10 mg/cm?
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2.3.3 Readout system of SSD-Ball

A block diagram of the readout electronics of SSD-Ball is shown in Fig. 2.11. All
modules except for pre-amplifiers were placed in the rack near the DSR magnet of
GR. The pre-amplifiers were put on the scattering chamber in order to minimize the
noises caused by long cables. Moreover, ORTEC 142C pre-amplifiers were used for
20um AFE SSD’s, taking into account the large capacitance of detectors. (HOSHIN
pre-amplifiers were used for other SSD’s.) Output signals of the pre-amplifiers were
transmitted to both timing-filter amplifiers (TFA) and shaping amplifiers (S-Amp).
The TFA outputs were sent to CFD’s (Phillips 715). Any output of the S-Amp was
sent to the Peak Sensing ADC (LeCroy 3351) and one of the CFD outputs was sent to
the TDC system (TFC+FERA). An SSD OR signal was generated when there existed
at least one CFD output, which was used as the trigger in the SSD test mode (see
Fig. 2.7). Even in the decay measurements, a GR+LAS coincidence trigger started
the data acquisition system, while a coincidence signal of an SSD OR and a GR+LAS
trigger was used only for the gate of the 3351 ADC'’s.

2.3.4 Data acquisition system

A schematic view of the data acquisition (DAQ) system [66, 67] is shown in Figs. 2.12
and 2.13. The characteristics of this DAQ system is that the CAMAC actions are
excluded in the data readout flow and that the VMIC 5576 reflective memory modules
(RMb576) with fiber-optic link are used for the data transfer from the front-end parts
in the experimental room to the online computer system in the counting room. A data
acquisition rate of ~1 MByte/sec has been achieved. In the present measurements,
the DAQ system dealt with the data from the GR-MWDC’s, the GR-scintillators,
the LAS-MWDC’s, the LAS-scintillators, and the SSD-ADC'’s, separately.

The data flow in the DAQ system was as follows:

e An event header, an event number, and input register words were attached to
the data of each line before the data transfer using a special module, named
Flow Controlling Event Tagger (FCET) [68]. These were conveniently used in
the subsequent event reconstruction.

e The digitized data from each line were transferred in parallel via the ECL buses
to high speed memory modules (HSM) in a VME crate without software man-

agements.

e Each line had two HSM’s, which worked as a double-buffer and reduced the
dead time in transferring buffered data.
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Figure 2.11: Circuit diagram for the SSD-Ball system.
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Figure 2.12: Schematic view of the data acquisition system in the experimental room.
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Figure 2.13: Online computer system for the data acquisition in the counting and
computer rooms. The DEC computer systems was replace by the IBM system in the
neutron decay measurements.

e The stored data in the HSM’s were moved to a RM5576 through the VME bus by
an MC68040 based CPU board, and the data of the RM5576 was automatically

copied to another RM5576 in the counting room through the link of optical
fiber cables.

e A SUN work station read the data from the RMb5576 and transferred them to
a DEC Server/4100 work station via the FDDI line.

e Finally, the data was stored in the large hard disk connected to the work station.
The event reconstruction and online data analysis were also performed on this

computer.

The online work station was replaced after the first beam time. Then, in the next
neutron decay measurements, an IBM work station was used as the main computer. A
typical dead time for an event was less than 30 ps. In the present decay measurements,
the rate of the GR4+LAS coincidence trigger was usually less than 100 Hz and, then,
the live time of the DAQ system was more than 98 %.
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Figure 2.14: Side view of a BC-501A neutron detector.

2.4 Measurements of neutron decay

2.4.1 Neutron detectors

In the second beam time, we measured neutron decay of the s-hole state produced
by the (p,2p) reaction, using a neutron multi-detector array system at RCNP [65].
Owing to the restricted beam time, the measurements were carried out only for the 160
target. The neutron detector array was similar to that of EDEN [69] and consisted of,
at maximum, forty-eight BC-501A liquid organic scintillation counters. In the present
experiment, thirty BC-501A scintillators were used, because some of the readout
circuits were out of order.

Each neutron detector has a scintillator cell with a diameter of 20 ¢m and a
thickness of 5 ¢cm, which is connected to a Hamamatsu H4144 57 PMT through a
Pyrex glass window. The scintillating liquid in the BC-501A detector was made of
aromatic hydrocarbon (H:C=1.212:1) and was contained in the cylindrical aluminum
cell, the inside of which was coated with MgO. A schematic view of a neutron detector
is shown in Fig. 2.14.

The BC-501A detector is characterized by the fast response which is suitable to
time-of-flight (TOF) measurements and by the good pulse shape discrimination prop-
erty. The difference of the pulse shape between neutrons and y-rays is accounted as
follows: Some materials like the BC-501A scintillating liquid exhibits a substantial
slow component in the pulse shape, while the light emission of most scintillators is
dominated by a single fast decay components. A high dE/dx particle increases the
slow component, because it produces a high density of excited molecules and increases
intermolecular interactions which hinder the normal singlet internal degradation pro-
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Table 2.7: Specifications of the BC-501A liquid scintillator.

Cell size 200 mm¢x 50 mm"
Cell material aluminum

Optical window Pyrex glass
Photomultiplier tube Hamamatsu H4144-01
H/C (atomic ratio) 1.212

Wave length of maximum emission 425 nm

Decay time (short component) 3.2 nsec

cess. Neutrons are detected by mainly scattering of protons while v-rays interact
through the usual, Compton, photoelectric, and pair creation processes which pro-
duce energetic electrons. Thereby, the slow component is enhanced in the neutron
detection. The result of the neutron-y discrimination in the present experiment will
be given in § 3.4.2.

Specifications of the BC-501A neutron detector are shown in Table 2.7. The
properties of the BC-501A is almost the same as those of the old familiar NE213
detectors [70]. Thus, in the Monte-Carlo simulation to obtain the neutron-detection
efficiency, we substitute the NE213 liquid scintillator for the BC-501A (see § 3.4.1).

2.4.2 Detector setup

A schematic view of the setup of neutron detectors and a small scattering chamber
is shown in Fig. 2.15. Five neutron detectors were mounted in a steel frame with
aluminum spacers adjusted to look toward the target. On the left side of the beam
line, six frames were placed at a distance of 2.0 m from the target with the relative
angle of 11.25° between neighboring detector frames. A photograph of the neutron
detector array is also shown in Fig. 2.16.

Since the wall of the standard scattering chamber was very thick (5 cm aluminum),
low energy neutrons emitted from the target would be largely absorbed if we used
it. For the neutron and ~-ray measurements, we have newly constructed a small
scattering chamber made of stainless steel with a wall thickness of 4 mm. Charged
particles decaying at backward angles from the target almost stop in the wall up
to the energy of 50 MeV even for protons. Therefore, no counters for the charged-
particle veto were prepared in front of the neutron detectors. In order to reduce the
energy losses of protons entering the spectrometers, the scattering chamber had two
windows on both side of the beam line which were gas-sealed by thin aramid films.

The scattering angles between 20° and 80° were covered. Extension pipes, whose ends
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Figure 2.15: Setup of neutron detectors and a small scattering chamber. Nal(Tl)
detectors are also placed near the scattering chamber for detecting y-rays.
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Figure 2.16: Photograph of the neutron-detector array.

were also gas-sealed, were attached to the entrances of both spectrometers.

The deexcitation y-rays from the hole states of N is also interesting in the relation
to the nucleon life-time measurements in water Cerenkov detectors. Therefore, three
sets of Nal(Tl) y-ray detector arrays were prepared simultaneously in the neutron
decay measurements. Each ~-detector array consisted of nine 5 cmx5 ecmx15 c¢cm
Nal(T1) scintillators as shown in Fig. 2.17. Since the y-decay data are being analyzed
by another group, the y-decay results will not been presented in this paper.

)

_——

150mm

>
150mm

Figure 2.17: Schematic view of a set of 3x3 Nal(T1) detectors.
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2.4.3 H-O0 ice target

In the measurements of neutron decay, the thickness of the target is not a serious
problem but the detection efficiency and the solid angle are, in general, small com-
pared to the charged particle decay measurements. If one use a chemical compound
like SiO9, separate measurements for the ’contaminant’ target are needed to extract
the oxygen events. This procedure often deteriorates the statistics and quality of
spectra. Therefore, in the present experiment, we adopted an H,O ice sheet as a
background-free oxygen target, which was recently developed by Kawabata et al. [71]
for the %0(p,p’) scattering at forward angles including 0° [72]. The hydrogen con-
taminants were out of the GR momentum range in the present kinematical setting
for the °O(p, 2p) reaction.

Two self-supporting ice sheets made of pure water were mounted on the target
holder (see Fig. 2.18) and put in the scattering chamber. The ice targets were cooled
down to below 140 K by liquid nitrogen (LNz). The loss of the target material by the
sublimation process is negligible at this temperature under the vacuum (<1073 Pa). A
schematic view of the target cooling system is shown in Fig. 2.19. LN, was periodically
transfered from the large LN5 container to the reservoir connected to the target holder
by using an automatic feeding system. The vertical position of the target was remotely
changed. The thickness of the ice target used in the experiment was about 40 mg/cm?
with the uniformity of ~10 %.

2.4.4 Readout system of neutron detectors

The energy of a decay neutron was measured by means of the time-of-flight (TOF)

method. The following three kinds of information are needed:

e Flight time from the target to the neutron detector, which determines the ve-
locity of the particle.

e Pulse shape discrimination (PSD) for the separation of neutrons and ~-rays.

e Light-output information corresponding to the detection threshold, because the

efficiency is dependent on this threshold energy.

A block diagram of the readout electronics of the neutron detectors is shown in
Fig. 2.20. Any output of photomultiplier tube (PMT) was first divided into two
signals and one was discriminated by a CFD (LeCroy 3420) and another was sent to
a charge sensing ADC (Pantechnik QDC1612F) module. One of the CFD outputs was
transmitted to a TDC (Pantechnik TDC812F). Another output of the CFD was sent
to a gate-and-delay generator (GDG: CAEN C469), which generated two independent
gates for each input. These two outputs were sent to the QDC1612F as a fast gate
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Figure 2.18: Photograph of the ice targets. Fach ice sheet built on aluminum foil
with a hole (~10 mme) is mounted on a copper frame.

and a slow gate. The input charge to the QDC1612F was internally divided into two
signals (1/6 for the fast gate and 5/6 for the slow gate), and separately converted
to create two ADC spectra. The gate timings and widths against the corresponding
analog input should be adjusted so that the neutrons and ~y-rays are well separated
in the two-dimensional spectrum of the fast-ADC versus the slow-ADC. We adopted
the same time sequence as that optimized in Ref. [65], which is shown in Fig. 2.21.

The first delay from each neutron detector was adjusted to coincide with the
GRA+LAS trigger. The CFD worked only during the 500 nsec after the GR+LAS
trigger was generated. Because of the path differences in the spectrometers from the
target to the focal planes, the trigger timing did not precisely reflect the reaction time
at the target. The beam frequency is determined by the radio-frequency (RF) of the
AVF cyclotron. Thus, we used the AVF-RF timing, after adjusting the delay to coin-
cide with the GR+LAS trigger, as the start signal of the TDC’s for the convenience
of subsequent data analysis. The usual RF value is 16.845 MHz for the 392 MeV
protons corresponding to the interval of RF pulses of only 59.36 nsec, where the low
energy neutron events less than 6 MeV would overlap with the events of next beam
bunch in the TDC spectrum. In the present measurements, the beam was reduced
by 1/3 with the pulsing magnet between the AVF and Ring cyclotrons so that the
bunch interval became 178.1 nsec, which was usable enough for the neutron energy

above 0.6 MeV without overlapping.
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Figure 2.19: Schematic view of the target cooling system installed on top of the
scattering chamber. (The figure is taken from Ref. [71].)
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Figure 2.22: Schematic view of the additional part of the data acquisition system for
the neutron detectors. (See Fig. 2.12.)

The data from neutron detectors were transfered to the HSM in the VME through
the ECL bus, after adding an event header and an event number like other data in
Fig. 2.12. Here, only the additional part of the data acquisition system to Fig. 2.12 is
shown in Fig. 2.22. The SSD line in Fig. 2.12 was also used for the Nal(T1) detectors.



Chapter 3

Data analysis and results

3.1 Analyzer program

A program code for the data analysis has been developed, which is called “Yosoi-ana’
and widely used for analyzing experimental data obtained at RCNP using GR and/or
LAS spectrometer system. This code is used in both the online and offline analysis
almost in the same manner. The program first reads a configuration file for spectrum
definitions and gate conditions that users need to modify in advance and analyzes a
series of data following the instruction of a job-control file. The analyzed results are
stored in an HBOOK [73] file and graphically displayed using the program PAW [74].

The data analysis was mainly carried out by using the central computer system
at RCNP, namely, old DEC/4100 system and new IBM RS/6000SP system. A part

of the analysis was made on PC-Linux computers.

3.2 Energy spectra of (p,2p) reactions

3.2.1 Plastic scintillation counters

Since particles entering a spectrometer with the same p/Z (momentum/charge) reach
the same position at the focal plane, one need to know what kind of particles is coming
to the focal plane by using the focal plane detectors. Particle identification was made
with the pulse-height information of trigger plastic scintillators (PS1(2) of GR and
PS1(2)-u,m,d of LAS). The energy loss of a charged particle in a scintillator depends
on its charge (Z), mass (M), and energy (F) as described well by the Bethe-Bloch
formula, which is roughly proportional to M Z?/E. Thus, the energy loss (AFE) spec-
trum can be used for the particle identification. (For example, AE(p):AE(d):AE(t)~
1:4:9 for the same momentum.)

The primary scintillation photons produced in each scintillator, which were pro-
portional to AFE, were detected by PMT’s attached on both sides of the scintillator.

39
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Figure 3.1: Geometrical mean of the pulse-height signals of the left and right PMT
outputs from the trigger scintillator (GR-PS1).

Owing to the absorption in the material of the scintillator during the transmission,
the photon intensity is attenuated as a function of position z as follows:
x

I(z) = Iyexp <—7> , (3.1)

where [ is the initial photon intensity and [ is the attenuation length of the material.
When the total length of the scintillator is L, the photon intensities at both ends are
I(x) and I(L — ), respectively. The outputs of the left and right PMT’s (P and Pg)
are independently proportional to I(z) and [(L — ). If we calculate the geometrical

mean of the outputs of two PMT’s as

P, =+\/Py-Proc\/I(x)-I(L —x) = Iyexp (-%) : (3.2)

P,, is independent of the position x and proportional to initial intensity I, i.e. pro-

portional to AFE. Strictly speaking, the coefficient of the linear relation between I
and AF is dependent on the type of particle [75] and, moreover, Eq. (3.1) should
be slightly modified near PMT’s due to another light component with a different
attenuation length. However, P,, calculated with Eq. (3.2) was enough to separate
protons and deuterons in the present experiment. A sample spectrum for the particle
identification in GR-PS1 is shown in Fig. 3.1, where the events in the channels below
350 ch were selected as protons.

The time difference of two PMT’s on the both sides of each scintillator also gave

rough information on the hit positions with the resolution of ~1 c¢m, which were
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always used for the check of the event consistency between the data of scintillators
and those of the MWDC’s.

