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SYNOPSIS

The energy correlation and angular correlation distributions between two emitted
particles from the (&, 2e¢) and (p, pa) reactions on some light nuclei were obtained
and the reaction mechanism and the alpha-clustering correlation were investigated.
The reactions studied were : the (@, 2«) reactions on Be® at 28.0, 32.3 and 37.4
MeV, B at 28.4 MeV, C12 at 28.0 and 37.4 MeV and O! at 26,5 MeV, and the Be?
(p, per) He® reaction at 55 MeV.

Peaks corresponding to the low lying states of the residual nuclei were found
in the summed energy spectra, and the angular correlation distributions were
obtained for the two emitted particles leading to the ground state of the residual
nucleus., The energy correlation and the angular correlation distributions between
the symmetrically emitted two particles were explained by assuming a quasi-free
scattering process with the plane wave impulse approximation. The amplitudes and
the shapes of the intranuclear momentum distribution of the alpha-cluster show
that the alpha-clustering correlation is strong in Be? fairly strong in B!, weak in
C!2 and rather strong in O,

1. Introduction

The concept of cluster structure provides a new tool for the further under-
standing of nuclear structure. In the surface of heavier nuclei and in the whole
body of light nuclei, many phenomena related to many nucleon correlation have
been observed and discussed. In heavier nuclei the nuclear density distribution
quickly falls off at the surface region, and in light nuclei the constant nuclear
density region scarcely exists and the surface region spreads throughout the
nucleus.” In these diffuse density region, there exist many unoccupied states in
the Fermi sea, so that the many particle correlation can easily take place. This
correlation can scarcely exist in the infinite nuclear matter, because the states are
completely occupied® and the two-body correlation is essential in this case. Because
the number of nucleons in the nucleus is finite, the character of the nuclear surface
region has an important effect upon the whole nuclear properties.  Then the
cluster structure in the surface region plays an important role upon the properties
of nuclei.® Moreover, to get deep insight of the properties of nuclear structure on
the bases of the realistic two-body nuclear forces, knowledge on the many nucleon
correlations is necessary and useful.

The structure of light nuclei has been discussed within the framework of
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cluster models by several authors. One of them treats nucleon clusters as const-
ructed by the correlation between the nucleons in Hartree-Fock potential,® and the
others use the resonating group methods.4® In Ref. 5), the interaction between
the clusters was derived from realistic two-body nuclear force. Such a treatment
may be one of the useful methods to understand the nuclear structre on the bases
of the realistic two-body nuclear force.

The experimental investigation about the cluster structure has been performed
concerning the following phenomena; cluster transfer reaction,® quasi-free cluster
knock-out reaction,” high energy spallation reaction,® absorption of gamma guanta,
7~ meson and K- meson by quasi-a particles,” and the quasi-molecular states in
heavy ion collisions'®.  These phenomena provide important information on the
nucleon cluster structure. Among them, the cluster stripping or pick-up reaction
and the quasi-free knock-out reaction can give more precise information than others.
In particular, the latter reaction is the most useful, because the reaction mechanism
can be uniquely assigned and the form factor of the relative wave functions
between a cluster and the residual part in the nucleus can be decided in this
reaction.

Among possible types of nucleon cluster in the nucleus, the alpha cluster is the
most interesting in the first place. The binding energy of an alpha-particle is
large compared with that of He? T, D etc., while the interaction between two
alpha-particles is rather weak. These facts result from the characteristics of the
two-body nuclear force, the charactor of strong tensor force and of charge sym-
metry.’® Then it is very interesting and valuable to study how the alpha-clustering
is maintained in the nuclear many-body system, and how the alpha-clustering affects
the nuclear properties.

Up to now, experiments on the quasi-free knock-out reaction have been done
using relatively high energy incident particles. But if medium energy particles
are used, some of the difficulties appeared in the high energy experiment are
removed. The first merit is that the individual states of the final nucleus can be
separated because of the better energy resolution in the absolute value. Actually,
in the experiments of high energy (p, pa)™® and («, 2a)*® reactions hitherto made,
the individual states of the final nucleus have not been resolved. The second merit
comes from the relatively large yields of the quasi-free scattering. For example,
the differential cross section of a—a scattering at 90° in the center-of-mass system
is about 0.5 (mb/st.) at 120 MeV incident energy, while, at 53.4 MeV, that is about
100 (mb/st.),'® so the yield of the quasi-free alpha-alpha scattering can be expected
to increases at low energy. In general, as the yield of the quasi-free scattering
are not so large, the relatively large yield markedly benefits the accuracy of the
experiment. Still more, when high energy particles collide with the nucleon cluster
in the nucleus, the clustering correlations are easily broken, and the observation of
the emitted particles cannot completely inform us the clustering correlations in the
nucleus.

It is appropriate to call a (¥, xa) reaction a quasi-free x—a scattering, if this
reaction somewhat resembles a free x—a« scattering. This scattering means that
the reaction can be approximately considered as a collision between two classical
particles, the projectile and the bound alpha-particles. This condition is satisfied
when the energy of the incident particle is so high that the de Broglie wavelength
is sufficiently small to identify an alpha-particle in the target nucleus. In this
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case, the reaction mainly occurs due to the direct intéraction between the incident
and the knocked-out particle, and the reaction cross section may be expressed in
terms of the free x—a scattering cross section at the relevant energy and scattering
angle. In this way one can circumvent the lack of precise knowledge of the x—wx
interaction in the nucleus and can extract the information directly related to the
motion of the alpha-cluster in the nucleus,

Actually, the direct interaction model of the reaction mechanism as sketched
above predicts that the momentum distribution of the recoiled residual nucleus (we
call it the recoil momentum distribution hereafter), is equal to that of the alpha-
particle bound in the target nucleus, if the interaction between the residual nucleus
and the incoming particle and the interaction between the residual nucleus and the
outgoing particle are neglected. This prediction follows from the natural assump-
tion that the residual nucleus (or core as one can call it when it is a part of the
target nucleus) will continue to move as it did before the impact of the incoming
particle if the alpha-particle is removed in a very short time interval compared
with the period of the relative motion between the alpha-particle and the core.
Before impact, the bound alpha-particle and the core must always move with
exactly equal and opposite momenta since the target as a whole is at rest. The
existence of interactions between the core and the incoming or outgoing alpha-
particles will modify this assumption of the process, and this modification is more
serious in the medium energy reaction.

Quasi-free knock-out (%, xa) reation is restricted by the kinematical conditions
similar to those of a corresponding free scattering process. Using the laws of
conservation of energy and momentum the follwing equation are given

Ey=FE.+EA+Er+E; e e))
ko=ks+kethkr e &)

where E,, E, and E. are the energies of the incident particles and the two outgoing
particles respectively, and #k,, ik, and k., mean the momenta of them respecti-
vely. The tsubscript x is used to the incident and outgoing proton or alpha-
particles and @ means the struck-out alpha-particle. E; is the separation energy of
the alpha-particle, i. e. the energy necessary to separate the bound alpha particle
from the target leaving the residual nucleus in a definite final state. Representing
the excitation energy of the residual nuleus by E,., the separation energy is equal
to the algebraic sum of the reaction @-value and E,., 1. 6. Es=FE;—@Q. Egr is the
kinetic energy of the residual nucleus and is related to the recoil momentum zkz

by

_ kr*
ER__M_ .................. 3
with Mz being the mass of the residual nucleus.

In the quasi-free scattering experiment, coincidence techniques are usually
employed to decide the E., E., #k. and nk. simultaneously. The incident energy
Ey and the incident momentum fk, are known. Now the reaction cross section
can be expressed as a function of summed-energy E,+E.+Ex(=E;—E;). For a
given value of E.+E,+Er the cross section is a function of nkz. We call the
former function “summed energy spectrum” and the latter “recoil momentum
distribution”. The recoil momentum #kr equals the momentum —#nk of the alpha-
cluster, so, from these measured values the information on the motion of the alpha-
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cluster in the target nucleus is given. The summed-energy spectrum gives directly
the separation energy of an alpha particle in the target nucleus which leaves the
residual nucleus in some excited state.

The analysis is much simplified when the experiment is performed in a sym-
metric and coplanar geometry, i.e. in a way that the outgoing particles with
momenta which are coplanar with the beam and symmetric each other to the beam
are selected. Then, the following expression for hkz the component of the recoil
momentum along the incident beam, is given

kr=ky—2k.cosl e @
where, because of the symmetry,
b=ka|=kal, 0s=0.=0, br=|kr| oo )

Even when lkz|=0, i. e, when alpha-particles are at rest in the nucleus, the
angle 0 is somewhat smaller than that expected from the free scattering due to
the separation energy.

In the present work, the properties of the alpha-clustering correlations in Be?,
B, C2 and O nuclei are studied with the (&, 2a) and the (p, pe) reactions on
these nuclei.® The Be® («, 2«) He® reaction was observed at the incident alpha-
particle energy of 28.0,'» 32.3 and 37.4 MeV.'® Also, the Be® (p, pa) He® reaction'”
was observed at the incident proton energy of 55 MeV. The BY® (&, 2a) Li®
reaction'® was investigated at the incident alpha-particle energy of 28.4 MeV.
The C® (a, 2a) Be?!® reactions was performed at 28.0Y' and 37.4 MeV alpha
energy. Finally the O (a, 2a) C* ¥ reactions was observed at 26.5 MeV alpha-
particle energy. In each reaction, as described above, the energy correlation distri-
butions and the angular correlation distributions between the emitted particles
were obtained.

In this paper, the experimental results of these reactions are presented. The
experimental results are analysed by assuming the quasi-free scattering process.
Some informations on the alpha clustering correlations in these light nuclei are
discussed. '

2. The Experimental Procedures

2.1. (a, 2a) Reactions

2.1.1. General

In the experiments at Kyoto University, alpha particles of about 28 MeV from
a 105 cm cyclotron were used. The beam spread at the center of the scattering
chamber was about 3.5 mm in diameter. The beam current was integrated electro-
nically and used as a beam monitor. In the experiments at the Institute for
Nuclear Study, University of Tokyo, alpha particles of 32.3 MeV and 37.4 MeV
from an energy variable cyclotron were used. The beam spread at the center of
the scattering chamber was about 3.5mm in diameter. The beam current was
integrated electronically and used as a beam monitor. The yield of the elastically
scattered alpha particles from the target at one angle was used as a target monitor
simultaneously.

The schematic diagram of the experimental arrangement is shown in Fig. 1.

% The author is much indebted to the authors of Ref. 16)~19), for allowing him to use the
experimental data before publication.
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Two detectors were mounted on two movable arms respectively, and could be
rotated independently in the same plane containing the beam axis. Silicon semi-
conductor detectors of p—#n junction type and also:.of surface-barrier type were
used as alpha particle detectors. The depletion layers of the both types of the
detectors were thick enough to stop 30 MeV alpha-particles. They were placed
just behind the defining apertures of 3 or 4 mm in diameter which were about
10cm apart from the target center.

A block diagram of the electronic system used in the experiments is shown in
Fig. 2. Pulses from the detectors were amplified with the voltage sensitive pre-
amplifiers and the fast amplifiers. The rise time and the full width of the output
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Fig. 1. A schematic diagram of the experimental arrangement
for the measurement of the (e, 2&) reactions.
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Fig. 2. A block diagram of the electronic system for the
measurement of the (&, 2«) reactions.
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pulses were about 15 ns and less than 50 ns respectively. Then the pulses were
divided into two parts; the one was used as a timing signal and the other as an
energy signal. The timing pulses were discriminated and shaped to the 20 ns width
rectangular pulses and then fed into a fast coincidence circuit with 2r=4x10"% sec
resolving time. The energy signals were fed into a pulse-height-analyser, only
when the gate were opened by the output pulse of the coincidence circuit.
Signals from each detector were fed into the input connectors of a two-dimensional
pulse-height-analyser; 32x32 channel or 64x64 channel P.H. A.. The resolving
time of the coincidence circuit was sufficiently shorter than the time interval of
the beam bunches of the cyclotron, that were 7.7x10-% sec for Kyoto University
cyclotron and 1.13x 107 sec, and 1.05x 1077 sec, for INS cyclotron corresponding to
28, 32.3 and 37.4 MeV alpha-particle beams, respectively. With this condition the
two-dimensional pulse-height-analyser registers only the events arose in the period
of one beam bunch.

The random coincidence counts were estimated by delaying the timing of one
of the two detectors by the time interval of the beam bunches. The random
coincidence runs were carried out whenever the true coincidence runs were done
and the random coincidence rates were less than a few percent of the true coinci-
dence rates at most angles. Only at the extreme forward angles the rates were
about ten percent. The stability of the electronic system was checked by measuring
the peak of alpha-particles elastically scattered by the target, before and after
each true or random coincidence runs.

The timing adjustment and the energy calibration of the whole counting
system were set by using alpha-alpha scattering and the elastic scattering of alpha-
particles by the target nuclei.

The angular resolution of the counter system for the coincidence measurement
was checked by detecting the angular correlation distribution between the elastically
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Fig. 3. An angular correlation distribution Fig. 4. A single energy spectrum of the
between the elastically scattered elastically scattered alpha-particle
alpha-particle and the recoiled Be?® from the Be? nucleus when the
nucleus. ‘ coincidence measurement was per-

formed.
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scattered alpha-particle and the recoiled target nucleus. The experimental angular
resolution was scarcely different from the values calculated from the geometrical
condition. An example of such measurement is given in Fig. 3. for the Be’—«
system. The energy resolutions of the detector system for the angular correlation
measurement were also checked by using the same phenomenon. One of the
results is given in Fig. 4. In this case the energy resolution of a single counter
was about 1 MeV in full width. In most cases better resolutions were attained.
Only in the case of O, the energy resolution was worse (~2 MeV.) because the
oxygen gas target was used.

Two dimensional pulse height distributions were measured at each pair of 0,
and #, between the coincident two alpha-particles (the notation given in Fig. 1. is
used hereafter). The differential cross sections can be determined as functions of
four parameter, (6, Ei, 0., E»). These four parameters completely decide the
kinematics of the three body system in a coplane. Two different methods to
measure the angular correlation distribution were adopted; the one has a symmet-
ric geometry described in Section 1., and the other has non-symmetric geometry
where 0; is fixed at a certain value and @, is varied. In the former method the
recoil momentum #kr relates directly to the angle ¢ (=0:=0,). In the latter
method the recoil momentum which lies in other direction than that of the beam
is observable and further the mixing of the sequential two-body decay process can
be checked. This sequential process means that at first an incident alpha-particle
is inelastically scattered by the target nucleus and then the recoiled nucleus in an
excited state emits an alpha-particle.

In order to distinguish this process from the direct knock-out process with the
ald of kinematical consideration, the variation of the energy spectrum of fixed
counter accompanied with the change of #; must be measured. Examples of the
relation of |kr| vs. (Ei, 01, Ey, 0,) are given in Fig. 5. (symmetric geometry)
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Fig. 5. A kinematical relation of |kz| vs. Fig. 6. A kinematical relation of |kgr| vs.
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and in Fig. 6. (non-symmetric geometry), for the Be® (a, 2a) He’rn¢ reaction at
28.0 MeV.

The average beam current was about 0.05 #A throughout the experiments.
The amount of alpha-particle beam used in each run was about 100 # Coulomb.