3.2.2 Multi-wire drift chambers

The trajectories of charged particles entering the focal planes of both spectrometers
were determined with the GR- and LAS-MWDC’s. As shown in Fig. 2.5, the position
p of an incident charged particle at an anode plane of the MWDC's is determined
from the drift lengths, d; 1, d;, - - - of at least more than two wires in the same cluster.
(Here, a cluster means that it has at least two adjacent hit wires. Since the X- and ~-
rays mostly hit only one wire, background events by photons can be much excluded.)
For example, when |d;| is the minimum in a cluster with three hits, the position p is
simply calculated as

di—1 + diy1

G T g S0, d; .
di_l — di+1’ ( 1> 0 +1 < 0) (3 3)

p=pi +lws

where p; is the position of i-th wire, [yys is the sense wire spacing, and a negative
value is taken for d;;; because electrons moving to (i—1)-th wire and (i+1)-th wire
drift in the opposite direction. In the standard setting of both the GR- and LAS-
MWDC’s, particles with correct trajectories usually hit more than three sense wires,
except for the events with small scattering angles in the region of the low momentum
end of the GR focal plane. The incidence angle () are also roughly estimated by
tan 0= (diq —di1)/2lws with the angular resolution of about 2°.

A typical TDC spectrum for the X-plane of GR-MWDCI1 is shown in Fig. 3.2(a).
The drift velocity is almost constant but it considerably deviates near the sense wires
due to the steep gradient of the electric field. Since the TDC value only gives the
drift time of each wire, one must convert this to the drift length. The so-called z-t
calibration was made for each wire plane in the following conditions using the real
data taken in the present measurements:

e The histogram of drift length should have a flat distribution up to the anode-

cathode gap of 10 mm for the continuum excitation spectrum without sharp

peaks.

e The residual distribution defined as
di—1 + dit1
2

should be sharply distributed around zero for the correct a-t curve.

Res = —d,;, (3.4)

The 2-t curve obtained for the X-plane of GR-MWDCT is shown in Fig. 3.2(b). Except
for the region of the drift length less than 2 mm, x-¢ relation was almost linear with

the drift velocity of 48 pm/nsec.
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Figure 3.2: (a) TDC spectrum for the X-plain wires of GR-MWDCIL. (b) z-t curve
for the conversion of drift times into drift lengths.
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The residual distribution gives a good index of the position resolution of each
plane of the MWDC’s. A two-dimensional scatter plot for the residual distribution is
shown in Fig. 3.3(a), where the vertical axis denotes half of the distance from the sense
wire, and a projected residual distribution is shown in Fig. 3.3(b) for the X-plane of
GR-MWDCI1. The residual resolution of 330pum (FWHM) was obtained. (For all
planes of the GR- and LAS-MWDC'’s, the resolutions were less than 380um.) The
TDC time resolution of 1 nsec corresponding to ~50um contributed little to the total
resolution. The position resolution dp is dependent on the incidence angle and mostly
better than the residual resolution because the intrinsic resolution dd; of each wire is
\/6/ 3 of the residual distribution, which is easily deduced from Eq. (3.4). Since the
correction was not perfect near the sense wires as seen in Fig .3.3(a), the least square
method with all hit wires was not used in determining the position p but Eq. (3.3)
was employed in the present analysis. (In the 2-hits cases at the low momentum side
of GR, the position was determined as p=p;+lwsd;/(d;—d;11).)

The efficiency of each wire was also estimated as

Ni_14i+1 (3.5)

€; =
Ni—l,i+1

where N;_1 ;41 is the number of events when three adjacent (i—1,i,i+1)-th wires hit,
while V;_1 ;11 is the number for the hits of only (i—1)-th and (i+ 1)-th wires. The
mean hit efficiency was 99.8 % for all planes of the MWDC’s. The position resolution
of about 300um corresponded to an energy resolution of 7 keV at F,= 265 MeV for
GR and 10 keV at E,= 88 MeV for LAS, which was much smaller than the energy
spread of the beam (~250 keV) in the present experiment.

3.2.3 Track reconstruction

Two sets of X and U positions of anode planes can completely determine the three
dimensional trajectory of the charged particles. The wire configurations of the X-
planes and U-planes of the GR- and LAS-MWDC’s are shown in Fig. 3.4 and the
relative positions of four anode planes at the focal plane is shown in Fig. 3.5 with their
coordinate systems. We define two coordinate systems: the central-ray coordinate in
which the z-axis is the momentum direction of the central ray and the focal-plane
coordinate in which the z’-axis is perpendicular to the anode planes of the MWPC'’s.
Here, the z()-z() plane is the median plane of the spectrometer. In both coordinate
systems, the center of the X1-plane is taken as the origin. In the focal-plane coordinate
system, the horizontal and vertical positions (z',y’) and angles (0, = Z—f,’, 0, = j—g) of
an incident particle are calculated from pu1, pu1, P22, and pyus. that are obtained using
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Figure 3.3: Position resolution for the X-plain of GR-MWDCI. (a) Scatter plot for
the check of the z-t calibration, where d(i—1), d(i), and d(i+1) indicate the drift
lengths for the (i—1)-, i-, and (i+1)-th wires, respectively, in which the i-th wire
has the minimum drift time. Here, d(i+1) takes a negative value (see Fig. 2.5).
(b) Residual distribution obtained from projecting the spectrum (a).
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Figure 3.4: Wire configurations of the X-plane and U-plane of the MWDC’s. The
tilting angle and the spacing of sense wires in the U-planes are different between the
MWDC’s of GR and those of LAS.

Eq. (3.3).

tan elz = (pa:2 - pwl)/LD07 tan 9;, = (pu2 - pul)/LDC'a
tan®!  tan@,
Y tanty  siny
Ty = DPal, Uy = Pul — 2., - tan @,
, To  Ug
tany  sin®’

where Lpc=2,,—z. =21 ,—2 1 is the distance of two MWDC’s, 9 is the tilting angle of
U-planes, and z{ (y;) is the horizontal (vertical) position at the z’=0 plane. Lpc was
250 mm for GR and 164 mm for LAS. When the position resolution dp is 300 pum and
the multiple scattering effect is neglected, the horizontal angular resolution is given
as (0.3v/2/250)- cos? Ogr ~ 0.85 mr for GR (fgr &~ 45°) and (0.3v/2/164)- cos® O as~
0.89 mr for LAS (fpas =~ 54°), respectively. The vertical position and angular resolu-
tions are worse compared to horizontal ones by x1.7 for GR and x2.6 for LAS.

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

0, = 0.—Ovne, (3.10)

tanf, = tan6, cosOypc, (3.11)

where Oy pc is the tilting angle of the MWDC’s (45° for GR and 54° for LAS). Using
the ion-optical matrix, one can trace these angles back to the scattering angles on
the target. The focal plane of GR almost agreed with the X-plane of MWDCI1, and
small aberrations were empirically corrected by looking at some two-dimensional plots
like an x-0, correlation spectrum. In the case of LAS, the momentum deviation and

scattering angle relative to the central ray was obtained from the trajectory at the
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Figure 3.5: Coordinate systems for the ray-tracing with two MWDC'’s.

focal plane by calculating the 4th-order matrix. The matrix elements of LAS were
estimated in a Monte-Carlo simulation [77]. In the present analysis, we used the
matrix empirically modified by Noro with use of a sieve-slit calibration.

If an anode plane has more than two clusters, the position p is calculated for
every cluster. In the analysis, we required that all the anode planes have one cluster
or that only one plane has two clusters but the other three planes have one cluster.
Since vertical effective areas of the MWDC are not large owing to the double focusing
property of the focal plane, the x-position and wu-position in the same MWDC are
strongly correlated. Thus, more strongly correlated cluster was chosen in the latter
case.

The efficiency of each anode plane was calculated as follows:

1 = Nﬁiﬁiﬁiﬁiﬂ (3.12b)
N. E

ro = e ), (3120

O AN (120

where Npiguigr2eue(Fe) denotes the number of events in which the positions are suc-
cessfully determined in all four planes, and N,jgm0u2(E2) is the number of events

in which the position determination only for the X1-plane is failed, and so on. The
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time-difference spectra from the trigger scintillators can be used as a gate for roughly
estimating the position dependence, i.e., the F, dependence. The position depen-
dence of efficiencies was negligible in the present measurements. The efficiencies of 98

- 99 % were obtained for all planes. The overall tracking efficiency (€,1X€,1X€2X€42)

was 96 % for GR and 94 % for LAS.

3.2.4 12C(p,2p)!'B reaction

The energies of emerging two protons were determined from the focal-plane posi-
tion spectra of GR and LAS combining with the magnetic field strengths. A two-
dimensional spectrum of the proton energies measured with GR and LAS is shown
in Fig. 3.6(a) for the *C(p, 2p)* B reaction. Several locus lines with constant values
of E,(GR)+E,(LAS) are observed, which correspond to the states of B except for
a small contaminant locus of the ground state of 1°N. The excitation energy F, of
B is obtained from Eq. (2.2) using T1(=E,(GR)), To(=FE,(LAS)), and the recoil
energy Ts of ''B®). In the present experiment, T’ is very small, for example, T ~0.5
MeV even for k3=100 MeV /c. The calculated excitation spectrum of "B is shown
in Fig. 3.6(b). Several discrete states, such as the ground state (3/27) and the first
excited state (2.125 MeV, 1/27), are observed with the energy resolution of 450 keV
(FWHM). This resolution was mainly due to the energy width of beam itself and the
time fluctuation of the beam energy. The s-hole state is strongly excited in the higher
excitation energy region. The bump corresponding to the s-hole state in !B obvi-
ously shows some sub-structures. A similar structure could be seen in the spectrum
of the 12C(e, €'p)'' B experiment at F, = 0.5 GeV [76], although the statistics was not
enough to discuss the splitting of the s-hole state. The discussion on this structure
of s-hole state will be given in Chap. 4.

As already mentioned in § 2.4.4, the beam from the cyclotron has a bunch structure
with ~60 nsec periods. A TDC spectrum for the time difference between the trigger
signals of GR and LAS is shown in Fig. 3.7. Each peak corresponds to one beam
bunch. A prompt peak includes both the true and accidental coincidence events,
while other peaks only include the accidental coincidence events. Assuming the beam
has no micro-structures, namely, the same number of protons are included in all
beam bunches, the yield of only true coincidence events can be extracted by means
of subtracting the events of one of the accidental bunch from those of the true bunch.
In Fig. 3.6(b), the accidental events were already subtracted. In the charged particle
decay measurements, the accidental coincidence events in the prompt peak were ~1 %
of true coincidence events as shown in Fig. 3.7, while they were about 10 % in the
neutron decay measurements. The TDC spectrum like Fig. 3.7 must be taken into

consideration in the subtraction process of the accidental decay events. In the charged
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Figure 3.6: (a) Two-dimensional scatter plot of the energies of coincidence two pro-
tons measured with GR and LAS in the *C(p,2p) reaction at E, = 392 MeV. All
locus lines correspond to the states of 1B except for a small contaminant locus of the
ground state of N from the °O(p, 2p) reaction. (b) Excitation spectrum of B eval-
uated by the missing energy in the 2C(p, 2p) reaction after subtraction of accidental
coincidence events.
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Figure 3.7: TDC spectrum for the time difference between the GR and LAS trigger
signals in a measurement of the 2C(p, 2p) reaction.

particle decay measurements, however, we neglected this 1 % effects because the

statistical errors of decay particles were much larger than 1 %.

3.2.5 1°0O(p,2p)’N reaction

The excitation energy spectrum of N via the %0(p, 2p)!N reaction is obtained in
the similar way for the 2C(p,2p)''B reaction. In the charged particle decay mea-
surements, the SiO5 and Si targets were used, while the HyO ice target was employed
in the neutron decay measurements. In the latter, there was a large uncertainty in
the target thickness and the energy resolution was not so good partly due to the en-
ergy loss of the incident and emerging protons in the thick target. Thus, the energy
spectrum of N obtained in the first experiment is mainly used in the discussion.
Separation energy spectra of the SiOs(p, 2p) and Si(p, 2p) reactions are shown in
Fig. 3.8(a), where the horizontal axis is taken as the excitation energy of N and the
spectra below 8 MeV are multiplied by 1/10. The accidental coincidence events were
subtracted in the spectra. The spectrum for the Si(p, 2p)Al reaction is normalized by
the second 3/2% state of 27Al, because there are no states of 1°N in this energy region.
This normalization factor was consistent with the value that was extracted from the
total beam charges and the target thicknesses (listed in Table 2.6) within the errors.
The excitation spectrum of N obtained by subtracting the Si(p, 2p) spectrum from
the SiOq(p, 2p) spectrum is shown in Fig. 3.8(b). The bump around 16 MeV to 40
MeV is expected to correspond to the s-hole state in ®N, which also seems to have
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Figure 3.8: (a) Separation energy spectra obtained from the SiOy(p, 2p) and Si(p, 2p)
reactions. The energies are scaled onto the excitation energy axis of >N. The spectrum
for the Si(p, 2p) reaction is normalized by the second 3/2% state of 2"Al. (b) Excitation
spectrum of >N obtained by subtracting the energy spectrum of the Si(p, 2p) reaction
from that of the SiOs(p, 2p) reaction.
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sub-structures.
An identical spectrum was obtained in the second experiment using a HoO ice
target, if the difference of the energy resolution is taken into account (see Fig. 3.22(a)).

3.2.6 Cross sections and angular correlations

The differential cross section of the (p, 2p) reaction in the laboratory system is written

as
d*o B Y
A1 dQedE dEy  ngNp A AQ,AE, ABEqen’

where Y is the (p,2p) coincidence yield, n; is the total number of protons in the

(3.13)

incident beam, Ny is the number of target particles per unit area, € is the detection
efficiency, and 7 is the live time ratio of the data acquisition system. A2}, are the
solid angles of the spectrometers, and AF; 5 are the energy ranges. As mentioned
before, A2, 5 were slightly ambiguous because the entrance slits of both spectrometers
were fully opened in the coincidence measurements with decay particles. Therefore,
the measurements of the (p,2p) reaction with slits defining the solid angles of GR
and LAS to 2.4 msr and 12.0 msr, respectively, were separately performed for the
normalization of the absolute cross section. Moreover, the energy range of GR was
restricted within 12.5 MeV by the offline cut taking into account the small decrease of
the acceptance near the both edges of focal planes, while the data with the full energy
ranges of GR and LAS are used in the case of the decay analysis. Because the cross
sections of the discrete p-hole states are largely dependent on the acceptance in the
present kinematical setting, the s-hole yield of the excitation energy of B between
16 MeV and 35 MeV was used for the normalization in the *C(p, 2p) reaction. (The
yield of E,=16 to 40 MeV was used in the °O(p, 2p) reaction.) Although the cross
section of the s-hole state is very flat, the acceptance dependence was still corrected by
using the results of distorted wave impulse approximation (DWIA) calculations (for
the DWIA calculation, see § 4.2.1). The solid angle of LAS was studied in detail by
Okihana et al. [77] and they obtained averaged value of ~20 msr for the full opening
case. When using this value, the averaged solid angle of GR was estimated from the
above normalization procedure. The obtained value is ~4.3 msr, which agrees with
that used in Ref. [78].

The differential cross sections calculated with A€Q;=4.3 msr, A»=20.0 msr,
and AF;=12.5 MeV, are shown in Fig. 3.9 with AFE>=0.1 MeV bins for both the
2C(p, 2p)"'B and %O(p, 2p)'°N reactions. In Fig. 3.9(a), the portion of the small
oxygen contaminant seen in Fig. 3.6 was subtracted using the **O(p, 2p)'*N spectrum
(Fig. 3.9(b)). The systematic errors of the absolute cross sections are estimated to be

10 % to 15 %, which are due to the uncertainties of the target thicknesses (including
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Figure 3.9: Energy spectra of the differential cross sections of (a) 'B produced by
the 2C(p, 2p)*' B* reaction and (b) N produced by the %O(p, 2p)!°N* reaction at E,
= 392 MeV. Decay fragments from the hatched regions are mainly studied for both
the s-hole states.
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contaminant subtractions) and charge collections and the acceptance normalization
mentioned above. In the higher excitation energies, the detection efficiencies decrease
gradually in both reactions due to the finite momentum acceptance of the spectrome-
ters. Moreover, in the decay measurements, the decay particles were detected mostly
for the excitation energy above ~16 MeV. Therefore, the hatched regions of the s-hole
states in both Fig, 3.9(a) and (b) are studied in the decay analysis, which are further
separated into three regions in order to investigate the sub-structures of the s-hole
states.