2.1.2. Be® («, 2a) He® Reaction

The experiments were performed using 28.0, 32.3 and 37.4 MeV alpha-particles.
The target of Be® was a self-supported thin foil prepared by vacuum evaporation
and the thickness of the foil used was ranged from 0.11 mg/cm? to 0.83 mg/cm?
The solid angle subtended by each counter was about 1x10-% steradian in all cases.

In the experiment at 28.0 MeV, four kinds of the angular correlation distribu-
tion were measured. They were: (1) O=0,=0,, 0=22°-70°. ((Gi) 6,=30°, 0,=20°
—70°, (Gii) 0,=35°, 0,=20°—70°, (iv) 6,=42°, 0,=22°—82°,

In the experiments at 32.3 MeV and 37.4 MeV, only the symmetric method
was adopted (0=15°—60° in the former and §=15°=70° in the latter).

2.1.3. B" («, 2a) Li® Reaction

The experiment was performed using 28.4 MeV alpha-particles. The target
of B was a self-supported thin foil prepared by vacuum evaporation of 99%
enriched B isotope and the thickness of the foils used during the experiments was
0.16 mg/cm?. '

Two kinds of the angular correlation distribution were measured: (i) (0=0,
=05, 0=16°-70°) (ii) (0,=40°, 0,=15°-75°).

2.1.4. C? (&, 2a) Be? Reaction

The experiment was performed using 28.0 MeV and 37.4 MeV alpha-particles.
The target of C* was a self-supported thin foil prepared by vacuum evaporation
or by thermal cracking of CH, gas. The thickness of the foil used was ranged
from 0.1 mg/cm® to 1 mg/cm?

In the experiment at 28.0 MeV, four types of the angular correlation distribu-
tion were measured: (1) 0=0,=0, 0=25°—60° (ii) 0,=25°, #,=20°—65°, (ii)
#:=35°, 0,=20°—70°, (iv) 0,=50°, 0,=20°—70°.

In the experiment at 37.4 MeV, only the symmetric method was adopted
(0=0,=0,, 0=12.5°—67.5°).

2.1.5. O (a, 2a) C2 Reaction

The experiment was performed by using 28.0 MeV alpha-particles. The target
of O was natural oxygen gas of 99.9% purity at the pressure of 40cm Hg. The
energy of the incident alpha-particles was 26.5 MeV at the center of the gas target.
The angular resolution in this gas target system was measured by a—He* scat-
tering and was about 6°. The energy resolution was measured to be ~2.0 MeV.

The angular correlation distribution was measured only by the symmetric
method (0=0,=0,, 0=20°—65°).

2.2. Be® (p, pa) He* Reaction

Protons of about 55 MeV was obtained from a synchlo-cyclotron of the Insti-
tute for Nuclear Study, University of Tokyo. The beam spread at the center of
the scattering chamber was about 10mm in height and in width. The beam
current was integrated electronically and used as a beam monitor.

The schematic diagram of the exprimental arrangement is shown in Fig. 7.
A proton counter and an alpha-particle counter were mounted on the two moving
arms respectively, and could be rotated independently in the same plane containing
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the beam axis. The proton counter
was composed of an lead absorber and
two silicon semiconductor detectors.
The lead absorber was placed so that
the protons of less than 26.0 MeV were
stopped. The front detector was a
lithium-drift silicon transmission detec-
tor whose depletion layer was 3 mm in
thickness. The rear detector was a
lithium-drift S. S. D. whose depletion
layer was bmm in thickness. These
two detectors were coupled as a teles-
cope. As a whole, the proton counter
selects out the protons having kinetic
energy more than 355 MeV. The

Faraday cup

Fig. 7. A schematic diagram of the expe-
rimental arrangement for the
measurement of the Be? (p, pa)
Hes reaction.

proton counter was placed just behind the defining apperture of 4 mm in diameter
which was about 9.85cm apart from the target center. The alpha counter was
composed of three surface-barrier silicon detectors. The thickness of their depletion
layer was 100 microns, 500 microns and 2 mm respectively. By the front detector
(100 1), the low-energy alpha-particles (less than 12 MeV) were detected and the
signals of the penetrated particles were gated-off by the signals from the middle

detector.

The front detector also. detected
only the protons of less than 3 MeV
and the deuterons of less than 4 MeV.
The middle detector (500 ) was used
to detect the alpha-particles of more
than 12 MeV and less than 35 MeV, by
the same method as above.. The middle
detector also detected only protons of
the energy from 3 MeV to 9 MeV and
deuterons of the energy from 4 MeV to
12 MeV. The alpha counter was placed
just behind the defining aperture of
4mm in diameter which was about
9.95cm apart from the target center.

A Dblock diagram of the electronic
system is shown in Fig. 8. Pulses from
each detectors were amplified with a
fast pre-amplifier.  The output signals
had the rise time of about 15 ns and
the width about 50 ns for 100 x and
500 2 S.S.D. and the rise time of about
30~40 ns and the width of about 100
ns for 2mm, 3mm and 5mm S. S. D.
Pulses from the two detectors of the
proton counter were fed into a fast
coincidence circuit (its resolving time
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Fig. 8. A block diagram of the electronic
system for the measurement of
the Be? (p, pa) Hes reaction,
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was 2r=40 ns.). Although pulses from the detector had a relatively long rise
time, the time ripple of the coincidence was less than 10 ns because the pulses
were amplified sufficiently so as to trigger the fast discriminator much before the
full rise. The coincident output was fed into the next coincidence circuits. For
the alpha counter, output signal from the 1004—5004 anti-coincidence circuit, was
fed into the next coincidence circuit. This coincidence circuit selected the pulses
from the proton counter and the alpha counter and its output signal opened the
gates of the energy pulses from the 100 # and the 5 mm detectors. The resolving
time of the whole coincidence system was 2r=6x10-% sec. Within this time
interval two bunches of the proton beam could be included. The proton spectrum
was registered in the one side (64 ch) of the two-dimensional pulse-height-analyser
(ND 4096) and the alpha-particle spectrum. in the other side, which was divided
into two parts (2x32ch) and the low-energy alpha-particles and the high-energy
alpha-particles were separately fed into each part with the use of ROUTE GATE.

The random coincidence counts were estimated by delaying the timing of one
of the two counters by two time intervals of the beam bunches. The random
coincidence runs were carried out every after the true coincidence runs and the
random coincidence rate was less than a few percent of the true coincidence rate
at most angles except at an extremely forward angle. This good signal-to-noise
ratio was attributed to the telescope system of the proton counter and the anti-
coincidence system of the alpha counter. .

The target of Be® was a self-supported Kinernatics of Be'(p,pa)He’ynd
thin foil prepared by vacuum evaporation gzg‘if\gfv Q=-2.53Mev
and the thickness of the foil was 1.4 mg/cm? ° Pp=P
and the size was 15 mm in diameter. Ep

The timing adjustment and the energy 2 1
calibration of the whole counting system
were set by coincidence measurement of the
proton-proton scattering using a polyethy-
lene film as a target and the proton-Be®
elastic scattering. For the proton and alpha-
particle system the timing was modified
according to the difference of the flight
time.

The angular correlation distribution was os
measured only by the symmetric method.
The relation among the recoil momentum

7n1kzr|, the symmetrical angle 0 (=0,=0.)
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nlkp| (=nlk«) for the Be® (p, pa) He® Fig. 9. A kinematical relation among
reaction was calculated according to the the recoil momentum 7% |kz|,
eqs. (1D~(5) and is shown in Fig. 9. the symmetrical angle o(=8,

=0,) and the momentum of
the emitted particle #|k,|
(=#|k«}) for the Be? (p, pa)

The average beam current was 0.04 #A
of the debunched beam. The amount of

proton beam for each r'un was about 50 u Hebg'na (@ —2.5 MeV) reac-
Coulomb, and at the recoilless angle (§=55°) tion (0,=0s, nl|kp|=n|k])
four runs were accumulated. At each at 55 MeV. For the notations

angle, a random coincidence run was carried see in text.
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out using about a half of amount of proton beam for a true coincidence run. As
a monitor, a surface-barrier silicon detector with the depletion layer of 1.5 mm in
thickness was set behind the 1.5 mm aluminium absorber at 45° and the elastically
scattered protons by the target were detected.

3. Experimental Results

3.1. Be' (a, 2a) He® Reaction

The summed energy spectra are given in Fig. 10. The abscissa shows the
summed energy (E;+ E;+ Ex) and the excitation energy of the residual He® nucleus.
The set of #;—0, cited in the figure is the recoilless angle, when the He® nucleus
is left in the ground state. There exists a sharp peak at the summed-energy
corresponding to the ground state of He® nucleus (@=—25 MeV) in each case.
About this peak the data are decomposed to give the angular correlation distribu-
tions at the three energies. At 32.3 MeV and 37.4 MeV, about the region around
Q= ~—7.0 MeV (corresponding to the 1st excited state of He® nucleus) the angular
correlation distributions are also obtained. Furthermore, at 37.4 MeV about the
region around @=-—19.2 MeV (corresponding to the 2 nd excited state of He® nuc-
leus) the angular correlation distribution is obtained.

00 Figs. 11~14. show four kinds of the
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Fig. 12. The angular correlation distributions Fig. 13. The angular correlation distributions
for the Be? (e, 2a) Hebg'ng (@~ —2.5 for the Be? (@, 2&) Hebgna (R=—25
MeV) reaction at 28.0 MeV obtained MeV) reaction at 28.0 MeV obtained
by the non-symmetric method when by the non-symmetric method when
0, is fixed at 42°. The distribution 9; is fixed at 35°. The distribution
is shown for each 2.5 MeV interval : is shown for each 2.5 MeV interval
of El. of El.

MeV —14.0 MeV, the condition E,=E, is held. ,

Fig. 11 gives the results obtained by the symmetric method. Among these
distribution curves that of Ei=FE, can be directly compared with Fq. (5) and
Eq. (6). : ‘

Fig. 12 gives the results obtained by the non-symmetric method when 6, is
fixed at 42°. As seen in Figs. 11 and 12, the differential cross sections have a
maximum value about the recoilless angle (=42°=0,=0,, if E1=EFE,). This fact
proves that the quasi-free alpha-alpha scattering process is realised. In Fig. 12
there exists another sharp peak at backward ahgles for some energy intervals, but
this is tailings due to coincident pulses of elastically scattered alpha-particles and
recoil Be® nuclei.  These surplus coincidence events can be selected out if the
energy loss of Be ions is little before arrival at the active layer of the detector.

Figs. 13 and 14 give the results obtained by the non-symmetric method when
0, is fixed at 35° and at 30° respectively. In Figs. 13 and 14, the recoilless point
is not existent if Ey~FE,, but exists in larger E; and #,. If 6,=35°, the recoilless
point exists at E;=16.0 MeV and #,=50° and if #,=30°, at E;=185 MeV and
0»=55°.  In both cases the maxima of the differential cross section are observed
in these points.

Figs. 15 and 16 show the angular correlation distributions of the alpha-particles
obtained by the symmetric method at 32.3 MeV. In Fig. 15, the angular correla-
tion distributions about the region of @=~—2.5 MeV are shown for each 2.5 MeV
interval of E.. If E;=E, the recoilless angle is 42.5° and a maximum of the
differential cross section occurs at this angle, as is observed at 28 MeV. In Fig.
16, the angular correlation distributions about the region around @=—7.0 MeV are
shown.

Figs. 17~19 show the angular correlation distributions of the alpha-particles
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Fig. 18. The angular correlation distributions Fig. 19. The angular correlation distributions
for the Be® (e, 2e¢) HeSig (@~ —7.0 for the Be? (&, 2a) Hedgng (@~ —19.2
MeV) reaction at 37.4 MeV obtained MeV) reaction at 37.4 MeV obtained
by the symmetric method (0=0,=0,). by the symmetric method (0=20;=0).
Only the symmetric energy distribu- Only the symmetric energy distribu-
tion (E;=E>) is shown. tion (E;~E,) is shown.

obtained by the symmetric method at 37.4 MeV. In Fig. 17, the angular correla-
tion distributions about the region of @=—2.5 MeV are shown for each 1.25 MeV
interval of E,. If Ey=FE, the recoilless angle is 43.0° and a maximum of the
differential cross section is also observed at this angle. In Figs. 18 and 19, the
angular correlation distributions of the alpha-particles about the regions around
Q~~—7.0 MeV and —19.2 MeV are shown respectively.

An important fact is that, throughout the experiment, the differential cross
section has a maximum at the recoilless angle. Another important fact is that the
angular correlation distributions at the forward angles vary their shape with the
change of the incident energy and the detection method. These facts are consistent
with the quasi-free alpha-alpha scattering process as will be discussed later.

3.2. BY (a, 2a) Li° Reaction

The summed energy spectrum is given in Fig. 20, where the abscissa represents
the summed energy and the excitation energy of the residual Li° nucleus simulte-
neously. There exist apparently peaks at the @ value of about —4.5 MeV and
about —6.6 MeV, which correspond to the ground and the 1 st excited states of LiS.
The angular correlation distributions are obtained about these two peaks.

Fig. 21 shows the angular correlation distribution of the alpha-particles about
the region of @=—4.5 MeV obtained by the symmetric method (0=0,=0,) where
E,~E,. Fig. 22 shows the angular correlation distribution about the same region
obtained by the non-symmetric method (6,=40° where E;=~FE,). In Fig. 23, the
angular correlation distribution of the alpha-particles about the region of @=—06.6
MeV is given.

In Figs. 21 and 22, the shape of the angular correlation distributions around
the recoilless angle (40°) is quite different from that of Be® nucleus. The one reason
is that the relative angular momentum state between an alpha-particle and a Li®
core in B nucleus is different from that in Be’. The other reason is the diffe-
rence of the reaction @-value. The sudden rise of the differential cross section in
Fig. 22 at the backward angles is interpreted as the effect of the sequential alpha
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decay process.

3.3. C2 (@, 2a) Be® Reaction

Fig. 24 represents the summed energy spectra of the alpha-particles from C¥*
(a, 2c¢) Be® reaction at 28.0 MeV and 37.4 MeV when both counters were set at
the recoilless angles. Peaks are found at the @-value of about —7.5 MeV and
about —10.3 MeV, which correspond to the ground and the 1st excited state of Be?,

Figs. 25~29 show angular correlation distributions at 28.0 MeV. The angular
correlation distribution about @=~—75 MeV are shown for each 2.5 MeV intervals
of E;. Figs. 25 and 26 give the results obtained by the symmetric method and
the non-symmetric method (0;=35°) respectively. The recoilless angle is 35°
(=0=0,=0,) if E;~E,. This condition is held when E; is 95 MeV —11.5 MeV.
The shapes of the angular correlation distributions around the recoilless angle are
quite different from that of Be®. This fact is concerned to the difference of the
reaction @ value (i.e. —7.5 MeV), as will be discussed later. Figs. 27 and 28 give
the results obtained by the non-symmetric method when ¢, was fixed at 25° and
50° respectively. The recoilless points are not included in these figures.