In the second beam time, we also measured the angular correlation of the s-
hole state in the °O(p, 2p)'®N reaction for 30° < fpas < 65° corresponding to the
recoil-momentum dependence of —100 MeV /c to 150 MeV /c. At fpas= 60°, huge
background events originating in the p-p scattering from the hydrogen of the HoO
target reached the GR focal plane due to re-scattering in the spectrometer, although
the true p-p events come out of the momentum range. Thus, the 60° data was not
used in the analysis. Since the thickness of the HoO ice target has a relatively large
uncertainty, the angular correlations are scaled using the data at 0 as= 51.0°, where
the cross section is determined by normalizing the results in the first beam time. The
measured angular correlations will be shown in Fig 4.4 in § 4.2.2 together with the
results of the DWIA calculations.

3.3 Charged particle decay

3.3.1 Particle identification

Charged particles decaying from the s-hole states in "B and °N were detected by
the SSD-Ball system consisting of sixteen AE-E SSD telescopes. The gain factors of
the S-AMP’s for all the SSD’s were calibrated using a 2! Am a-source and the offsets
of the ADC’s were determined from the pulser data. Typical two-dimensional spectra
of AE versus AE+FE obtained for the 2C(p, 2p) reaction are shown in Fig. 3.10 for
both the telescopes with a thick AF (100 pm) and a thin AE (20 gm). In the set
with the 100 pm AF (Fig. 3.10(a)), the locus curves corresponding to p, d, and ¢
are clearly seen from the left-down side toward the right-up side and also the loci of
SHe and o can dimly be seen. On the other hand, in the set with the 20 ym AFE
(Fig. 3.10(b)), p, d, and t were not separated and the locus of « is seen in the upper
part with a weak 3He locus. These spectra includes accidental coincidence events
with several bunches in order to plot with enough statistics.

Since a few AE-F telescopes did not show the good two-dimensional spectra like
Fig. 3.10, six 20 pm AFE’s, five 100 pm AFE’s, and a 50 pum AFE were used in the
following analysis. Moreover some of the E-SSD’s were found to have much different
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Figure 3.10: (a) Two-dimensional scatter plot of the energy loss in a 100 pm AE-SSD
versus the summed energy in its AE-E telescope. (b) The same as figure (a), except
for a 20 pm AFE-SSD.

effective areas from the nominal values (450 mm?). We calibrated the actual effective
areas of the E£-SSD’s from the data of the gain calibration of the E-SSD’s that was
measured with the 2! Am a-source placed at the target point, i.e., the center of the
hemisphere frame. For the telescopes with the 300 mm? AE’s, the solid angles are
determined by the effective areas of AE’s. As the result, it was estimated with the
errors of about 5 % that the total solid angle of six sets of the AE-E telescopes with
the thin (20pm) AE’s used in the analysis was 161 msr and that of other six sets was
also 161 msr.

In order to identify decay particles, we calculated a useful value PI defined as

(E + AE)1'73 _ E1.73
(arb. factor)

Pl = X (small correction). (3.14)

Using this, the same particles have almost the same PI values independently of their
energy. Fig. 3.11(a) and (b) show a typical two-dimensional plot of AF versus PI
and a projected PI spectrum for a 100 pym AFE-FE telescope. A small correction
factor is determined so as to vertically straighten each locus of two-dimensional plot.
Three peaks corresponding to p, d, and t are well separated. In Fig. 3.11(c) and
(d), the similar figures are shown for a 20 yum AE-E telescope. The a events are

separated from the p, d, and t events but are not completely discriminated from the
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scatter plot of the energy of AFE versus PI and (b) its projection spectrum onto the
PI axis for a 100 um AE-SSD. (¢) and (d) are the same as panels (a) and (b),

respectively, except for a 20 pm AFE-SSD.
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Figure 3.12: (a) TDC spectrum after the pulse-height corrections for a 20 pm AFE-
SSD. (b) The same figure as (a), but for a 5 mm E-SSD.

3He events. The *He events are, however, almost vanished when we select the true
triple coincidence events, because the decay threshold energy of 3He is very high in
both B and '®N. In the analysis, the possible *He events are included in the o events.

As mentioned in § 3.2.4, accidental (p,2p) coincidence events in the prompt peak
of the TDC spectrum are only 1 % in the charged particle decay measurements and,
then, the true (p,2p) events can be selected by this prompt peak. Hence, we neglect
the 1 % (p, 2p) accidental coincidence because the statistical uncertainties of charged
particle decay events are much large compared to this 1 % effect. TDC spectra of
a 20 pm AFE-SSD and a 5 mm FE-SSD after selecting the true (p,2p) coincidence
events are shown in Fig. 3.12. These TDC spectra have already been corrected for
the pulse-height dependence of time by using the TDC-ADC correlations caused by
the time difference of particles with different energies. The ratio of the prompt events
to the accidental events is about 5. If we used the coincidence of the both the true
bunches in the AE- and E-TDC’s as a gate, the event with small energy deposit in
the AFE- or E-SSD would be excluded due to the threshold of the discriminator. In
the analysis, the true(4accidental) gate is defined as that the event is in the true
bunch of the AE-TDC, or in the true bunch of the E-TDC with no data of the AE-
TDC. The accidental gate for one of the other bunches is similarly defined as that
the event is in the corresponding accidental bunch of the AE-TDC, or in the same
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accidental bunch of the E-TDC with no data of the AE-TDC. For the subtraction of
the accidental events, we used the averaged number of events in the first and second
accidental bunches after the true bunch because the bunch just before the true bunch

might include true coincidence events with fast electrons.

3.3.2 Charged particle decay of the s-hole state in 'B

The energy spectra of 1'B in coincidence with decay particles are shown in Fig. 3.13(a).
Accidental coincidence events were subtracted. The threshold energies (Ey;,) of 2-body
decay from 'B to the channels 1°Be+p, “Be+d, 8Be+t, ®Li+*He and “Li+a are 11.2,
15.8, 11.2, 27.2 and 8.7 MeV, respectively. The 3He-decay events, which are hardly
expected due to its large threshold energy, are included in the a-decay portion as
mentioned before. It is apparent in Fig. 3.13(a) that the triton contribution is the
largest, although the @-value is smaller than that of a-decay.

If the momentum of ''B* with an excited energy of E, is 0 MeV/c, the energy of
a decay particle (Eq.,) is given by

Mdcy
Miey + M*

res

Egey = (E; — Ew), (3.15)

where mg., is the mass of the decay particle and M, is the mass of the residual
nucleus including the excitation energy.

The panels (a), (b), (¢) and (d) in Fig. 3.14 show four two-dimensional spectra of
the energies of p-, d-, t- and a-decay particles versus the excitation energy F, of 1B,

*
res

where the lines calculated using Eq. (3.15) for the ground state ( M,.5) are also
shown. The loci corresponding to the ground states in the residual nuclei are clearly
observed in all spectra. The projection spectra onto the excitation energy axes of
the residual daughter nuclei are shown in Fig. 3.14(e), (f), (g) and (h). The peaks
populating low-lying states up to the excitation energy of about 5 MeV in each nucleus
indicate that those events occur mainly through a binary decay process, while events
in the higher excited region include the 3-body decay and sequential decay processes.
The energy resolution of the ground state peak of 1°Be is 1.1 MeV (FWHM) and the
resolution gradually worsens as the mass of the decay particle increases. These values
are much larger than the energy resolution of the (p,2p) reaction (450 keV) and also
than the resolution of SSD’s (<50 keV for the 5.5 MeV « particles). The main part
of the above resolution comes from the small recoil momentum of "B distributed
around zero, and a part of it is due to the energy loss of the decay particle in the
target.

The experimental differential cross sections and the branching ratios of decay

particles are listed in Table 3.1. The excitation energy region is restricted to the
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Figure 3.13: (a) Excitation energy spectra of "'B in coincidence with decay charged
particles. The contributions of the p-, d-, t- and a-decays are separately shown.
(b) The same figure as (a), but for the decay onto the ‘2-body decay’ regions (see
text).
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Figure 3.14: The left side panels show two-dimensional plots of the energies of the
decay particles versus the excitation energy E, of 'B for (a) p-, (b) d-, (¢) t- and
(d) a-decay channels. The locus lines for the ground states in the corresponding
residual nuclei are shown. The right side panels display separation energy spectra for
the final states of (e) 1°Be, (f) ?Be, (g) ®Be and (h) "Li obtained from projecting events
in panels (a), (b), (¢) and (d) onto the excitation energy axes of the residual nuclei,
respectively. The threshold energies of the 3-body decay channels are indicated.
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Table 3.1: Measured differential cross sections of the s-hole state in 'B and the
branching ratios of decay particles are listed. Only statistical errors are shown. The
branching ratios of the decay onto the ‘2-body decay’ regions are given in parentheses
(for further details see text).

E,(MB)  d%0/dQ1dQqdE T Branching ratio (%) *
(MeV) (ub/sr? MeV) P d t «
16 — 35 128.7 11.740.6 6.5+0.4 18.64+0.6 16.8+0.6

( 85+0.5 5.3+0.3 16.4+£0.6 7.7£04 )
16 — 20 36.3 13.6+1.1 0.0£0.04 9.1+£0.8 11.3%1.0

( 13.6+1.1 0.0£0.04 9.1+£0.8 11.1+1.0 )
20 — 26 48.9 9.7+0.9 7.4+0.6 23.3£1.1 15.5%+1.0

( 8.240.8 7.4+0.6 22.6£1.1 9.34+0.8 )
26 — 35 43.5 12.3+1.0 11.0£0.9 21.44+1.1 23.1+1.3

( 44406 7.440.7 15.6+1.0 3.1+£0.5 )

T The normalization errors due to the uncertainties of the target thickness and the
acceptances normalization and the charge collection are estimated to be about 10 %.
! Lower limits of the detection energies are 3.1, 4.0, 4.6 and 4.5 MeV for p, d, ¢t and
a, respectively.

range between 16 MeV and 35 MeV, because high energy protons above 35 MeV
decaying to the ground state of 1Be were not detected due to the small energy losses
in the AE-SSD. The branching ratios are calculated on the assumption that the decay

from the s-hole state is isotropic:

. fﬂz (47T/AQSSD) dEx

Br;
" [N dE,

it =p,d,t and a, (3.16)
where N is the number of events of the '>C(p,2p) reaction, n; is the number of
particles detected for i-decay and E, is the excitation energy of *'B. The sum of the
branching ratios including that of n-decay can exceed 100 % if the decay multiplicity
is more than 1. Thus, the n-decay probability can not be estimated unambiguously
from the results of the present charged particle decay measurements. The branching
ratios of the decay to the low-lying states of the residual nuclei are also calculated.
The ‘2-body decay’ region in each decay channel is defined as E,(res) < Max(5 MeV,
Eu(3-body)), where E,(res) indicates the excitation energy relative to the ground
state and Fiy,(3-body) denotes the threshold energy of particle decay in the residual
nucleus. The energy spectra in coincidence with decay particles in the ‘2-body decay’
regions are shown in Fig. 3.13(b). It is clearly seen that the portion of a-decay from

the higher excitation energies is much reduced. It should be noted that, for particles
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with small Fy,(3-body), the 3-body decay and sequential decay processes are partially
included in the ‘2-body decay’ region defined above. Taking the sub-structures around

the s-hole state into consideration, we separately evaluated the branching ratios for
three excitation energy regions of 16-20, 20-26 and 26-35 MeV in ' B (see Table 3.1).

3.3.3 Charged particle decay of the s-hole state in °N

The energy spectra of N in coincidence with decay charged particles are shown in
Fig. 3.15(a). Accidental coincidence events were subtracted. The threshold energies
of 2-body decay from N to the channels *C+p, 3C+d, 2C+t, 2B+3He and "B+«
are 10.2, 16.2, 14.8, 28.2 and 11.0 MeV, respectively. The 3He-decay events are also
included in the a-decay portion. As seen in Fig. 3.15(a), the a contribution is very
small even in the higher excitation region.

The panels (a), (b), (¢) and (d) in Fig. 3.16 show four two-dimensional spectra of
the energies of p-, d-, t- and a-decay particles versus the excitation energy F, of 1°N.
The loci corresponding to the ground states in the residual nuclei are very weak in all
spectra, which is totally different from the decay of !B where the loci of the ground
states are very clear. The projection spectra onto the excitation energy axes of the
residual daughter nuclei are shown in Fig. 3.16(e), (f), (g) and (h). The peaks due
to binary decay processes are populating low-lying excited states up to about 3-body
decay threshold energy in each nucleus, except for a-decay.

The experimental differential cross sections and the branching ratios of decay
particles are listed in Table 3.2. The branching ratios are calculated using Eq. (3.16).
The excitation energy region is restricted to the range between 16 MeV and 40 MeV.
Although high energy protons above 35 MeV decaying to the ground state of *C
were excluded due to the small energy losses in the AFE-SSD, it is not expected from
Fig. 3.16(a) that there exist significant decay events on the ground state locus at
higher energies. The branching ratios of the decay to the low-lying states of the
residual nuclei are calculated similarly in the case of 'B. The ‘2-body decay’ region
in each decay channel is defined as F,(res) < Max(8 MeV, Ey,(3-body)). The 3-
body decay and sequential decay processes are almost excluded in the ‘2-body decay’
region, except for d-decay with the 3-body decay threshold energy of 5.0 MeV. The
results of neutron decay described in the next section are also included in Table 3.2.

The energy spectra in coincidence with decay particles in the ‘2-body decay’ re-
gions are shown in Fig. 3.15(b). The portion of t-decay from the higher excitation
energies seems to be relatively enhanced. We separately evaluated the branching ra-
tios for three excitation energy regions of 16-20, 20-30 and 30-40 MeV in N (see
Table 3.2). In the first region, however, d- and t-decays could not be measured due
to the lower limits of the detectable energies.
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Figure 3.15: (a) Excitation energy spectra of >N in coincidence with decay charged
particles. The contributions of the p-, d-, t- and a-decays are separately shown.
(b) The same figure as (a), but for the decay onto the ‘2-body decay’ regions (see
text).
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Figure 3.16: The left side panels show two-dimensional plots of the energies of the
decay particles versus the excitation energy E, of N for (a) p-, (b) d-, (¢) t- and
(d) a-decay channels. The locus lines for the ground states in the corresponding
residual nuclei are shown. The right side panels display separation energy spectra for
the final states of (e) 1*C, (f) 3C, (g) 2C and (h) B obtained from projecting events
in panels (a), (b), (¢) and (d) onto the excitation energy axes of the residual nuclei,
respectively. The threshold energies of the 3-body decay channels are indicated.
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Table 3.2: Measured differential cross sections of the s-hole state in N and the
branching ratios of decay particles are listed. Only statistical errors are shown. The
branching ratios of the decay onto the ‘2-body decay’ regions are given in parentheses
(for further details see text).

E.(PN)  d3c/d0dQydET Branching ratio (%) *

(MeV) (ub/sr? MeV) n P d t a

16 — 40 148.1 48.442.9 16.7£1.1 84405 7.6+0.4 4.34+0.6
(221420 51407 61404 6.14£0.4 24405 )

16 — 20 19.0 39.1£6.7  8.74+3.0 0.0£0.1  0.0£0.1 0.6£1.2
( 39.14£6.7 874£3.0 0.04£0.1 0.0£0.1 0.6+1.2 )

20 — 30 67.4 37.843.9 16.0+£1.5 7.840.7 6.14+0.6 3.840.8
( 242431  7.5+1.1  7.840.7 6.1+£0.6 3.6+0.8 )

30 — 40 61.7 62.544.9 19.941.7 11.841.0 11.740.8 6.1£1.1

( 149427 14405 6.1+£0.7 8.0+£0.7 1.5+£0.6 )

T The normalization errors due to the uncertainties of the target thickness and the
acceptances normalization and the charge collection are estimated to be about 15 %.
! Lower limits of the detection energies are 3.2, 3.1, 4.0, 4.6 and 4.5 MeV for n, p. d,
t and a, respectively.

3.4 Neutron decay

3.4.1 Efficiency of neutron detectors

In the second beam time, neutron decay of the s-hole state in '®N produced via the
160 (p, 2p) reaction was measured with the thirty BC-501A liquid scintillators. The
neutron energy F, is determined by means of the time-of-flight (TOF) method as

follows:
9 1

N VT (Lror /)

where m,, is the neutron mass, ¢ is the light speed, Lror is length from the target

—1], (3.17)

E,=m,

to the neutron detector, and t, is the flight time of a neutron. ¢, is given by the
information on the time difference ¢ between the neutron and ~y-rays as t,=t,+0t,
where t, is the flight time of y-rays (t,=Ltor/c). 6t is obtained from the TDC
spectrum. All channels of the TDC’s for the neutron detectors were calibrated with a
time calibrator module. The linearities of the TDC812F’s were slightly bad and the
time-to-channel relations were fitted with third-order polynomials.

The efficiency and the n-vy separation of the neutron detector are dependent on FE,,.

We did not intend to detect neutrons with very low energies less than 2 MeV because,
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in the charged particle decay measurements, the lower limits of the detection energy

were more than 3 MeV even for protons. The efficiency is strongly dependent on the

was adjusted in advance, using a Compton edge of the 662 keV ~-ray of 1¥7Cs, and
the hardware threshold was set at the electron equivalent energy of ~200 keVee. The
precise value of the threshold was determined by using the several background 7-rays
and 4.44 MeV ~-ray obtained from the >C(p, p')'2C*(27) inelastic scattering, which
were measured several times during the experiment. The gain shifts of the neutron
detectors in the experiment were negligible. ADC spectra for the 0.662 MeV ~-ray
of 1¥7Cs, the background 7-rays (0.835 MeV of **Mn, 1.46 MeV of K, 2.75 MeV of
?Na), and the 4.44 MeV ~-ray from the 2C*(2%) state are shown in Fig. 3.17(a),
(b), and (c), respectively, where the corresponding Compton edges are 0.477 MeV,
0.639 MeV, 1.24 MeV, 2.52 MeV, and 4.20 MeV. 2*Na was produced by the neutron
capture reaction of 2*Na in the Nal(Tl) detectors.

There is a problem in the determination of the position of the Compton edge in
the measured spectrum, which might increase systematic errors. We followed the
prescription of Dietze and Klein [79] who gave the dependence of the Compton edge
position on the energy resolution of the detector. The relation of the ADC channels
with the Compton edge energies of y-rays is shown in Fig. 3.17(d) with a straight line
obtained from a least square fitting, where the energy shift of the 4.44 MeV ~-ray due
to the Doppler effects was corrected. From this relation, the threshold used in the
experiment was estimated as 220 keVee, since the light output for electrons is almost
linear for energies F. > 40 keV [80].

The efficiency is calculated using a computer code SCINFUL [81], where the neutron
interactions within the detector are simulated with Monte-Carlo techniques. The
calculated efficiency curves of the present neutron detector are shown in Fig. 3.18
for the three threshold energies, where the NE213 liquid scintillator is substituted
for the BC-501A. The efficiencies of two neutron detectors were checked after the
neutron decay measurements by using the low energy d+d —>*He+n reaction (see

Appendix A).

3.4.2 n-vy separation

Most of vy-rays entering a neutron detector from the target are concentrated on a
peak in the TDC spectrum corresponding to the time ¢,, which is called y-flash.
Some of ~-rays, however, come after the y-flash due to the finite life time of the
excited state. Moreover, there may be a lot of y-rays from other materials besides the
target such as the Faraday cup and the beam pipes. The pulse shape discrimination

in the neutron detector is, therefore, essential to separate neutrons from ~v-rays in the
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Figure 3.17: Energy calibration for the fast-gated ADC signals of liquid scintillators
by several Compton edges of y-rays. (a) ADC spectrum for 0.662 MeV ~-rays of 1*"Cs
source. (b) ADC spectrum for the background v-rays during the beam-off time in the
experiment. The y-rays of ?*Na produced by the neutron capture reaction of **Na, in
Nal(T1) detectors are seen with the y-rays of Mn and *°K. (¢) ADC spectrum for a -
ray coincidence measurement of 2C(p, p/)'?C(2%:4.44 MeV). Accidental coincidence
events are subtracted and all available ADC spectra are added in this spectrum.
(d) Relation of the ADC channels with the Compton edge energies of y-rays. The
energy shift due to the Doppler effect is corrected for the y-ray from the 2C(27)
state. Five points are fitted well with a linear function.
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Figure 3.18: Neutron detection efficiencies calculated with the code SCINFUL for three
threshold energies. The electron-equivalent energy of the detection threshold in the
present experiment is 220 keVee.

present measurements.

A typical two-dimensional spectrum of the slow-gated ADC versus the fast-gated
ADC is shown in Fig. 3.19(a). Two loci corresponding to neutron events and
events are clearly seen with a good separation. A proper projection of the two-
dimensional spectrum is displayed in Fig. 3.19(b), where the projection function is
determined to connect the center points of two loci at several ADC channels. For
the whole light-output energies above the present threshold of 220 keV, neutrons are
unambiguously selected. Since two of the neutron detectors did not show the good
n-y separation properties due to the problem of the electronics, we used twenty-eight
neutron detectors in the analysis.

A summed TDC spectrum for 15 neutron detectors with a gate of y-ray events is
shown in Fig. 3.20(a) and (b). ( Fig. 3.20(b) is the expanded spectrum around the
v-flash region.) A prompt peak and an accidental peak of y-flashes are displayed with
the interval of 178 nsec. The time resolution of 0.8 nsec is obtained from the ~-flash
peak, in which about 0.5 nsec is the resolution of the beam itself and the other is due
to the resolution of the detector system. The time resolution for the neutron detection
is determined by the above intrinsic resolution and the ratio of the detector thickness
to the flight path. In the present experiment, the latter (6L/L=5/200=0.025) is
dominant. The energy resolution is dependent on the neutron energy. For example,
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Figure 3.19: Pulse-shape discrimination (PSD) spectra of a BC-501A neutron detec-
tor. (a) Two-dimensional plot of the slow-gated ADC versus the fast-gated ADC.
(b) Neutron-vy separation spectrum obtained from the proper projection of the spec-
trum (a).
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Figure 3.20: (a) TDC spectrum of a BC-501A neutron detector for y-rays. The
interval between the beam bunches is 178 nsec. (b) Expanded spectrum of (a) around
the y-flash region. The time resolution is typically 0.8 nsec (FWHM).
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Figure 3.21: (a) TDC spectrum for the time difference between the GR and LAS
trigger signals in a measurement of the HoO(p, 2p) reaction. (b) TDC spectrum of a
BC-501A detector for neutrons. Random coincidence events are subtracted using the
prompt regions and accidental regions in both spectra (see text).

0F, is 600 keV for E,=10 MeV, and 1.4 MeV for E,=20 MeV.

3.4.3 Subtraction of the accidental coincidence events

In the neutron decay measurements, since the ratio of the accidental to the true co-
incidence in the (p, 2p) reaction with the HyO target was about 10 %, it should not
be neglected in the subtraction process of the accidental events of neutron decay. A
TDC spectrum for the time difference between the trigger signals of GR and LAS is
shown in Fig. 3.21(a). A prompt peak includes both the true and accidental coin-
cidence of GR and LAS, while other peaks only include the accidental coincidence
events. Here, we labeled the prompt peak as (T) and the accidental peak on the
both sides of (T) as (A1) and (A2). The spectrum for the *O(p, 2p)'°N reaction is
simply obtained from the gate condition of (T)-((A1)+(A2))/2. Fig. 3.21(b) shows a
summed TDC spectrum of 15 neutron detectors with a gate of neutron events. Using
the v-flash channels in Fig. 3.20(a), we can determine the prompt region (labeled
as (NT)) and the accidental region (labeled as (NA)). (NT) includes both the true
triple coincidence events and the accidental coincidence events. The ratio of the true

to the accidental coincidence is not so good. The accidental coincidence events in
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the prompt region were divided into some categories: only the event of the neutron
detector is accidental [N 4|, only the LAS event is accidental [L 4., only the GR event
is accidental [G 4], and the all three events are random [34.]. Some gate conditions
are defined using the combinations of (T), (A1), or (A2) in Fig. 3.21(a) and (NT) or
(NA) in Fig. 3.21(b) as follows:

] (T)®(NT) includes [31,]|+[Nac]+[Lac]+[Gacl+[3 4],
] (T)®(NA) includes [N 4.]+[3.4,
| (A2)®(NT) includes [L ac]4+[3 4],
[4] (A2)®(NA) includes [G ac]+[3 4],
] (A1)®(NT) includes [L ac]4+[3 4],
] (A1)®(NA) includes only [3 4],

where [37,] denotes the true triple coincidence. Thus, the accidental coincidence

events are subtracted with following relation,

3]+ [5]

B = [ - 2] - =

— 4] +2 x [6]. (3.18)

3.4.4 Neutron decay of the s-hole state in °N

An excitation energy spectrum of N of the O(p,2p)®N* reaction for the HyO
ice target is shown in Fig. 3.22(a). The energy resolution of 700 keV (FWHM) is
worse compared to Fig. 3.8(b) mainly due to the energy losses in the thick ice target.
Taking into account this difference of the resolution, the spectrum for the HyO ice
target agrees well with that obtained from the SiO, target after subtracting the Si
contribution. This ensures the correctness of the subtraction process in the previous
data.

The energy spectrum of ®N in coincidence with decay neutrons is shown in
Fig. 3.22(b). Accidental coincidence events were subtracted using Eq. (3.18). The
threshold energy of 2-body decay from '°N to the “N+n channel is 10.8 MeV.
Fig. 3.22(d) shows a two-dimensional spectrum of the energy of decay neutrons versus
the excitation energy E, of N and the projection spectrum onto the excitation en-
ergy axis of the "N is shown in Fig. 3.22(e). The peaks due to binary decay processes
are populating low-lying excited states up to about 3-body decay threshold energy.
The energy resolution of the ground state peak of N is 2 MeV (FWHM). Since
the tail of the peak just below the 3-body decay threshold goes above the 3-body
decay threshold energy due to the energy resolution, the ‘2-body decay’ region in
the neutron decay channel is defined as E,(res) < 8.2 MeV. The energy spectra in
coincidence with decay neutrons in the ‘2-body decay’ region is shown in Fig. 3.22(c).
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Figure 3.22: (a) Energy spectrum of N of the °O(p, 2p)!"N* reaction for the HyO
ice target. (b) Excitation energy spectrum of N in coincidence with decay neutrons
after subtraction of random coincidences. (¢) The same as (b), except for the decay
onto the ‘two-body decay’ region (see text). (d) Two-dimensional plot of the energy
of decay neutrons versus the excitation energy of N. A locus line for the ground state
n "N is shown. (e) Separation energy spectrum obtained from projecting panel (d)
onto the final states of N. The threshold energy of the 3-body decay channel is
indicated.
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Table 3.3: Transmission probabilities of the neutron flux for the wall (4 mm stainless
steel) of the scattering chamber. Three probabilities are calculated with the code
Mcnp [82]: the flux without collisions in the wall, the flux in which the loss of the
energy is only below 0.5 MeV, and the flux with the energy above 3.2 MeV.

E, fux-1 flux-2 flux-3
(MeV)  (no collision) (> E,—0.5 MeV) (>3.2 MeV)
3.5 0.886 0.963 0.962
5.0 0.882 0.953 0.962
10.0 0.898 0.952 0.972
15.0 0.917 0.953 0.974
20.0 0.926 0.954 0.981

It is clearly seen that the portion of n-decay from the higher excitation energies (F, >
25 MeV) of PN is much reduced. It should be noted that the energy dependence of
the efficiency has not yet been corrected for the all decay spectra in Fig. 3.22.

Here, we evaluate the neutron yield with the energy above 3.2 MeV in the calcula-
tion of the branching ratio. This lower limit is the same as the detection limit of the
proton if the mean energy loss of protons in the target is considered. The yields of the
decay neutrons are firstly corrected for the detection efficiencies with the SCINFUL
calculation (see Fig. 3.18), and secondly the absorptions in the wall of the scattering
chamber are taken into account. The absorption effects are estimated by using the
Monte-Carlo Code for Neutron and Photon Transport (McNP) [82]. The results of
the simulation at several energies are shown in Table 3.3, where each value of the
transmission probability denotes the ratio of the neutron flux emerging out of the
wall to the source flux with the neutron energy FE,. Three flux ratios are calculated:
the flux without collisions in the wall, the flux in which the loss of the energy is only
below 0.5 MeV, and the flux with the energy above 3.2 MeV. The energy dependence
of the absorption of the flux is not so large. In the analysis, we adopted the second
flux ratio because the 0.5 MeV is nearly the typical experimental energy resolution.
Thus, the efficiency-corrected yields are divided by 0.95. The uncertainties of this
correction are smaller than the statistical errors.

After the correction for the detection efficiency and the absorption, the branching
ratio of n-decay is calculated on the assumption that the decay from the s-hole state
is isotropic, similarly for the charged particle decay. The branching ratio of n-decay
of the s-hole state is also listed in Table 3.2, which is the largest among the all particle

decay processes as expected from the property of the no-Coulomb barrier.
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Discussion

4.1 Low excitation spectra of ''B and N

One of the problems to study knockout reactions for deeply bound nucleons is how
much other processes such as the multi-step scattering and the correlated reactions
(e.g., (p,3p) and (p,2pn)) than the direct quasifree knockout process contribute the
final excitation spectra. Before discussing the s-hole states in ''B and N, we first
briefly study which low-lying states are strongly excited. This teaches us to what
extent the results of the present (p,2p) measurements are explained as the direct

proton knockout process.

4.1.1 Low-lying states in ''B

An energy spectrum below the excitation energy of 11 MeV for the 2C(p,2p)!' B*
reaction is shown in Fig. 4.1 with peak-fitting results. All peaks are well fitted with the
Gaussian+tail functions. The J™ assignments used below are according to Ref. [87].
Three states corresponding to [=1 knockout, i.e. 0(37), 2.125(37), and 5.02(37) MeV

are clearly visible. The strength at 4.445 MeV where 2~ state is located is absent,

2
suggesting that the two-step process like 1p-knockout plus inelastic excitation appears
to be negligible. The 1™ state at 6.74 MeV and the %+ state at 6.79 MeV can not be
separated due to the energy resolution of 450 keV. If the excitation mechanism of the
6.74 MeV is the same as that of the gf state, the forth peak may be dominantly %+ as
concluded by the analysis of the (e, e’p) reaction [88]. In the peak-fitting procedure,
small contributions at 7.29 MeV (g+) and 8.56 MeV (2) are observed. The 9.88 MeV
(%Jr) peak is slightly broader (630 keV FWHM) than other peaks, which implies the
doublet of two states or may be due to the high excitation energy above the particle
decay threshold of the "Li+a channel.