Figs. 30 and 31 show the angular correlation distributions obtained by the
symmetric method at 37.4 MeV. The former gives the results for the region of
Q@=—75 MeV and the latter for the region of @=—10.3 MeV. In Fig. 27, the

C12(a,2a Be®
100  Ep=28.0MeV
©1260=35 1 8
192 C 2(a,2u)Beg,nd
s Eo=28-0MeV
50+ 10k e:e.l =G>2
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% Eor37.4MeV 2 5r A 90-11-5MeV
0 400F  ©,26,237.5° £ AN
3] ~ ! Lo® 1 | '
0 5 © % °
g 8 sk \ 11.514.0MeV
O 200- ‘“ s g0
© % Nor* ¢
cv—- 0 ! 1 Il L >3 1 3
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Fig. 24. The summed-energy spectra of the Fig. 25. The angular correlation distributions
emitted alpha-particles from the Ci2 for the C'? (&, 2a) Bedy'ng (Q=—7.5
(@, 2a) Be? reaction at 28.0 and 37.4 MeV) reaction at 28.0 MeV obtained
MeV respectively, when both coun- by the symmetric method (6=6,=#,).
ters are set at the recoilless angles The distribution is shown for each
for the @-value of —7.5 MeV in the 2.5 MeV interval of E|.

symmetric method. The abscissa
shows the summed energy (E;+E,
+Er) and the excitation energy of
the residual Be® nucleus.
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Fig. 28. The angular correlation distributions for the C!2 (e, 2a)
BeSgna (@@= —7.5 MeV) reaction at 28.0 MeV obtained by
the non-symmetric method when ¢, is fixed at 50°. The
distribution is shown for each 2.5 MeV interval of E;.

recoilless point is 0=0,=0,=35°, and E;~FE,  Also in this case the shape of the
distribution is different from that of Be® nucleus. The large @ value is the reason
of the distortion of the shape of the distribution.

3.4. 0% (@, 2a) C? Reaction

The summed energy spectrum is given in Fig. 32. The abscissa shows the
summed energy and the excitation energy of the residual C** nucleus. A sharp
peak is observed in the vicinity of the ground state of C** nucleus (=—7.2 MeV).
Fig. 33 gives the angular correlation distribution for the region of €=—7.2 MeV
obtained by the symmetric method at 26.5 MeV. The recoilless angle is 34°
(=0=0,=0,).

3.5. Be® (p, pa) He® Reaction

Fig. 34, shows a two-dimensional energy spectrum of protons and alpha-parti-
cles from the reaction Be® (p, pa) He® at 55°(=0,=0,) and at 55 MeV. Because
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tion at 26.5 MeV obtained
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(6=6;=0,). Only the sym-
metric energy distribution
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protons of higher than 47.5 MeV penet-
rated the detector, the proton energy
scale in the figure turns down at 47.5
MeV. However, a group of counts is
observed around a line in this figure
which corresponds to the ground state
of the residual He® nucleus. In the
figure a cross mark labeled “O” is a
reciolless point. The angular correlation
distributions was obtained by the sym-
metric momentum method (Op=0,,
#lky| =%|k.]) for the region around
the energy corresponding to the reaction
Q-value of about —25 MeV. The
width of the region is 7 MeV for E,
and 3.5 MeV for E.. The result is
given in Fig. 35. A maximum of the
differential cross section was observed
around the recoilless angle in spite of
the poor statistics. This fact is consis-
tent with the results of the («, 2a)
reaction described in Section 3.1. The
absolute value of the differential cross
section will be discussed later in connec-
tion with that of the («, 2a) reaction
and may give further proof of the reac-
tion mechanism.
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Fig, 34, A two-dimensional energy spectrum of protons

and alpha-particles from the reaction Be? (p,
pa) Hed at 55°(=0,=0,) and at 55 MeV.
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4. Discussion

4.1. The Direct Interaction Process

4.1.1. General

A quasi-free x—a scattering experiment, when both outgoing particles are
detected with good energy and angular resolution, gives the information sufficient
to determine the recoil momentum #kz. The separation energy of an alpha-particle
from the target nucleus is also determined. Then the information on the state in
which an alpha-particle is coupled with the core in the target nucleus is given.

It is concluded from the experimental results in Section 3, that the quasi-free
scattering is a good description for the reaction mechanism especially for Be®.
Therefore, it is worthwhile to analyse the experimental results with the direct
interaction mechanism in the first place.

We use the impulse approximation for the description of this process, that is,
an alpha-particle in a target nucleus is assumed to be knocked-out by an incident
particle giving little effect on the core. In addition, we neglect the distortion of
the incident and the outgoing waves by the core. The general expression for the
cross section of the (a, 2a) reaction is

d% _ dn*M, . ‘
s dlendihn | Hiko [27:|28%Ckr + Fea+ on—Ko)
XBCE1+E3+ER+E3"‘E0). .................. (6)

M, is the mass of an alpha particle and £, is the matrix element of the transition
between the initial state and the final state.

In the first Born approximation and using plane waves for the wave function
of the incident and outgoing particles, the matrix element #; can be represented as

2 n
tnz,C_MﬂZZ?)_z_ S0 8P alks) - M(L, 250, 3),  ereeeereeeenan )

where nky; (=nk;+nk.+nk,) equals —nkr and becomes the same with the mo-
mentum #k of the alpha cluster relative to the core in the nucleus.

M, 2; 0, 3) is the matrix element corresponding to the scattering process of
free alpha particles with the initial momenta #ko, #k; and with the final momenta
nky, nk,, and relates to the free «—« scattering cross section in the center of mass
system, using the first Born approximation, as follows:

do . =~ + = = 1 /2mN\¢ 1
I _rr S0, By (RN Z M, 2500, )2, e,
25 (1,2;0, )= <hc> Eg’ ¢ )] ®
where barred quantities are taken in the center of mass system. do/d0rr

(1, Z; 0, 3) is the cross section of the free a—« scattering not on the energy shell
but off the energy shell.
% g2, 4(Fes)|* describe the relative momentum distribution of the alpha

cluster in the nucleus, i. e., the probability of finding an alpha cluster in a state of

momentum #k.
Using Eqgs. (6), (7) and (8), the differential cross section is expressed as follows :

do - Maklkg (n) 2
TEdGdEdT, ~ k2| 84sa(ks)]
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Then we assume the cluster structure of the nucleus and represent the wave
function for the target nucleus as follows:

gﬁll:NL% (P Ga-s(F)zmg(R) e (10

X (1, 250, 3) - 8(Er+Es+Ep+E;—E))  ceeeeeveeennnn )

Here, ¢.(r1) is the internal wave function for the alpha cluster in the nucleus.
¢a-4(r3) is the internal wave function for the rest part of the nucleus in a certain
state of the residual nucleus. xrx(R) is the wave function for the relative motion
between the alpha cluster and the core in the target nucleus. Here, we spproxi-
mate %zx(R) by the following equation:

Lzpg(R) =Nz - 2(R) Yz (2),
Z(R)=R"» exp[——%«BRZ] LY (1D

R=r1—r3,

where B is the parameter which relates to the spacial spread of the relative
motion. L is the relative angular momentum between the alpha cluster and the
core. The Gauss type function is assumed for x(R) in order to simplify the
calculation as is usually done®%® N is the normalization constant for the totaly
system. In the wave function (10), we neglect the antisymmetrization, which
has little effect, if the alpha cluster is thoroughly separated spacially from the
core in the nucleus. This extreme approximation is convenient to see the situa-
tion at first sight. Then, the normalization constant NV of the target wave function
is used to normalize only the wave function of the relative motion xra(R),
assuming ¢.(r:) and ¢.-:(r3) are the normalized wave functions.
Then the momentum distribution becomes

51 Pua 2= 2 e | [ P ROIR

LA

2

2

X } f¢w(r1) $5-s(re) po(T 1) P a-s(r3)dridrs;

where ¢. and ¢4, are the internal wave functions of the alpha particle and the
residual nucleus, respectively, in the free space.

In Eq. (12), the last factor on the right is often interpreted as the probability
of finding the alpha cluster in the nucleus and the first factor as a normalized
momentum density distribution.*® Here we put them as follows.

P.= ] [B5r D $hesrdduCrdgacsCrodrdrs | s (13)

PL(k):N},-% }feﬁik‘RXLm(R)dR V TR SRR (14)
Then,

Z 185 (k) 12=F(k)= ; NZ-Pooon(k) e (15)

In the actual calculation, the most simple function is used as f(k), that is,

Sn(l)=P- (_L%)ZLexp[— <~—Z—>Z] . (16)

corresponding to each relative angular momentum state. In this equation « is
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relevant to the spacial spread of the relative motion, where a=12g5. P is the
amplitude of the momentum distribution and is equal to the product of N} and P,
and the factor due to the transformation to the momentum space.

In the case of the (p, pa) reaction, the differential cross section is expressed,
similarly to the equation (9), as follows:

dtc — Makpka nd
TEd0dEdR, ik o §atak)]?
x Z%fr(;i 2; 0, 3)-8(Ep+Eo+Ep+Ei—Ey)

In the actual calculation, we use the function expressed by Eq. (16) as in the
case of the (&, 2«) reaction. When there exists the distortion of the incident or
the outgoing wave, i.e., when the interaction hetween the incoming or outgoing
particle and the core cannot be negligible, the situation is different. When the
incoming and the outgoing wave are affected by the corresponding optical poten-
tials, which, are not so different each other, the momentum distribution function

e a(ks)|? is distorted. If analogy with the calculation about the quasi-free
k]

proton-proton scattering can be held, the amplitude of the momentum distribution
is strongly decreased and the shape is relatively smeared out*® However the
accurate distorted wave treatment of the quasi-free scattering process is not easy
at present from some theoretical reasons.?”? Then, we make bold to neglect the
distortion effect in order to see the essential qualities of the phenomena.

The cross section Eq. (8), cannot be accurately estimated, because we have no
experimental data about the scattering off-the-energy-shell.  So, we must choice a
conventional method. We replace the value of do/d277(1, 2; 0, 3), by the experi-
mental differential cross section on the energy shell for the same amount of momen-
tum transfer (=#{(ko—ks) —(ki—k,)}) at the incident energy of #?|ky—ks|?/2M..
This convenient method is usually employed in the treatment of the nucleon-nuc-
leon scattering off the energy shell*® and is proved very feasible. In the case of
the Be® (a, 2a) He® reaction the value obtained by this method is not so far apart
from the theoretically calculated one by using a phenomenological potential of
alpha-alpha interaction.?®

4.1.2. Be® Nucleus

Fig. 36 shows the calculated angular correlation distribution, following the
above mentioned methed, together with the experimental values for the Be® («, 2a)
He® reaction. The spin-parity of the ground state of Be® is 3/2—, that of the
ground state of He® is 3/2—, and that of the alpha-particle is 0+, so the relative
angular momentum between alpha-particle and He® in Be® is L=0, 2. We consider
the relative S state only and put f(k)=P-expl—(k/a)*). In the figure the calcu-
lated angular correlation distribution is given for three values of «, and as seen in
the fignre the distribution is sensitive to the parameter . a=0.40{m™! is the best
as seen in the figure. Then, P=0.88 fm?®-st"l. As a result the momentum distri-
bution of an alpha-cluster in Be® is given by a function f(k)=0.88 exp(—k?/(0.40)%).
This function reproduces the four kinds of the angular correlation distribution
fairly well, i.e. this function reproduces not only the peak around the recoilless
angle but also the variation of the differential cross section at the forward angles.
This variation is just in accord with the variation of the differential cross section
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Fig. 36. The calculated angular correlation distributions together
with the experimental values for the Be? (@, 2a) Hebg'na
reaction. The experimental angular correlation distri-
bution in this figure are that obtained by the symmetric
method (8;=60;) and when E;~FE, at cach energy and that
obtained by the non-symmetric method (6;,=42°) and when
E;~FE, at 28.0 MeV. For calculations and discussions see
in text.

of the free alpha-alpha scattering. The spread of the momentum distribution is
so narrow and the amplitude is so large, that the existence of the strong alpha-
clustering correlation in Be® is clear.

The momentum distribution function f(k) used in the analysis of the («, 2a)
reaction on Be? is used also for the angular correlation distribution from the Be®
(p, pa) He® reaction. The calculated angular correlation distribution is shown in
Fig. 35 where the absolnte value is normalized at the recoilless angle, and fits well
the experimental value. In order to ckeck the grade of the fit of the absolute
value, the ratio of the cross section of the («, 2a) reaction to that of the (p, pa)
reaction is given at the recoilless angle for both the experimental and the calcula-
ted, as follows: The result is

i e=n)
d!gldﬂng1<a{—‘ 26&{) exp.

755 =(1.924:0.33) x 10*
[ dRpd 8 A E(p—pa) Jex.
and
(aeaira—o)
d2,d82.d Ei(a—2a) )ear. —=1.03 % 10?

[ A
d82,dR2.dE.(p—pa) ear.
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They are in good accordance and give support to our treatment.

4.1.3. B! Nucleus

The spin-parity of the ground state of Li® is 1+, that of the alpha-particle is
0+, and that of B¥ is 3+, so the relative angular momentum is L=2 and 4. We
consider only the relative D state and put f(k)=P-(k/a)*exp(— (k/a)*). In Fig.
37, the calculated angular correlation disributions are shown together with the
experimental value for the B® (a, 2a) Li° reaction. When a=057{"!, P=0.83
fm®.st™?, a good fit is obtained. However, in the region coresponding to the large
momentum of the cluster, the fit is not so good. In this region, the effect of the
distortion is considered to be large for the D state, so the plane wave approxima-
tion is not sufficient. The experiments at different energies may clarify this
situation.

10
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Fig. 37. The calculated angular correlation distribution together
with the experimental values for the B¥ (e, 2&) Li%’sa
(@~ —4.5 MeV) reaction. The experimental angular
correlation distribution in this figure is that obtained by
the symmetric method (8;=86,) and when E;~F, at 28.4
MeV. For calculations and discussions see in text.

4.1.4. C* Nucleus

The spin-parity of the ground state of C? is 0+. that of Be® is 0+ and that
of an alpha-particle is 0+, so the relative angular momentum between alpha-
particle and Be® in C2 is only L=0. We put f(k)=P-exp[—k?*/a?). When
a=0.80{-! and P=0.036 fm?-st™, a good fit is obtained. The calculated angular
correlation distribution is given in Fig. 38 together with the experimental values
for the C® («, 2a) Be® reaction. The experimental angular correlation distributions
hawe not a maximum but rather a dip around the recoilless angle. This distribution
seems inconsistent at a glance with assumption of the S-state distribution, but can
be reproduced rather well when one takes into account the variation of the diffe-
rential cross section of the free alpha-alpha scattering. The reaction @-value of
the: C (&, 2a) Be® reaction is much larger than that of the Be® («, 2a) He® reaction,
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Fig. 38. The calculated angular correlation distributions for the

C2 (@, 2a) BeSg'na (Q=—7.5 MeV) reaction.

The

experimental angular correlation distributions in this
figure are those obtained by the symmetric method
(6,=8,) and when E;~FE, at both energies that obtained
by the non-symmetric method (8,=35°) when E;~FE; at
28.0 MeV. For calculations and discussions see in text.