Although the ground state of 2C has the (s1/2)*(ps3/2)® configuration in the simple

independent particle shell model (IPSM), nucleon-nucleon correlations cause a smear-
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Figure 4.1: Energy spectrum of the low-lying states in "B obtained from the
12C(p, 2p) reaction. All peaks are well fitted with the same Gaussian+tail functions.
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ing of the Fermi surface. Thus, the 2.125 MeV (%7) state should not be regarded as
the 1p-2h excitation but the direct knockout of the proton in the p;/; state. The 6.79
MeV (%Jr) state is also considered to be the knockout of the 2s; /5 proton. The cross
section ratio of the three p-hole states is similar to the result of the high resolution
(e,€e'p) experiments [20]. The spectroscopic factors (C?S) derived from the DWIA
analysis for the present data are larger than those extracted from the (e,e’p) but
smaller than those of the (d,*He) reactions [89]. (For example, C'?S(g.s) = 2.45 (for
the present (p,2p)), 1.72 (for the (e,e'p)), and 2.98 (for the (d,*He)).) However, the
obtained values from the DWIA calculations have a large dependence on the choice
of parameters. (Details for the DWIA calculations will be described in the next sec-
tion.) Since the kinematical condition is optimized for exciting the s-hole states in
the present (p,2p) measurements, the absolute cross sections of the p-hole states and
other states are not suitable to be discussed in detail. In fact, the cross sections of the
p-hole states have large acceptance dependence and are varied by more than factor 2
with the different cuts of the spectrometer acceptances.

4.1.2 Low-lying states in PN

Fig. 4.2 shows an energy spectrum of the excitation energy from 4.5 MeV to 14 MeV
for the O(p,2p)'"N* reaction. All peaks are well fitted with the Gaussian+tail
functions determined by the peak shape of the ground state (g.s.), which is omitted
in Fig. 4.2. The two p-hole states, i.e. 0.0 (3 ) and 6.32 (3") MeV, are dominantly

excited. The cross section of the %7 g.s. 18 90 % of the 6.32 MeV state. The J™

assignments used below are according to Ref. [90]. The g+ state at 5.27 MeV and the
%Jr state at 5.30 MeV are not separated due to the energy resolution. Although the
ground state of 0 has the (s)*(p)'? configuration in the simple IPSM, there exit some
occupation probabilities for the next sd-shells due to the ground state correlations.
Thus, both the ng and %Jr states are considered to be the direct knockout of the
proton in the 1ds/; and 2s;/; states.

In the peak-fitting procedure, the 7.16 MeV (g+) and 7.30 MeV (g+) states are
included but the contributions are very small. Despite of the existence of many states
in the excitation energy above 8 MeV, only seven peaks and a smooth background
above the particle decay threshold are enough to obtain a small x? values in the
fitting. The extracted peak energies are consistent with three %+ states (8.31, 9.05,
and 11.44 MeV) and four 2 states (9.93, 10.70, 12.15, and 12.92 MeV). The cross
section ratio of four p-hole states (0.0, 6.32, 9.93, and 10.70 MeV) is similar to the
results of the high resolution (e, e’p) experiments [21]. The 8.31 and 9.05 MeV %Jr
states are enhanced compared to the Fig. 1 in Ref. [21], maybe due to the different

recoil momentum condition. According to the DWIA analysis for the (e, e’p) spectral
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Figure 4.2: Energy spectrum of the low-lying states in '®N obtained from the
160(p,2p) reaction in the first measurement. All peaks are fitted with the same
Gaussian-+tail functions determined by the peak of the ground state.
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functions, both the 8.31 and 9.05 MeV states were concluded to be dominantly 1s-hole
states with small 2s contributions.

The spectroscopic factors derived from the DWIA analysis for the present data
are larger than those extracted from the (e, €’p) but smaller than those of the (d,*He)
reactions [92, 91] similarly to the case of 'B. They are also inconsistent with the
results obtained from other (p, 2p) reaction [18, 93] in which the values are small even
compared to the (e, e’p) reaction. (For example, C2S(g.s) = 1.77 (for the present
(p,2p)), 1.17 (for the (e, e'p)), 2.14 (for the (d,*He)), and 1.05 (for other (p,2p)).)

4.2 Excitation spectra around the s-hole states

4.2.1 Recoil momentum dependence

As discussed in the previous section, all visible states at low excitation energies in 'B
and N produced via the present (p,2p) reactions are regarded as one-hole states ex-
cept for the 9.88 MeV %+ state in 1*B. This strongly supports that the direct knockout
process is dominant in the reaction mechanism. However, at the energy above parti-
cle decay threshold, the excitation spectra include four-body final states in addition
to possible multi-step scattering. In order to estimate these background processes,
we compare the recoil momentum dependence of the experimental differential cross
sections around s-hole states with DWIA calculations.

DWIA calculations

For the quasifree knockout reaction, usually a so-called ‘factorization” approximation
is introduced so that the projectile-struck particle elastic scattering cross section
enters as a multiplicative factor. Here, we used the program code THREEDEE [83]
for DWIA calculations, which explicitly includes spin-orbit distortion effects. Thus,
the calculations utilize factorization of the NN amplitude, not the cross section, into
DWIA and fully spin-dependent two-body terms.

When considering a quasifree reaction A(a, cd) B where A=B+b, the cross section
can be written as [83]
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where Sa:Sb:% are the spins of particles a and b, v is the incident velocity, wp is
the phase space factor, and C2S is the spectroscopic factor. J, M are the total
angular momentum quantum numbers of particle b. The quantities L and A are,
respectively, the orbital angular momentum carried by b and its projection. The
two-body transition operator t is separated outside the distorted wave integral by the
factorization approximation. The spin matrices are given in the different coordinates
where the directions of propagation of particles a, ¢, and d are Z, 2/, and 2" axes.
Spin projections are denoted as p;. The quantity 754 is defined by

ThL = L+ (XN ) o) 0T a7 (1)
pashpl!
where y=B/A, the x*) are distorted waves which also convert the spin states from o
to p, and ¢, is the spatial part of the bound state wave function of particle . When
there is no spin-orbit coupling, further simplification of Eq. (4.1) is possible and one
can obtain the DWIA formula in its cross-section factorized form.

In the present calculations, the NN scattering ¢ matrix with the on-shell amplitude
was approximately employed in the final energy prescription, although the two-body
t matrix used for the (p,2p) reaction should be evaluated in the nuclear medium
including off-shell properties. The ¢ matrix was taken from the solution of the phase
shift analysis by Arndt et al. [84]. The wave function for the bound nucleon was
generated in the usual fashion as an eigenfunction of a Woods-Saxon well adjusted to
reproduce the empirical separation energy. The corresponding geometrical parameters
were taken from Ref. [85] for the s-hole states, while radius parameters reproducing
the rms radius of the wave functions derived from the (e,e’p) experiments [20, 21]
were used for the p-hole states in the calculations of the previous section.

The distorted waves were calculated using the Schrodinger equivalent reduction
of a Dirac global optical model parameters of Cooper et al. [86] which were obtained
from fits to proton elastic scattering data taken at incident energies of 20 to 1040 MeV
for 12C, 180, 9Ca, PZr, and 2°®Ph. In Ref. [86], three different F- and A-dependent
global potentials (EDAD-1, 2, and 3) were presented. The potential dependence of
the calculated (p,2p) cross section is not so small, for example, the cross section for
the s-hole state in N at the recoil momentum k3=0 calculated with the EDAD-2
potential is 12 % larger than the calculation with the EDAD-1 potential. Moreover,
other correction terms such as the non-locality effects cause significantly different
results. The absolute values of the calculated cross sections might contain more than
20 % uncertainties. We mainly present here the results of the calculations with the
EDAD-1 potential parameters. The calculated cross sections were corrected for the
finite solid angles and were averaged over the spectrometer momentum acceptance
using the input option of the THREEDEE code.
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Recoil momentum dependence of the s-hole state in ''B

The recoil momentum dependence of the 2C(p, 2p) reaction at F,= 392 MeV for the
s-hole state in "B was already investigated by Noro et al. [59, 94]. The integrated
cross sections at Ogr = 25.5° for the energy region of 30 MeV< Eg.,, <60 MeV in
UB are plotted as a function of recoil momentum in Fig. 4.3. The open circles show
the integrated cross section including background processes and the closed circles
correspond to the results after subtraction. The background were estimated by ex-
trapolating the spectrum shape in the higher excitation energy region. Two lines are
the results of DWIA calculations with a global optical potential [86] and with a poten-
tial deduced by a relativistic impulse approximation [95]. Both of the DWIA results,
which are normalized to the experimental data, give good fits to the experimental
data with background subtraction. Moreover the choice of the optical potential is
not sensitive to the recoil momentum distribution. They concluded that the inclusion
of non-quasifree processes around the s-hole state in the 2C(p, 2p) reaction was less
than 10 % in the present kinematical condition (ks = 0). The spectroscopic strength
is dependent on the optical potential, bound state wave function, etc. When we as-
sumed this 10 % background for the data of the present experiment, the spectroscopic
strength extracted from the DWIA calculations with the parameters mentioned above
exhausts 72 % of the IPSM in the region of the excitation energies of 16 MeV to 35
MeV.

Recoil momentum dependence of the s-hole state in °N

The angular correlation of the O(p,2p) reaction for the s-hole state in N were
measured at Ogr = 25.5° in the present experiment. In Fig. 4.4(a), the cross sec-
tions integrated over the excited energy region of 16 MeV < F, (!*N) < 40 MeV are
plotted as a function of the angle of LAS, which is equivalent the recoil momentum
dependence. (The LAS angles of 30° to 65° correspond to the recoil momenta of
—100 MeV/c to 150 MeV/c.) Since the higher excitation region is out of the full
momentum acceptance in the present magnetic field setting, we assumed the con-
stant non-quasifree background for the cross sections of all angles and fitted the data
with the DWIA calculation + constant background. Good fits were obtained for the
whole regions except for the slightly large experimental value at Opas= 65°. The
fitting result of the DWIA calculations with a constant background is also shown in
Fig. 4.4(a) by solid and dashed curves. The spectroscopic strength of 1s1/, below
= 40 MeV exhausts about 80 % of the IPSM. At the point of maximum cross section,
the mixture of non-quasifree backgrounds of 15 % is estimated.

The microscopic structure of the s-hole state has recently discussed with the shell-
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Figure 4.3: Recoil momentum dependence of the 2C(p,2p) reaction for the s-hole
state in "'B obtained by Noro et al. [94]. Open circles are the integrated cross section
over the s-hole region and the closed circles are those after subtraction of the back-
ground. Two curves are the results of the DWIA calculations with different optical
potentials, which are normalized to the experimental data.
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Figure 4.4: (a) Angular correlation of the °O(p,2p) reaction for the s-hole state
in N, which corresponds the recoil-momentum dependence of the differential cross
sections. The closed circles are the measured cross sections integrated in the region of
16 MeV< E, <40 MeV. The fitting result by the DWIA calculations with a constant
background is shown by solid and dashed curves. (b) The same as figure (a), except
for the three integrated energy region of 16 MeV< E, <20 MeV (closed circles), 20
MeV< E, <30 MeV (triangles) and 30 MeV< E, <40 MeV (open circles), respectively.
Three lines are the results of the DWIA calculations with mean separation energies
in each energy region.
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model calculations by Yamada [96]. Experimentally, a bump at 17 MeV with rela-
tively narrow width and a broad bump around 30 MeV are recognized in the s-hole
region of the N excitation energy spectrum. We separate the bump region into three
pieces: 16-20 MeV, 20-30 MeV and 30-40 MeV, especially in order to ascertain that
the 17 MeV bump has a character of the s-hole state. In comparison with DWIA
calculations, the angular correlations of all three regions are consistent with that of
the s-hole state (see Fig. 4.4(b)), in which a flat distribution of background in each

region was also assumed.

4.2.2 Strength distributions of the s-hole states

Shell-model calculations

The bumps corresponding to the s-hole states in !B and '®N obviously split into
some components as shown in Fig. 3.9(a) and (b). For the ''B(s-hole) state, a similar
structure could be dimly seen in the spectra of the 2C(e, €’p)''B experiment [76] and
2C(p, dr™)M B reaction [97]. However, the statistics was not enough and, therefore,
the splitting of the s-hole state had never been discussed before our preliminary results
were presented [52, 53, 98].

Stimulated by our experimental data, Yamada has recently performed new calcula-
tions to study the bump structure within the framework of the 1 hw shell model [96].
The excitation spectrum of the (p,2p) reaction was formulated within the impulse
approximation,

Ao ( do

-7 (= F(E;E;, T;)S?, 4.3
dydQdE dQ)NN; (B Br, 1)5; (4.3)

where (do/dQ2)ny is the NN c.m. cross section, i denotes the i-th eigenstate ob-
tained by the 1hw shell-model calculations for "B(17) [®N(1")], and calculated
energy-dependent spectroscopic factors S? for the 2C(g.s.)— p+"B(17); [0(g.s.)—
p+15N(%+)i] process were folded by a Lorentzian function F(E, E;, ;). E; and I are
the eigenenergy and total fragmentation width of the i-th eigenstate. I3 is given as
the sum of the partial fragmentation widths (I, I',, I'q, I't, and I,) for the 2-body n-,
p-, d-, t- and a-decay channels. The partial fragmentation widths are evaluated with
the separation energy method [101], where the decay width is given by the product
of twice the penetration factor P, and the reduced width ~?;

Fl = 2Pl ")/12,

P = ka/(Gi+ Fp),

2 2 2 2 3h2

o= 0/(a) ywla), vw = 5 (4.4)

2ua?’
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where k is the wave number, F; and G; are the regular and irregular Coulomb wave
functions, a is a channel radius, and the quantity 67 is the reduced amplitude in the
unit of the Wigner limit value. In the calculations of the shell-model wave functions,
the Cohen-Kurath interaction for (1p)-shell [99], the Millener-Kurath one for (1p)-
(2s51d) and (1s)~'-(1p) cross shells [100], and G-matrix elements for the Reid soft-core
potential or the Bonn potential for others are used.

Sub-structure of the s-hole state in ''B

In order to investigate the sub-structure of the s-hole state in 'B, we fitted the
excitation energy spectra between 11 MeV and 40 MeV with several peaks and a
non-quasifree background. An asymmetric Lorentz formula [102] folded with an ex-
perimental energy resolution function was assumed for the shape of each peak. The
asymmetric Lorentz shape is written as
1+ (E—-FE)A

(E—E)?+1?/4
where E, and I is the central energy and width of the peak, respectively. This shape

J(E) o

(4.5)

agrees with the theoretical spectral function derived by Sartor and Mahaux [32] for
deep hole states. In the fitting procedure, A is determined so that f(F)=0 at the par-
ticle decay threshold energy. We fixed the integrated value of the background function
to 10 % of the total yields, according to the results of the previous section. Here we
adopted an almost flat background multiplied by a function gradually decreasing to
zero at the threshold energy of the three-particle emission. At least three broad peaks
except for two small sharp peaks at 11.7 MeV and 13.2 MeV were needed to obtain
a good x? value. The fitting result is shown in Fig. 4.5(a) with the experimental
excitation spectrum of 'B. The central energies (widths) of three broad peaks are
16.54+0.1 MeV (5.3£0.3 MeV), 21.840.2 MeV (8.14£0.3 MeV), and 28.6+0.7 MeV
(9.7£2.5 MeV), respectively. The denoted errors are the maximum deviations of the
fitting results obtained when the background contribution were varied from 5 % to
15 %. When integrating these peaks up to the excitation energy of 50 MeV, we can
obtain the spectroscopic strength that exhausts 95 % of the IPSM in comparison with
the DWIA calculations.