40p

30r

(d3c /dﬂpdnddEp) (arbitrary units)

12 8
C*(p,pa)Be
Ep=53MeVv
6 p= 60°tix
solid curve

2
ookl

Bq(degree)

Fig. 39. The angular correlation distridution of the Ci2 (p, pa)

Bet reaction at 53 MeV reported in Ref. (27).

The

solid curve represents the calculated angular correlation
distribution by using the momentum distribution function
derived from the data of the C!2 («, 2) BeSg’nq reaction.
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so that off-the-energy shell effect is larger. In the C* («, 2a) Be? reaction experi-
ment, there may be the effect of the sequential two-body decay process as will be
stated in the next section. These two facts may be the reasons that fits are not
so well.  About the momentum distribution functions, it should be noted that the
value of parameter « is two times larger than those for Be?, B! and O

The momentum distribution function thus decided is applied to the experi-
mental data of the C2 (p, pa) Be? reaction at E,=53 MeV.2”? The spread of the
momentum distributions is similar as seen in Fig. 39.

4.1.5. O Nucleus

The spin-parity of the grond state of O is 0+, that of the ground state of
C? is 04 and that of the alpha-particle is 0+, so the relative angular momentum
between alpha-particle and C™ in O is only L=0. We put f(k)=P-exp.—k*/a*].
The calculated angular correlation distribution is given in Fig. 40 together with
the experimental value for the 0% (a, 2a) C% reaction. When «=0.34 1"},
P=051fm?-st™!, a good fit is obtained. The dip around 6=35° is explained by
the variation of the differential cross section of the free alpha-alpha scattering.
The spread of the momentum distribution thus obtained is considerably narrow.
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Fig. 40. The calculated angular correlation distribution for the
O (@, 2a¢) CiZghg (Q=—7.3 MeV) reaction. The
experimental angular correlation distribution in this
figure is that obtained by the symmetric method (6;=#6.)
and when E;=~FE; at 265 MeV. For calculation and
discussion see in text.

4.2. The Sequential Decay Process

In such a nuclear reaction that contains three particles in its final state the
sequential two-body decay process must be taken into account besides the quasi-free
scattering process?*® In this process, the reaction proceed via two independent
steps, for instance, excitation of the target nucleus and its subsequant decay. In
the (a, 2a) reaction, following process can be considered: in the first step, an
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incident alpha-particle is inelastically scattered by the target nucleus and the target
nucleus is left in an excited state with sufficiently long-life, and, in the second step,
the excited nucleus emits an alpha-particle.  This sequential decay process can be
selected out following the kinematical condition. The energy of an inelastically
scattered alpha-particle at an angle is decided from the excitation energy of the
recoiled nucleus. When an inelastically scattered alpha particle is detected by a

o o [EIWT T T7
B(?,Qa)Ltg,nd /6‘0%@”( )‘7‘/ &/
Eo=28.4MeV AN/ V4 g/

04=40

3
d~6/dN,d0dE, (arb: u.)

015 20 25 30 35 ' 45 50 60 70 75
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Fig. 41. The E,—#¢, correlation distribution for the BY (&, 2a) Lifs'ng
(Q@= —4.5 MeV) reaction at 28.4 MeV when 6, is fixed at 40°.
The solid lines show the energies of the alpha-particles corres-
ponding to the sequential decay process.
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Fig. 42. The E;—0; correlation distribution for the C!? (e, 2a)
BeSyng (= —7.5 MeV) reaction at 28.0 MeV when 0,
is fixed at 35°. The solid lines show the energies of
the alpha-particles corresponding to the sequential decay
process,
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counter at a fixed angle and the subsequently emitted alpha particle is detected by
another counter which varies its angle, the energy of the former is constant
whatever is the detection angle of the latter.

To see the mixing of the sequential decay process, we measured the angular
correlation distribution in which one counter is fixed and another is varied. An
angular correlation distribution of the BY (&, Za) Li° reaction, when counter 1 is
fixed at 40° and counter 2 varies its angle, is shown in Fig. 41. The differential
cross section is shown in the E;—0, plane. Peaks corresponding to some excited
states of B are found as indicated in the figure. It seems that the alpha particles
from the sequential decay process are not contained so much in the region where
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TFig. 43. The E;—6, correlation distribution for the C!? (e, 2a)
BeSg'na (@~ —7.5 MeV) reaction at 28.0 MeV when 6
is fixed at 35°. The solid lines show the energies of
the alpha-particles corresponding to the sequential decay
process.
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Fig. 44. The E;—6, correlation distribution for the C1? (e, 2«)
Bebg'na (@~ —7.5 MeV) reaction at 28.0 MeV when ¢
is fixed at 50°. The solid lines show the energies of
the alpha-particles corresponding to the sequential decay
process.
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the quasi-free scattering analysis is performed. Three angular correlation distri-
butions of the C? («, 2a) Be® reaction, (0;=25°, 35°, and 50°) are given in Figs.
42~44. in the E,~0, plane. The sequential decay from some excited states of Ci#
are found as indicated in the figure, but does not affect so much our analysis on
the quasi-free scattering.

For the Be® («, 2) He® reaction, the same analysis as for B! and C'? shows
no apparent evidence of the sequential decay process.

4.3. Alpha-Clustering Correlation in Light Nuclei

4.3.1. General

Among many kinds of nucleon-clustering correlation, alpha-clustering has been
most frequently treated in the theory and the experiment. In the early alpha-
particle model of light nuclei, the alpha-particle in the nucleus was thought to
maintain perfectly the nature of a free alpha-particle. At present, such a concept
is proved to be quite wrong.?® An alpha-particle which is stable in the nuclear
field but disintegrates in the free space is considered as an alpha-cluster. Such an
alpha-cluster has been treated from various points of view. One of the treatments
is as follows: on the bases of the “resonating group theory” of Wheeler,’® the
nucleus is thought as a composite system of clusters, the nature of the nucleus is
discussed from the interaction between the clusters. This is generally called the
“cluster model ”.**®  Another treatment®? starts from the single-particle wave
function of the shell model and the reduced width of the various kinds of composite
particles and other properties of the nucleus are discussed by means of the coupling
of the nucleons and the configuration mixing of the states.

The most hopeful and topical treatment, belonging to the first method described
above, is to construct the wave function of the cluster and the interaction between
the clusters on the base of the realistic two-body nuclear force. Such a treatment
has been applied to Be® and suceeded in the explanation of the properties of this
nucleus.®

The reduced width only is not enough to inform the properties of the alpha-
cluster correlation in the nucleus. Also the mean distance between two clusters is
essential.5%

The quantity P in equation (16) which has been decided by the analysis of
the experimental angular correlation distribution, can be considered to give the
probability of finding the alpha cluster in the nucleus Pa after taking into account
the normalization. The quantity « is considered to be related to the distance
between the alpha-cluster and the core in the nucleus (B=a#/2). When a reaso-
nable approximation is adopted about the motion of the particles in the nucleus,
parameter B which-is related to the distance between the alpha-clusters in the
nucleus can be obtained from . The value of B can be compared with the
parameter 7 of Het The value of 7y obtained from the electron scattering experi-
ment is y=0.433 fm=2. 9 ,

The ratio x=7/f" is often used to see the degree of isolation of alpha-clusters.
The smaller the value of x is, the more the alpha-clusters are spacially isolated.
When x=0, the alpha-clusters do not overlap. As x increases from zero to a value
comparable with unity, the distance between the clusters becomes comparable with
their internal sizes and when x=1, the cluster model wave function coincides the
shell model wave function, with LS coupling.®
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Table 1. The value of @ and P, which are the parameters of the spread
and the amplitude of the momentum distribution, respectively,
obtained from the analysis of the experimental angular correla-
tion distribution., And the value of g, P., g/, and x, which are
the parameters of the spacial spread between an alpha-cluster
and the core, the probability of finding alpha-clusters in nuc-
leus, the spacial spread between the two alpha-clusters in the
nucleus and the degree of the spacial localization of the alpha-
cluster in the nucleus, respectively, derived from the experi-
mental value as described in the text.