The excitation energy spectra derived from the shell-model calculations are shown
in Fig. 4.5(b). Solid and dashed curves are, respectively, the results with use of the
Reid soft-core potential and the Bonn potential. In both calculations, the distribu-
tions of the %Jr states in ''B mainly split into three parts. Although the calculated
strength ratios of the three regions are different from the experimental results, the
sub-structure of the s-hole state is reasonably explained by the shell-model calcula-

tions. The experimental widths of three bumps are broader than the calculated ones,
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Figure 4.5: (a) Excitation energy spectrum of the s-hole region of 'B. Dotted and
solid lines show the results of a least x2 fit for the energy region between 11 MeV and
40 MeV (see text). The sum of all peaks (solid line) reproduces well the experimental
data at energies below 40 MeV. The detection efficiency decreases gradually above this
energy due to the finite momentum acceptance of the spectrometers. (b) Excitation
spectra of 2C(p,2p)"'B(1/2") reaction calculated with the 1 Aw shell model using
two different potentials [96].
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suggesting that the spreading width by statistical decay also contributes to the total
width because the calculated width only includes the escape width. The origin of the
splitting of s-hole state will be discussed later together with the fragmentation of the

s-hole state.

Sub-structure of the s-hole state in '°N

In the similar way to the M B(s-hole) state, we fitted the excitation energy spectrum of
15N between 14 MeV and 45 MeV with several peaks and a non-quasifree background.
An asymmetric Lorentz formula folded with an experimental energy resolution func-
tion was assumed for the shape of each peak. The integrated value of the background
function was fixed to 15 % of the total yields, according to the DWIA analysis for the
recoil momentum dependence. The same background shape as that in the case of 'B
was used. At least two narrow peaks and three broad peaks were needed to obtain
a good x? value. The fitting result is shown in Fig. 4.6(a) with the experimental
excitation spectrum of ®N. The central energies (widths) of five peaks are 14.440.1
MeV (0.3£0.2 MeV), 17.0+£0.1 MeV (1.0+0.1 MeV), 18.5+0.3 MeV (4.94+0.3 MeV),
26.6+£0.2 MeV (11.54+1.1 MeV), and 33.940.2 MeV (8.9+0.7 MeV), respectively. The
denoted errors are the maximum deviations of the fitting results obtained when the
background contribution were multiplied by 0.5 to 1.5. When integrating these peaks
up to the excitation energy of 50 MeV, we can obtain the spectroscopic strength that
exhausts 94 % of the IPSM in comparison with the DWIA calculations.

The results of the shell-model calculations are shown in Fig. 4.6(b). Solid and
dashed curves are, respectively, the results with use of the Reid soft-core potential
and the Bonn potential. Two curves are slightly different in the high excitation region.
The gross feature of the distributions of the %Jr states in 1°N is well reproduced by the
shell-model calculations with the Reid soft-core potential, if the excitation energies
extracted from the shell-model calculations would be shifted downward by about 5
MeV. The experimental total width, which includes both the escape and spreading
widths, is larger than the calculated one similarly to the 1B(s-hole) case.

4.3 Particle decay from the s-hole states

4.3.1 Decay angular correlation

The branching ratios of decay particles from the s-hole states in "B and N are
listed in Table 3.1 and Table 3.2, respectively, where we assumed that the decay par-
ticles were isotropically emitted because the s-hole state has no angular momentum

and the recoil momentum was small and distributed around zero. In order to check
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Figure 4.6: (a) Excitation energy spectrum of the s-hole region of *N. Dotted and
solid Lines show the results of a least x? fit for the energy region between 14 MeV and
45 MeV (see text). The sum of all peaks (solid line) reproduces well the experimental
data at energies below 45 MeV. The detection efficiency decreases gradually above this
energy due to the finite momentum acceptance of the spectrometers. (b) Excitation
spectra of 1%0(p, 2p)'®N(1/27) reaction calculated with the 1 Aw shell model using
two different potentials [96].
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Figure 4.7: Angular correlation of ¢t-decay from the s-hole state in N. The abscissa
is the scattering angle against the beam axis. Azimuthal angles of all points are not
the same.

the assumption of isotropic decay, we evaluated the decay angular correlations from
the yields of individual detectors. A sample spectrum for the ¢-decay channel in the
160 (p, 2p)">N reaction is shown in Fig. 4.7 and a spectrum for the n-decay onto the
‘2-body decay’ region is plotted in Fig. 4.8. Although the statistics for the individ-
ual detector is, unfortunately, not enough, the obtained angular correlations are not
inconsistent with the isotropic decay. As an exception, the yield of the detector set
at the most forward angle (6,= 100°) is slightly enhanced when n-decay is evaluated
without the cut for the ‘2-body decay’ region. However, this effect is small compared

to the rather large statistical error of the n-decay branching ratio.

4.3.2 Statistical-decay calculations

As mentioned, the fragmentation of the s-hole state occurs through two processes: the
statistical decay of the compound nucleus and the direct decay of the doorway s-hole
state. The latter is discussed in terms of the microscopic SU(3)-cluster model [33]
and the shell model [96], and the calculated results predict a selection rule for the
fragmentation of the s-hole states in light nuclei. On the other hand, there are no
quantitative calculations for the statistical decay of the s-hole states in light nuclei.

The experimental branching ratios of decay particles from the excitation energy
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Figure 4.8: Angular correlation of n-decay from the s-hole state in >N onto the 2-
body decay’ region. The abscissa is the scattering angle against the beam axis. Each
point indicates the summed value of a set of five detectors.

region of the s-hole states are first compared to the branching ratios with the statis-
tical decay of a compound nucleus. The computer code CASCADE [103] is used for
doing the statistical-decay calculations. (The version CAscCIP that treats isospin and
parity exactly is employed because the isospin plays an important role in determining
the branching ratios for light nuclei.) A compound nucleus (C*) in statistical equi-
librium decays eventually through the emission of a nucleon, a cluster or a deexciting

photon.
C*"—2x+ B, (4.6)

where nucleus B may also be in an excited compound state which will decay. The
calculation is performed for a decay cascade starting from a certain specified state
1

(§+ state in the present case), although the code can treat the initial formation of a

compound nucleus by a fusion reaction.

The decay of the compound nucleus by particle emission is calculated from the
Hauser-Feshbach formula [104]. The decay probabilities are determined by the sta-
tistical weight of the final state and the barrier penetrabilities for various channels.
Following the presentation of Thomas [105], the particle emission probability is writ-
ten in terms of transmission coefficients T7. The rate R,de, (= [;(¢,)/h) for emitting

a particle z from an excited nucleus 1 with excitation energy F1, spin J;, and parity
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m to form a product nucleus 2 (at Es, Ja, 7o) is

Rode — p2(Ea, Jo, ) sz Z ng )de (4.7)
zUCy 27rhp1(E1,J1,7r1) az x5 .

S=|Jo—8g| L=|J1 —

where ¢, and s, are, respectively, the kinetic energy and spin of particle z, L is
its orbital angular momentum, S = Jy + s, is the channel spin, and p is the level
density. The transmission coefficients 77 were calculated using the code TLcAL [108]
with the global optical potential parameters of Ref. [109, 110, 113, 111, 112], which
are well suited for light nuclei. The dependence of the calculated results on the optical
potential parameters is described in Appendix B.

The level density p in addition to T} is needed for the statistical-model calcula-

tions. In the CASCADE code, the energy scale is separated into four regions:
Region 1 (low excitation energy): The experimentally known levels are used.

Region 2 (medium excitation energy): The level density is calculated using a back-
shifted Fermi-gas model [106, 107]. The level density parameter a and the back

shift A are determined empirically for each nucleus (for example, in Ref. [114]).

Region 3,4 (High excitation energy): In this region, it is assumed that all nuclei
behave as predicted by the liquid-drop model. The level density parameter a
is set equal to A/8 MeV~! in region 4 and the level density in region 3 are
obtained by a smooth interpolation between region 2 and 4.

In the present calculations, the regions 1 and 2 are mostly important. Here, the
energy levels known below 12 MeV excitation energy [115] were explicitly included
for all nuclei (6< A <15) necessary for the calculations, while the levels at higher
excitation energies were calculated using the parameters a and A given in the code.

In the CASCADE calculations, only neutron, proton, a-particle and other one-
cluster emissions are treated simultaneously for decaying particles. We carried out
the calculations for three sets: (n, p, a, d), (n, p, a, t), and (n, p, a, 3He), and
next averaged them with proper weights so that the yield of n+p+a for the first step
decay become the same value. In this procedure, some sequential decay processes like
t-decay after d-decay are, unfortunately, not included but the probabilities of these
processes are considered to be small. The calculations were done for the excitation
energies between 10 MeV and 50 MeV with the bin size of 0.2 MeV. The obtained
decay probabilities at each energy was multiplied by the experimental cross section.

In evaluating the branching ratios from the results of the CASCADE calculations,
decay particles above the experimental detection thresholds were only employed, tak-

ing into account not only the lower limit of the detection energies in the SSD telescopes
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Figure 4.10: Two dimensional plot of t-decay from the excited states in N calculated
with the code CASCADE. The region surrounded by solid lines is used for the com-
parison with the experiment. The hatched region corresponds to the ‘2-body decay’
region defined in the text.
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Table 4.1: Gate conditions for the ‘2-body decay’ regions in the statistical-decay
calculations. E,(res) is the excitation energy of the each residual nucleus and Eg,
is the kinetic energy of each decay particle. The lower limit of F ., is determined by
taking into account the threshold of the detectable energy in the SSD telescopes and
the mean energy loss of emitted particles in the target.

llB 15N
E.(res) Eiey E.(res) Eiey
~5.0 MeV 3.1 MeV~ ~8.2 MeV 3.2 MeV~
~6.8 MeV 3.1 MeV~ ~8.2 MeV 3.2 MeV~
~5.0 MeV 4.1 MeV~ ~8.0 MeV 4.2 MeV~
~5.0 MeV 4.7 MeV~ ~8.0 MeV 4.8 MeV~
~5.0 MeV 4.8 MeV~ ~8.7 MeV 5.5 MeV~

Q. +ag 3

but also the mean energy losses of emitted particles in the target. The small branch-
ing ratio of *He-decay was included in that of a-decay. It should be noted that, in
the output of the code CASCADE, the energy of the emitted particle is given as the
value in the target-rest frame.

A sample spectrum of the result of the CASCADE calculations is shown in Fig. 4.9
for the a-decay from the excited states in *?N. The linear loci corresponding to the low
excitation levels of !B indicate the binary decay processes, while the bump structure
in the left-side region is mainly due to the sequential cascade decay. The ‘2-body de-
cay’ regions are also defined for the results of the CASCADE calculations in the exactly
same manner as the experimental ‘2-body decay’ regions. In Fig. 4.10, the regions
with the ‘2-body decay’ cut and without cut are shown for t-decay from the excited
state in N. The conditions for evaluating the branching ratios are summarized in
Table 4.1.

4.3.3 Fragmentation of the s-hole state in ''B

The experimental branching ratios of decay particles from the excitation energy re-
gion of 16-35 MeV in B are shown in Fig. 4.11, together with the results of the
statistical-model calculations. The branching ratios of the decay onto the ‘2-body de-
cay’ regions are also indicated in Fig. 4.11 with dark areas. The measured branching
ratios of both t-decay and a-decay are much larger than those of the statistical-model
calculations. The experimental a-decay in the ‘2-body decay’ region is about one half
of the total a-decay, suggesting that contributions of the sequential decay and 3-body
decay processes are large in this channel. It should be noted that the a+a+t 3-body
decay channel has a very low threshold energy of 11.2 MeV and may compete against
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Figure 4.11: Comparison of the measured branching ratios of the p-, d-, t- and a-
decays from the s-hole state in ''B (16-35 MeV) with those of the statistical-model
calculations using the code CASCADE. The error bars shown include only statistical
ones. The branching ratio of the n-decay with the energy above 3.1 MeV is also
shown in the results of the statistical-model calculations. The branching ratios of the
decay onto the ‘2-body decay’ regions are indicated with dark areas (see text).
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the 2-body decay process, while the statistical-model calculations include only the
2-body decay and sequential decay processes. This suggests that the 3-body decay
process could contribute significantly to the branching ratios of a-decay. However,
even in the ‘2-body decay’ regions, the t-decay strength is still dominant. Further-
more, the relative ratio of the t-decay to the a-decay in the experiment is opposite
to that of the statistical-model calculation as well as the ratio of the p-decay to the
d-decay. It is difficult to determine the proportion of the statistical process to the
fragmentation obtained in the present experiment.

Fig. 4.12(a) and (b) show the branching ratios of p-, d-, t- and a-decays in
the whole regions and ‘2-body decay’ regions, respectively, from the three excita-
tion energy regions of 16-20, 20-26 and 26-35 MeV in 'B. The difference between
Fig. 4.12(a) and (b) is prominent in the energy region of 26-35 MeV, where the decay
probabilities of not only a-particles but also protons are much reduced. As shown
in Fig. 4.12(b), the decay patterns from the respective regions suggested by the sub-
structures are very different, indicating that the s-hole state in ''B splits into some
components with different microscopic structures. Owing to the detection threshold,
the measured deuteron branching ratio is zero in the low energy region. Predictions
from the microscopic cluster model [33] are shown in Fig. 4.12(c), where the 'B(s-
hole) state has the same spatial symmetry as the ground state of 2C, SU(3)(Au)=(04),
and has two degenerated partition symmetries [ f|=[443] and [4421]. The partial decay
widths are calculated using the separation energy method of Eq. (4.4). The calcula-
tions in Ref. [33] were made for an assumed centroid excitation energy of £, = 20
MeV. The energy dependence of the calculated branching ratios is not so much large
as the qualitative change is caused in Fig. 4.12(c), although the calculated partial
widths depend significantly on the energy. The branching ratio of a-decay is exactly
zero in the calculations of the microscopic cluster model due to the selection rule. It
should be noted that the SU(3)-cluster model calculations did not take into consider-
ation the experimental limitation like the detection threshold. When the branching
ratios of a-decay is neglected, the experimental decay pattern of the 26-35 MeV
region is similar to that of the SU(3)[f](Aun)=[443](04) component. The first and sec-
ond regions may have both the SU(3)[f](Ap)=[4421](04) and [443](04) components,
whereas the mixing of [4421](04) component seems to decrease with increase of the
excitation energy. The suppression of a-decay compared to p-decay and d-decay is,

however, not clearly supported in the present experiment.

The energy dependence of the branching ratios for n-, p-, d-, t-, and a-decays from
the 'B(s-hole) state were also calculated by Yamada [96] with the shell model as men-
tioned in § 4.2.2. The results of the shell-model calculations with the Bonn potential
and the Reid soft-core potential are shown in Fig. 4.13(a) and(b), respectively. The
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Figure 4.12: (a) Experimental branching ratios of the p-, d-, t- and a-decays from the
three excitation energy regions of 16-20, 20-26 and 26-35 MeV in ' B. (b) The same
as (a), except for the decay onto the ‘2-body decay’ regions. (¢) Branching ratios of
the n-, p-, d-, t- and a-decays from the doorway s-hole state in ''B calculated by the
microscopic cluster model with SU(3) wave functions [33]. Branching ratios for the
states with [f](Ap)=[4421](04) and [f](Au)=[443](04) and total branching ratios are

shown.
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calculated branching ratio of the t-decay is larger than that of the a-decay, reflect-
ing the selection rule as mentioned above. The calculated decay pattern in the low
energy region (16 MeV-20 MeV) is fairly consistent with the experimental one. The
enhancement of the t-decay observed in the higher energy regions, however, is not re-
produced by the shell-model calculations. The reason why the SU(3)(Ap)=[443](04)
feature in the microscopic cluster model calculations disappears in the shell-model
calculations is not clear. One of the differences is that (Au)=(04) is assumed for the
B(s-hole) state in the microscopic cluster model, while the '2C ground state in the
shell model is described as

112C(g.s.) > = V0.784[444](04) + v/0.173[4431](21) + - - - (Cohen-Kurath),  (4.8)

consequently the [4421](21) component is excited in '*B(s-hole) as well as the [443](04)
and [4421](04) states. As a result, the three components are coupled each other,
and then the s-hole component splits mainly into three parts (see Fig. 4.5(b)). The
coupling of the [4421](21) state allows the decay of a particles and might decrease the
probability of t-decay. Further calculations including the direct 3-body decay process
will be needed to explain the experimental decay pattern.

4.3.4 Fragmentation of the s-hole state in "N

In the case of the s-hole state in '°N, the 3-body decay threshold is higher than
those of the 2-body n-, p-, d-, t-, and a-decay. Moreover, the ground state of O
is more purely described as SU(3)(Au)=(00) state. Thus, the N is more suitable
to understand the microscopic structure and fragmentation mechanism of the s-hole
state.

The experimental branching ratios of decay particles from the excitation energy
region of 20-40 MeV in '®N are shown in Fig. 4.14, together with the results of the
statistical-model calculations. (Since, in the excitation energy below 20 MeV, only n-
and p-decays are possible, we evaluated the branching ratios in Fig. 4.14 without the
first region (16 MeV-20 MeV).) The branching ratios of the decay onto the ‘2-body
decay’ regions are also indicated in Fig. 4.14 with dark areas. The neutron fragments
account for about a half of the total decay fragments in both the measurements and
the statistical-model calculations. Only the measured branching ratio of ¢-decay is
much larger than that of the statistical-model calculations. The n-decay and p-decay
are considerably reduced in the ‘2-body decay’ regions, suggesting the sequential decay
processes are large in these channels. In the ‘2-body decay’ regions, the measured n-
decay and t-decay are larger than those of the statistical-model calculations, while the

measured p-, d-, and a-decays are reasonably explained by the calculations. Although
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the large t-decay compared to a-decay supports the selection rule coming from the
SU(3) spatial symmetry, the portion of the statistical decay may be considerable.

Fig. 4.15(a) and (b) show the branching ratios of n-, p-, d-, t- and a-decays
in the whole regions and ‘2-body decay’ regions, respectively, from the three exci-
tation energy regions of 16-20, 20-30 and 30-40 MeV in ?N. The difference be-
tween Fig. 4.15(a) and (b) is large in the energy region of 30-40 MeV, where the
decay probabilities of neutrons, protons, and a-particles are much reduced. As
shown in Fig. 4.15(b), the decay patterns between the lower region and higher re-
gion of the bump with the mean energy of 28 MeV are very different, indicating that
this s-hole bump in '°N includes a few components with different microscopic struc-
tures. Predictions from the microscopic cluster model [33] are shown in Fig. 4.15(¢),
where the N(s-hole) state has the same spatial symmetry as the ground state of
160, SU(3)(Au)=(00), and has two degenerated partition symmetries [f]=[4443] and
[44421]. The calculations were made for an assumed centroid excitation energy of E,
= 30 MeV. The branching ratio of a-decay is exactly zero in the calculations of the
microscopic cluster model due to the selection rule. The experimental decay pattern
of the 30—40 MeV region strongly supports the selection rule and are similar to that
of the SU(3)[f](Ap)=[4443](00) component. However, the large branching ratios of
d-decay in the SU(3)-cluster model calculations do not agree with the experimental
branching ratio, even taking into account the rather large lower limit of the detec-
tion energy. The second region may have both the SU(3)[f](Au)=[44431](00) and
[4443](00) components.

The branching ratios for two energy regions calculated with the shell model are
shown in Fig. 4.16 for n-, p-, d-, t-, and a-decays from °N(s-hole) state. Here, the
energy regions are shifted by 5 MeV compared to the experimental ones, reflecting
the difference of the excitation spectra (see Fig. 4.6). The calculated results with
the Bonn potential and the Reid soft-core potential are plotted in Fig. 4.16(a) and
(b), respectively. The results of the both calculations are very similar. The branching
ratio of the a-decay is very small owing to the selection rule as mentioned above. The
agreement between the experimental branching ratios onto the ‘2-body decay’ regions
and calculated ones is fairly well in both the two regions, implying that the main part
of the binary fragmentation is the direct decay of the doorway s-hole state. At first
sight this seems to be inconsistent with the results obtained from the comparison with
the statistical-decay calculations, where some (not small) amounts of the statistical

decay are considered to contribute to the total branching ratios.

In order to try to separate the escape and spreading widths, we first assumed that
the decay fragments to the higher excitation energies in the residual nuclei beyond

the ‘2-body decay’ regions were mainly produced by the sequential statistical-decay
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process. The decay branching ratios obtained from subtracting the decay yields in the
‘2-body decay’ region from the whole decay yields are shown in Fig. 4.17(a) and (b) for
the measured ones and calculated ones with the statistical model, respectively. The
decay patterns are very similar in both the spectra, except for t-decay. As mentioned
before, in the present CASCADE calculations, the sequential t-decay after d-decay was
not included. This may be one of the reasons why t-decay is small in the statistical-
model calculations. The threshold energies of the 3-body decay channels, 2C+p4n
and "Li+2a, are less than 20 MeV and, then, some portions of the direct 3-body
decay are included in the experimental values, while the direct 3-body decay is not
taken into account in the statistical-model calculations. Therefore, we normalized the
calculated branching ratios to the experimental ones using the value of d-decay. The

normalization factor of 0.5 is obtained.

Next, we extracted the branching ratios of direct decay by subtracting the cal-
culated statistical-decay ratios multiplied by 0.5 from the experimental ones in the
‘2-body decay’ regions. The result is shown in Fig. 4.18(a). For a comparison, the
result of the shell-model calculations of Fig. 4.16(b) multiplied by 0.5 is shown in
Fig. 4.18(b). The agreement between two plots of branching ratios are very good not
only for the decay patterns but also for the absolute values. We have not taken into
consideration the non-quasifree background process of about 15 % in the discussion
above, because we have no information on what particles are emitted through the
background process. If it is assumed that no particles emitted at backward angles
from the background process, the experimental branching ratios for the decay of the
‘pure’ s-hole state are all multiplied by 1.15. In that case, the normalization factor
obtained by the procedure above also increases to 0.58. Taking into account this back-
ground effect, it is concluded that the ratio of the escape width (I'T) to the spreading
width (I'') of the "N(s-hole) state is about 0.7 to 1.

Finally, we shortly mention about the ~-decay of the s-hole state in PN. As
shown in Fig. 3.16 and Fig. 3.22, the n-, p-, d, and t-fragments largely decay to the
discrete excited states in residual daughter nuclei. These states are mostly deexcited
by emitting ~-rays. (If the energy of the excited state is below its particle decay
threshold, y-ray decay rate is usually 100 %.) Although the energy resolution was not
enough to separate each excited levels, the y-rays of around 7 MeV from the excited
states of 1*N and “C, and of 4.4 MeV from the 2C(2%) state will, particularly, be
useful in the nucleon decay search in the water Cerenkov detectors as well as the
~v-rays of 6.32 MeV, 9,93 MeV, etc. from the p-hole states. In Table 4.2, the yield
ratios of the decay to excited states to the decay to the ground states are shown for
the ‘2-body decay’ regions and the branching ratios of the decay to excited states are

also listed. In the ‘2-body decay’ regions, y-rays are mostly emitted except for a high



4.3. PARTICLE DECAY FROM THE S-HOLE STATES 103

35 ¢ | | .
— - 15 _ (a):
X 30 - N(S hOIe) [ neutron 3
~ - | (EXP.-(CASC.x0.5 proton 1
2 25 -1 (2-body decay) gﬁgfron =
© - ]
“ 20 [ K alpha E
=3 |
< 15 E
o r ]
c 10 H _ =
C ¢ ]
@ 5 | §

0~ \ T | \ = s

16-20 MeV  20-30 MeV  30-40 Me

35 ¢ \ \ ]
~ - 15\y(e. (b)-
S 30 F N(S hOIe) [ neutron -
~ - Shell Model proton ]
2 25 ~(CK3-MK-Reid)x0.5 gﬁg%eron .
E 20 ; &4 alpha é
2 :
= 15 ¢ E
2 10 - E
E - R3] ]

ol | | -

25-35 MeV  35-45 MeV

Figure 4.18: (a) Branching ratios of the n-, p-, d-, t- and a-decays onto the ‘2-body
decay’ regions obtained by subtracting 50 % of the statistical-decay ratios calculated
with the code CASCADE from the experimental data. (b) The same as Fig. 4.16(b),
but it is multiplied by 0.5.
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Table 4.2: Ratios of the decay to the excited states to the decay to the ground states
in the ‘2-body decay’ regions for the ®N(s-hole) state. The branching ratios of the
decay to the excited states in the same regions are also listed. Only statistical errors
are shown.

N (excited)/N(g.s.) Branching ratio (%)

n 2.3£0.5 15.5£1.7
p 3.44+1.2 3.940.6
d 2.7+0.5 4.5+0.4
t 2.440.3 4.340.3
a 1.740.6 1.540.4

excitation part of d-decay. Of course, in the higher excitation energies beyond the
‘2-body decay’ regions, some levels can emit y-rays and also the excited states of the
next daughter nuclei after the sequential decay can also emit y-rays. Therefore, it
may be concluded that the probability of the vy-ray emission from the s-hole state is
at least 30 %, which is the sum of the branching ratios listed in Table 4.2. This value
will be compared to the succeeding result of the direct y-decay measurement that

carried out simultaneously with the second measurement of the present experiment.



Chapter 5

Summary and conclusions

We presented the first measurements of the n-, p-, d-, t-, and a-decays from the s-
hole states in ''B and PN excited by the 2C(p, 2p)'B* and %O(p, 2p)'"N* reactions
at E, = 392 MeV. (The measurements of n-decay were only performed for the %0
target.) The quasifree (p,2p) reactions were measured with the dual spectrometer
system consisting of the high resolution spectrometer Grand Raiden (GR) and the
large acceptance spectrometer (LAS) at RCNP. The SSD-Ball system composed of
sixteen telescopes of AE-FE SSD detectors were used for the charged particle decay
measurements and thirty liquid scintillation counters were employed to detect decay
neutrons. For the 90 target, we used thin SiO and Si targets in the measurements
of charged particle decay, where the results were obtained after subtraction processes,
and an H,0 ice target was employed in the neutron decay measurements.

The most of the low lying states excited by the present (p, 2p) reactions were found
to be regarded as one-hole states produced by the direct knockout of a proton in the
parent nuclei. The contribution of non-quasifree background processes around the
1s-hole state in **N was estimated from the DWIA analysis for the recoil momentum
dependence of cross sections and the value of 15 % was derived. (For the "B(s-hole)
state, the value of 10 % determined previously by Noro et al. [59] was used.) The
spectroscopic strengths for the s-hole states extracted from the DWIA calculations
exhausted to large extent the values of the independent particle shell model in both
nuclei.

The measured excitation energy spectrum of ''B shows that the s-hole state split
into three sub-structures. This splitting agrees qualitatively with the result of recent
shell-model calculations [96]. For the s-hole state in B, the triton decay probability
was found to be larger compared to any other decay, although the Q-value of the a-
decay channel is larger. This provides useful information on the studies of the S=—2
hypernuclear production via the 2~ captures into 2C at rest, because the Q-value of

the elementary process (2 p — AA + 28 MeV) is almost the same as the separation
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energy of an s-state proton and only the triton-based fragments were observed until
now. The present results for the decay branching ratios of the *B(s-hole) state can
not be reproduced by statistical model calculations. Microscopic cluster model calcu-
lations with SU(3)(Ap) wave functions [33] explains the experimental decay character
qualitatively, while the SU(3)(Ap)=[443](04) feature in the microscopic cluster model
calculations becomes unclear in the shell-model calculations. A quantitative com-
parison between the experimental results and theoretical calculations is not sufficient
to deduce the ratio of the escape width I'" to the spreading width I'! of the s-hole
state in 1*B. Further calculations including the direct 3-body decay like 2a+t will be
needed to explain the experimental results for the *B(s-hole) state.

In the case of the s-hole state in '°N, the measured excitation energy spectrum
also shows some sub-structures. By means of a peak-fitting procedure, at least four
peaks were found above the excitation energy of 16 MeV and the peak with the cen-
tral energy of 27 MeV was dominant. This gross structure is well reproduced by
the results of the shell-model calculations [96], if the calculated excitation energy
would be shifted downward by about 5 MeV. In the binary decay process, the sup-
pression of a-decay is clearly recognized, which supports the selection rule due to
the spatial SU(3) symmetry. The shell-model calculations explain the experimental
‘2-body decay’ patterns better than the microscopic cluster model calculations. From
a comparison between the experimental results and both the statistical model and
shell-model calculations, the ratio of the escape width I'" to the spreading width I't
of the s-hole state in N was deduced. The obtained ratio, which is dependent on
the unknown decay character of the non-quasifree backgrounds, is 0.7 to 1.0. Thus,
nearly a half of the total fragmentation of the N(s-hole) state is concluded to be
the direct decay of the doorway s-hole state.

Decay probabilities of the deexcitation y-rays from the s-hole state in *N was
estimated from the particle yields decaying to the excited states in residual nuclei.
The obtained branching ratio of the y-ray emission from the s-hole state is at least
30 %, which will be compared to the succeeding results of the analysis of the v-decay
measurements using Nal(T1) detector arrays. The present data for decay properties of
the s-hole states produced from the targets of 12C and 0O provide useful information
on the studies of neutrinos and proton decay with use of the organic scintillation
detectors and the water Cerenkov detectors.
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Appendix A

Efficiency calibration for neutron
detectors

In § 3.4.1, the efficiency of neutron detectors is calculated using a Monte-Carlo code
SCINFUL [81], where the NE213 liquid scintillator is substituted for the BC-501A. For
the efficiency calibration, two of the neutron detectors were checked by means of the
low energy d+d —3He+n reactions.

The experiment was performed at the Kyoto University tandem accelerator labo-
ratory [116]. In the d+d —>?He+n reaction, if the neutron detector is placed at the
position of the kinematical coincidence with the 3He detector, the neutrons entering
the detector in coincidence with 3He particles are tagged by detecting 3He. Thus,
the ratio of measured coincidence events to the tagged 3He events is regarded as
the efficiency of the neutron detector. 7.1 MeV and 12.6 MeV deuteron beams were
used and a CD, target with a thickness of 2 mg/cm? was employed. A AFE-E-FEe,
SSD telescope was used to measure *He particles with particle identification. Thick-
nesses of SSD’s were 20 pm, 100 pm, and 2mm, respectively. Neutrons emerging
from the target went out of the scattering chamber through aluminum windows with
a thickness of 1 mm and entered the neutron detector. The neutron absorptions by
the aluminum windows were negligible. The kinematical conditions of the measured
points are listed in Table A.1 and a schematic view of the experimental setup is shown
in Fig. A.1.

A sample spectrum for the particle identification of 3He is shown in Fig A.2. 3He
events were unambiguously determined in all the measured angles. In Fig. A.3, energy
spectra of two BC-501A liquid scintillators are shown for y-rays from a 37Cs source.
The difference of the energy resolution between two neutron detectors were rather
large. The relation of the ADC channels with the electron equivalent energies were
obtained with use of the Compton edges of y-rays of 22Na, *7Cs, K, and 2°8T1. All
Compton edge channels were determined in the same manner as described in § 3.4.1.
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Table A.1: Measured kinematical conditions for the d+d —3He+n reactions. (1
denotes 3He.)