@ P B -4
Nucleus L (fm-1) (fm3.st-1) (fm-2) Pe (Fm-2) x
Be? 0 0.40 0.88 0.26 1.81 0.21 0.49
Bl 2 0.57 0.27 0.45 0.31 0.70
ci2 0 0.80 3.64 X102 0.67 0.34 0.38 0.87
Ot6 0 0.34 0.51 0.10 0.26 0.07 0.16

The value of P obtained from our experiment, the value of P, derived from
P, the value of « obtained from our experiment and the value of " derived from
« by assuming a simple geometrical structure of the nucleus are given in Table L

4.3.2. Be® Nucleus

Assuming that the Be’ nucleus is constructed with two alpha-particles and one
neutron and considering only the kinematical condition among them, p’'=0.21 fm™2
is derived. Then, x=0.49 is obtained. This means that the alpha clusters in Be®
are fairly well localized. - The value of P, derived from the value of P, is
P.=1.81. This value is very close to the effective number of alpha-cluster in Be?
(Nere=2). These facts show that the alpha-clustering correlation is very strong
in Be®.

For the Be® nucleus, some theoretical treatments on the base of the cluster
model have been done. In the alpha-particle model of Kuntz,® the motion between
two alpha particles in Be® core has been assumed to be the same as that in the
Be? nucleus and only the motion between the extra neutron and the Be® core has
been varied. This model has succeeded to give the excitation energy of the lower
states of the Be® nucleus but has given three times larger value of quadrupole
moment than the experimental value. This discrepancy may be due to the assum-
ption that the motion between alpha particles in Be® is the same as that in Be?
nucleus.

The equilibrium distance between two alpha particles was fixed at 4.60 fm,
which corresponds to f'=0.07 fm=2.  This value is much smaller than our experi-
mental result. In the models of Wildermuth et. al.®® and Hiura and Shimodaya,”
the motion between two alpha particles in Be® is also varied. In the former model,
the all nucleons which constrnct each cluster are treated in the same harmonic-
oscillator potential. The properties of the lower states of Be® are mostly well
explained when #'=0.242 {2 In the latter model, the motion between the clusters
is treated by the phenomenological interaction based on the realistic two-body
nuclear force. The best agreement is obtained with the properties of the lower
states and the value of the quadrupole moment when £'=0.21 fm~2

Comparing with our experimental results, the last model gives best account of
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the value of #. Hiura and Shimodaya, also, have calculated one of our experi-
mental angular correlation distribution on the bases of their alpha particle model
of Be® and have got fairly good results about the amplitude and the shape of the
momentum distribution.

4.3.3. B™ Nucleus

Assuming that the B nucleus is constructed with two alpha particles and one
deuteron and considering only the kinematical condition among them, $'=0.314{*
is derived. Then x=0.7 is obtained.

With some uncertainty in the analysis of the angular correlation distribution,
it can be said that the values of B’ and P. are not so far apart from the accurate
value., These values indicate that the alpha clustering correlation is somewhat
weaker in the B' nucleus in comparison with the Be® nucleus.

From the calculated value of the reduced width of alpha-particles on the bases
of the intermediate coupling shell model,*® it has been predicted that the fractional
parentage coefficient for the coupling between the alpha-particle and the ground
state of Li® in the ground state of BY nucleus is very small, in comparison with
that for the coupling between the alpha-particle and the ground state of the core
in Be?, C®, and O'®., However, the value of P derived from our experimental result
is not so small.

4.3.4. C2 Nucleus

Assuming that the C nucleus is constructed with three alpha particles and
that these three particles form the regular triangle and considering only the kine-
matical condition among them, f'=0.377 {2 is derived. Then x=0.87 is obtained.
The value of P, is derived to be 0.344,

These facts may indicate that the alpha-clustering correlation is fairly weak
in the C¥ nucleus.

The value of x is very close to the prediction from the nucleon cluster model
of Smirnov et al.?*® They have obtained, 0.8~0.9 for x, by comparing their model
with the experimental E2 transition probability in C¥2. It is indicated that the
alpha-clusters in C¥ are not so isolated that the anti-symmetrization among the
nucleons in the alpha-clusters becomes important.

4.3.5. O Nucleus

Although our experimental result is not sufficient to discuss quantitatively, it
is worth while to perform the similar discussion as Be?, B!® and C in order to
see the characteristics crudely. Assume that the O nucleus is constructed with
four alpha-particlés and that these four particles form the regular tetrahedron.
Considering only the kinematical condition among them, /' =0.0684 {2 is derived.
Then the value of x becomes 0.16. The value of P, is derived to be 0.262.

The value of P, depends strongly on the value of @, so that it is better to
compare the value of P of O with that of Be® and C2. Then, it is found that
P of O is more than one order larger than that of C®2,

These facts indicate that the alpha-clustering correlation is stronger in the
0% nucleus than that in the C nucleus, and that the alpha-clustering correlation
is an important nature of O,

The value of x has been predicted from the nucleon cluster model to be 0.7
using the experimental E3 transition probability.?® The tendency that x is rather
small in O than in C!2, is consistent with our result. On the otherhand the
reduced width of the alpha-particles which are coupled with the ground state of
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the core nucleus has been predicted from the intermediate coupling shell model,®®
and has larger value in C'2 than in O, This is not in accordance with our result.
To clarify this problem, more experimental works must be done.

5. Concluding Remarks

The evidence for the guasi-free scattering process as a main part of the («, 2a)
and the (p, pa) reaction is obtained. The Be® (&, 2a) HePynq reaction is fairly
well explained by the simple calculation based on the plane wave impulse approxi-
mation. Furthermore, in the reactions on B, C® and O, the various shape of
the angular correlation distributions are well explained qualitatively by our simple
calculation. These facts show that our simple calculation is useful as the first
approximation. The good fits in the case of Be® may be due to the small reaction
Q value, the strong alpha-clustering correlation and the hardness of the alpha-
particle (large binding energy and rather weak interaction with the other particle).
In the reaction on the other nuclei, the increase of the reaction € value may have
more severe effect, that is, the incoming and outgoing waves is more distorted and
the alpha-particle in the nucleus is more disturbed and more disintegrated in
comparison with the free alpha particle. To ascertain the problem, more theore-
tical investigations (using the distorted waves for the incoming and outgoing par-
ticles and the interaction between the disturbed and disintegrating alpha-particle
and the free alpha-particle) and more experimental investigations (using various
energy and various kinds of incident particles) are needed.

Informations on the alpha-clustering correlation are also obtained. In the Be®
nucleus, the correlation is strong and the alpha-particle model is supported. The
results on C® and O can be interpreted that the alpha-clustering correlation is
rather strong in O than in C™ This is a very interesting feature to investigate
the effect of the many nucleon correlation in the nuclear many-body system. More
experimental and theoretical works are needed especially on the O nucleus.

The sequential decay process is found about some excited states of the inter-
mediate state nucleus (B! and C¥). To separate the direct-interaction process from
the sequential process more clearly, the azimuthal angular correlation experiment
is thought to be useful. In experiment the distribution from the direct interaction
mechanism shall be sharpened while that from the sequential decay process broa-
dened.

In conclusion, the measurement of the direct knock-out reactions, such as
(a, 2c) and (P, pa) reaction in medium-energy region, seems to serve as a good
tool to get informations on the properties of the alpha and the other clustering
correlations in the nucleus. More experimental and theoretical works on their
reaction mechanism and the nucleon clustering (especially alpha-clustering) correla-
tions in the nucleus are to be hoped.
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