E, (MeV) 6, (deg) E, (MeV) 6, (deg) E}

2.3 -130 7.9 13.9 7.0
2.9 -130 13.0 12.0 12.5
4.2 -90 6.1 28.7 7.0
2.5 -90 10.2 25.2 12.5
10.9 -50 4.9 41.3 12.5

T The values are mean deuteron energies taking into account the energy losses in the
target.

scattering chamber

Beam

\
0
deute ronE \
\\ 92

neutrorN

neutron detecto

Figure A.1: Schematic view of the setup of the experiment for the efficiency calibration
at the Kyoto University tandem accelerator laboratory.
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Figure A.2: Particle identification (PI) with a AE-E SSD telescope.
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Figure A.3: ADC spectra of y-rays from a *37Cs source for two liquid-scintillators, ((a)
scintillator-1 and (b) scintillator-2). The energy resolutions of two neutron detectors
are rather different.
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Figure A.4: Comparison of the measured neutron efficiencies with Monte-Carlo cal-
culations using the code (a) SCINFUL and (b) CEcCIL for the threshold energies of
0.25, 0.50, 1.0, 1.5 MeVee.

Almost the same relation as Fig. 3.17(d) was obtained.
Measured neutron events were counted with several cuts for the detection thresh-

tection threshold energies. The results are plotted in Fig. A.4. The efficiencies of
two detectors are slightly different in the slopes of low-energy sides, while, for the
higher energies above the maximum efficiency point, the results of both detectors
agree well with each other. Calculated efficiency curves with the code SCINFUL and
with another Monte-Carlo code CEcCIL [117] are also shown in Fig. A.4 for the same
threshold energies as experimental data. (In the SCINFUL calculations, we used the
scaling parameter (C') of 0.82, where C' is defined with the light output (L) and elec-
tron energies (£,) as L=C(FE,-Ey)~ C'E,.) The agreement between the experimental
values for the detector with a low energy resolution and the results of the SCINFUL
calculation is very fine. The calculated curves with the code CECIL are slightly large
at high energies compared to the experimental data points. The SCINFUL code is bet-
ter for estimating the efficiency of neutron detector than the CECIL code. It should be
noted, however, that, in the lower energies below the maximum point of efficiency, the
measured efficiencies seem to be dependent on the energy resolution of the detector.
More careful treatments will be needed for low energy neutrons less than 2 MeV.



Appendix B

Uncertainties in statistical-decay
calculations

In § 4.3.2, we calculated the statistical decay of the s-hole states by using the code
CASCADE [103], where the transmission coefficients and level densities are important
input parameters. For light nuclei such as ''B and PN, level densities of residual
nuclei necessary for the calculations are less ambiguous because the most levels in the
excitation energy up to above 10 MeV are known and they can be explicitly used in
the calculations. On the other hand, the transmission coefficients are calculated with
global optical potential parameters, where the most parameters usually used are those
for the medium-heavy and heavy nuclei as the default options in the code TLCAL [108].
Therefore, we made the calculations using the optical potential parameters as well
suited for light nuclei as possible in the present work.

Hence, we compare the results of calculations with two different sets of optical
potential parameters. In Table B.1, the references for the optical potential param-
eters employed in the calculations are shown. Potential-1 is the set of parameters
used in § 4.3.2 and Potential-2 is that usually used for the medium-heavy and heavy
nuclei. Transmission coefficients are obtained by these two different sets of optical
potential parameters and then the statistical decay of the s-hole states in B and
N are calculated for both sets. Comparisons of the branching ratios between two
calculations are shown in Fig. B.1(a) and (b) for the s-hole states in ''B and '°N,
respectively. Differences between the results of two calculations are very small and
at most 10 % for the branching ratios of all decay particles, although the energy de-
pendence of the transmission coefficients, for example, obtained by Watson potentials
is rather different from that obtained by Becchetti-Greenlees potentials. It may be
concluded that uncertainties in the CASCADE calculations due to the choice of the
optical potentials are not so large.
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Table B.1: Optical potentials used for the calculations of transmission coefficients.

particle Potential-1 Potential-2
n Wilmore and Hodgson  [109] Rapaport et al. [118]
D Watson et al. [110] Becchetti and Greenlees [119]
d Ermer et al. [111] Daehnick et al. [120]
t England et al. [112] Perey and Perey [121]
! Michel et al. [113] Satchler [122]
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Figure B.1: Comparison of the branching ratios for the s-hole states in (a) !B and
(b) N obtained from the CASCADE calculations with two different sets of transmis-
sion coefficients (see text).



Appendix C

SU(3) model for s-hole states in
light nuclei

Yamada et al. calculated spectroscopic factors and partial decay widths for 2-body
decay processes from the doorway s-hole states in "B and N by means of the
microscopic cluster model with SU(3)[f](Ap) wave functions [33]. Here, we briefly
summarize the calculation method and results of Ref. [33], because the derived se-
lection rule for fragmentations of s-hole states in light nuclei is one of the important
subjects in the present work.

The ground-state wave functions of light nuclei are known to be well described
by the SU(3)(Ap) wave functions [123]. Since protons in a ls-state have zero quanta,
the doorway s-hole state produced by the quasifree knockout should have the same
spatial symmetry as the ground state of the target nucleus. For example, 2C ground
state has dominantly the SU3(Apu)=(04) symmetry with the total quanta Ng=8 and
160 ground state has dominantly the SU3(Au)=(00) symmetry with the total quanta
No=12. There are two SU(3) states of SU(3)[f](An)=[443](04) and [4421](04) for
B(s-hole) ([4443](00) and [44421](00) for the *N(s-hole)) with the lowest quanta,
which are degenerated in energy.

The partition symmetry [f] has a close connection with the microscopic cluster
model [124]. For example, the microscopic a+a+3N and 2C+3N models describe
the SU(3)[443](A\u) and SU(3)[4443](A\u) states of "B and PN, respectively, where
3N denotes a three nucleon cluster. The microscopic a+a+2N+N and 2C+2N+N
models can describe the SU(3)[4421](Au) and SU(3)[44421] (i) states of 1'B and N,
respectively, as well as the SU(3)[443](An) and SU(3)[4443](Au) states.

'B(s-hole) state

The wave function of an SU(3)(Au)=(04) state of ' B(s-hole) is calculated within the
framework of the microscopic a+a+2N+N model (see Fig. C.1), where total orbital
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2N

r2a

g3

a

Figure C.1: Coordinate system of the microscopic a+a+2N+N cluster model.

angular momentum L™=07. total spin S:%, total isospin T:%, and total quanta
Ng=8. The wave function of an SU(3)[f](Au)=(04) state of ''B is given by

O (UB[f](An)) = (C.1)

L N 0w, (o),
V(1) Zc: e

B1(0) =\ e A {8udaldawON]"" [t (7t sty (722) i (735)]2}, (2

c= (Tl44l44, nailor, 1, n83183)a (0-3)

with L = I+lg3, I = lyy+1s1, and Ng = (2n44H 14 H2n91Ho1 HH2ns5Hs3). The internal
wave functions, ¢, and ¢, are given by the lowest shell model wave functions with
(s)* and (s)? configurations, respectively, and ¢y denotes the spin-isospin function
of N. The operator A" antisymmetrizes nucleons belonging to different clusters. The
relative wave function referring to the relative coordinate r4 between the two «
clusters is expanded in terms of the harmonic oscillator wave function w,,,;,, with
the relative orbital angular momentum /44 and node number nyy. The relative wave
functions between 2NV and N, and between (a+ «a) and (2N+N) are expanded in the
same manner. a1 and v([f](Ap)) are the expansion coefficient and the eigenvalue,
respectively, which are obtained by the diagonalization of the norm kernel matrix.

In order to calculate the spectroscopic factors and partial decay widths of 2-body
decay channels, the reduced width amplitudes for the "Li+a, ®Be+t, and *Be+d
channels are defined as follows:

ylm'“(?“m) = 1oy <\/%[q)l(7[,i)¢a}/l(,ﬁ74)]0+

<I>0+(“B)> : (C.4)

T74
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- 11! .
VB (1gq) = 73 < w[@(E‘Be)@Yl(T&a)]m

0 11!
WE(10,) = 7o <\/%[q>l(9Be)¢le(f92)]0+

where the internal wave functions, ¢4 and ¢; are given by the lowest shell model

<I>0+(11B)> , (C.5)

83

<I>0+(11B)> , (C.6)

792

wave functions with (s)? and (s)® configurations, respectively, For other channels,
the reduced width amplitudes are similarly given. The wave functions for 1°B, 1°Be,
9Be, ®Be, "Li, Li, and *He are calculated by the microscopic cluster-model technique
with use of the SU(3)(A\u) =(22),(22),(31),(40),(30),(20), and (10) respectively. For
example, the "Li(30), ®Be(40), and Be(31) wave functions are given, respectively ,
within the frame of the microscopic a+t, a+a, and a+a+n cluster models,

, 1 fam
O;("Li) = a0V 7 A{babitini(T43) }onti=3, (C.7)
1 414!
®;(°Be) = -0V 8 A GaPatin(T41) bonti=a, (C.8)
1
) QBe — al D (44l ,n ls1),
l( ) l/(31) n44l§81l81 naalaa,ng1ls: l( 44544, 1081 81)/

414!
‘1)1(7144144,”81181): FAI{¢a¢a¢n[un44l44(r44)un81l81(7'81)}[}’ (C,9)

where U = lyy + lgy and (2n44 + lag)+(2ns1 + ls1)=5. Then the spectroscopic factors,
for example, for the "Li+a, 8Be+t, and ?Be-+d channels are calculated as

S?Li(L) + a] = /0 " AV ()P (©.10)
52 [8Be(l) + t] = /Ooo d?“gg [ylsBe_t(T'gg)}Q (Cll)
SQ[QBQ(Z) -+ d] = /Ooc d’l"gQ [ylgBe_d(?"gg)]Q (012)

The partial decay widths of the doorway 1 B(s-hole) state for the **B+n, 1°Be+p,
9Be+d, 8+t, "Li+a, and Li+°He channels are calculated by the separation energy
method, Eq. (4.4), that is also used in the sell-model calculations. The reduced
amplitude ) is related with the 0; in Eq. (4.4) as 6?(a) = a3—‘°’yf(a), where a denotes
the channel radius. The total sum of the partial decay widths corresponds to the

escape width (I'T).
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1N (s-hole) state

The wave function of an SU(3)(Au)=(00) state of "N(s-hole) is calculated within
the framework of the microscopic 2C+2N+N model, where total orbital angular
1

momentum L™=0", total spin S:%, total isospin T'=3, and total quanta Ngo=12.

The wave function of an SU(3)[f](Au)=(04) state of N is given by

L (ON[f)(M) = o 3 al WL, () (C.13)

VV(FI(AR)

B1(0) = | et A 6axon] T GOt (W ()12} (10

c=(l,n.l,nyl, 1), (C.15)

with L=1+1, I =1,+1, No= (2n, +1,)+ (2n, +1,) + 8. The internal wave
function ¢;(2C) is given by the SU(3)[f](Au)=[444](04) wave function. The relative
wave functions referring to the relative coordinate r between ?C and (2N+N) and
p between 2N and N are expanded in terms of the harmonic oscillator wave function
Un,1, and U, ;,, respectively. (I, and [, are the relative orbital angular momenta and
n, and n, are node numbers.)

The spectroscopic factors and partial decay widths for the 2-body fragmentations
of the N(s-hole) state, i.e., “N+n, *C+p, BC+d, 2C+t, "B+a, °B+°He, - -,

are evaluated in the same manner as in the case of 'B(s-hole) state.

Results

In the calculations of Ref. [33], the excitation energies of the 'B(s-hole) and "N(s-
hole) states are fixed to E,=20 MeV and 30 MeV, respectively. The calculated
spectroscopic factors and partial decay widths for the "B(s-hole) state are shown
in Table C.1 with @-values of decay to the ground state of each residual nucleus.
In Ref. [33], the values are obtained individually for six states of 9B, three states
of Be, two states of “Be, three states of ®Be, two states of "Li, and two states of
OLi, respectively. In Table C.1, only the total sums for the ground state channel and
excited channels in each 2-body fragmentation are listed. As seen, the spectroscopic
factors for the fragmentations of the two (Au)L™=(04)0" eigenstates into the "Li+a
and °Li+°He channels are exactly zero. This is striking because the Q-value for
the a-decay channel is the largest among other channels. Thus, the authors called
this a selection rule for fragmentations of doorway s-hole states in light nuclei. It is
noted that the spectroscopic factor of the SU(3)[f](Au)=[4421](04) state for t-decay
channel is exactly zero. Since the [4421] spatial symmetry state has more freedom for
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Table C.1: Calculated spectroscopic factors (S?) and partial decay widths (I') of
UB(Au)L™=(04)0" states. Decay Q-values are also shown.

[443](04) [4421](04)
Q (MeV) S?2  I'(MeV) 8?2 I (MeV)
YB+n 8.2 0.147 0.40 0.807 2.20
OBe+p 8.5 0.071 0.19 0.403 1.08
‘Be+d 3.9 0.332 0.58 0.456 0.80
8Be+tt 8.5 0.481 1.57 0.000 0.00
"Li+a 11.0 0.000 0.00 0.000 0.00
6Li4+5He 3.0 0.000 0.00 0.000 0.00
total sum 2.75 4.08

Table C.2: Calculated spectroscopic factors (S?) and partial decay widths (I') of
N(Au)L™=(00)0T states. Decay Q-values are also shown.

[4443](00) [44421](00)
Q (MeV) S* TI'(MeV) S?* I (MeV)

UN+n 19.2  0.153 1.29 0.765 6.43
“Cp 19.8  0.077 0.62 0.383 1.50
BC+d 13.8  0.384 1.62 0.480 2.04
20+t 15.2  0.543 1.29 0.000 0.00
HUB+a 19.1  0.000 0.00 0.000 0.00
0B4-°He 4.4 0.000 0.00 0.000 0.00
‘Be+Li 2.4 0.000 0.00 0.000 0.00
8Be+"Li 7.6 0.000 0.00 0.000 0.00
total sum 4.83 9.96

the nucleon part outside the a4« core compared to the [443] state, the spectroscopic
factors for the **B+n and *Be+p channels in the case of [4421](04) are larger than
those in the case of [443] but the spectroscopic factor for the 8B+t channel is much
small in the [4421](04) state.

The calculated spectroscopic factors and partial decay widths for the N(s-hole)
state are shown in Table C.2 with @Q-values of decay to the ground state of each
residual nucleus. In Ref. [33], the values are obtained individually for four states of
N, two states of 1*C, two states of *C, three states of 12C, two states of !B, three
states of B, a state of “Be, and three states of ®Be, respectively. In Table C.2,
only the total sums for the ground state channel and excited channels in each 2-body

fragmentation are listed. As seen similarly to the case of the B(s-hole) state, the
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spectroscopic factors for the fragmentation of the (Au) L™=(00)0" eigenstates into the
UB+a, B4 He, “Be+°Li, and ®Be+7Li channels are exactly zero. The spectroscopic
factor of the SU(3)[f](Ap)=[44421](00) state for t-decay channel is also exactly zero
like the [4421](04) state in the ''B(s-hole). Tt is worth while to mention that in the
case of the 1N the calculated spectroscopic factors decaying to the excited channels
of each 2-body fragmentation are larger than those decaying to the ground state

channel, which qualitatively agrees with the results of the present measurements.
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