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ABSTRACT

A series of experiments concerning the lzctlso,u} reaction was
performed to find out an evidence of the existence of the molecular
resonances as a final state interaction of the 2¢{!®0,a) reaction.
Contrary to our expectation, no evidence was found. The experimental
resultg c¢learly indicate the importance of the seguential ejectile
o—decay processes in the IEC(IEO,u) reaction. In fact the 2“Ne*
sequential decay process can explain most of the experimental facts
gualitatively, although we cannct neglect the contribution of the 160w

sequential decay process.
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I. INTRODUCTION

A. General Remarks of Heavy-Ion Reactichs

The heavy-ion nuclear physics has been one of the most actively
studied areas in the miclear physics in these two decades., This ia
mainly owing to development of heavy-ion accelerators and particle
detecting systems, which lead us to investigate wvariocus combinations of
projectiles and targets. It is well known, in heavy-ion induced
reactions, the wave length of a projectile is much shorter than the
typical dimension of system. Therefore an application of semlclaggical
theory for their motions is allowed. Moreover, heavy-ion can carry
quite large angular momentum and energy so that they might make more
complicated but exotic states. In fact accumlated data of heavy-ion
induced reactions have revealed many characteristic features. Some of
Titcl can o¢ summarized as folliows:

12C+12C gystem, so-

{i) In relatively light nuclel systems, such as a
called nuclear molecular resonances have bheen found [1]. The
widths of them are surprisingly narrower than thogse of potential
shaps resonances and wider than those of compound resonances.
This fact indicates the existence of intermediate structures in
those systems. For example, in the 1204124 gystem distinct
structures have been observed in excitation functions of wvarious
exit channels such as elastic, inelastic, fusion, and so on.

{1ii) Like light-ion induced reactlons, direct reaction pro¢esses have

hean observed in relatively light "heawy-ion" induced reactions

such as inelastic and few-nucleon transfer reactions leading to



discrete states [2]. Traditional direct reacticn treatments,
such as the distorted-wave Born approximation (DWBA)} including
the finite range and reccll effects, generally work well to
explain those phencmena. As expected, it has been proved thkat
such reactions provide unige approaches to high~spin cluster
states which cannot be populated by light-ion induced reactions.

{iii) It was found that new reaction processes showing large mass,
charge, energy, and angular momentum transfers have unexpectedly
large cross section, when incident projectile energies are well
above Coulomb barriers of systems [3]. Concerning those
phenomena, many new terminclogies, such as quasi-elastic
scattering, deep-inelastic scattering, quasi-fission,
pre~-compound eto., were developed. To explain them, usually
rather macroscopic pictures, like friction model etc. are used.

{iv) Compound miclear reactions, such as {HI,xny) reactions, have
opened up new area of high=-spin states nuclear physics, Decause
they favorably populate wvery high-spin residual states [4].

(v) Though not observed yet, many people &xpect that we can create

high density, condensed states of nuclear matter by using heavy
projectiles with relativistic energy -GeV/AMI. WNext generatiecn

accelerators now under constructions might give us answers.

Recently new methods to investigate the nuclear molecular
resonances are proposed mainly by the Texas A&M University group [5].
As menticoned in (ii). direct few-nucleon transfer reactions are
promising way to study ndgir-spin cluster staves. Thererfore, 1t is

natural to extend such an approch to much exotic states like nuclear



molecular resonances. In the next section, we will review such
attempts.

120{16

8. Review of the 0,a} Reaction

During the past two decades, enormous experimental and theoretical
efforts have been devoted to study the 125,124 system, in which
the so-called nuclear molecular resonances were found in excitation
functions of several reaction channels (see refs. [6] for recent
reviews). According to those accumulated data, the resonances with the
same J¥ values are clustered in the several exit channels, such as
150, 8pe ana o channals, and they szeem to make gross structures with a
unique JT value. The relation between the spin wvalue and the
centroid energy of the same spln group wag well predicted by the Yale
potential, which was determined by fitting the elastic scattering
angular distribution. This relation is easily extended t: Thz mogh

higher energy region where Cormier et al. [7] found the presence of

strong structures supposed to have spin 14*, 16* and 18%.

12,12

Though well-investigated, the: " “C+"“C nuclear molecular states

have been s5till not well=-understood especially for its high-spin
members. For example, even an exlstence of the molecular states is

ancertain in highly-excited energy reglon of E“Hg. Recently the gamma/

particle decay branching ratios of possible 147 members of the

molecular band at Extzhng]-39.1, 39,7 MeV has been measured [8,9].

The small cbserved branching ratios support that these particular

rasonances have structures as shape resonances rather than as molecular

srates.

12 2

Till quite recently, the ot 12 system has been studied only by

taking the excitation function of the 12c(12c,x} reaction, but this



procedure is quite tedious to determine the resonance energies and J"
values. However, after lazzarimi et al. [10] showed the possibility to
make such resonances as final states in a multiparticle transfer
reaction using the 120{150,a]24Mg reaction at 1% incident energies of
62 to 100 MeV, the investigation using multiparticle transfer reaction

has attracted much attentions. According to their results, theough

IZC 16

there is large competition from the compound process, the

(" 0,al

zl'Mo;; reaction can selectively populate the states in Z'Mg which

correlate to those found in 120(12

C,X) excitation functions.

Using multiparticle transfer reaction, several resonances can be
seen in one energy meagurement and measuring the decay vields from the
resonances allow us to determine the branching ratio of them. The

sping of the final states could he determined by an angular correlation

mgasurement of subsequent particle decay from those states. Moraover,

150 has a strong unlzct2+}

considering that the ground state of
clustering strength, the lchlsﬂ,a)zkﬁg reaction could also make odd
natural parity states which have 12C+12C{2+] confiquration.

To populate much higher-spin states in ZHMg nucleus, the
120¢ 183, a} reaction at an 165 incident enargy of 145 MeV was parformed
by Magatani et al. (5]. Their results obtained at 8,7, 15, and
40° are shown in Fig. I-1. As seen in this figure, a gerlies of broad
peaks exists on an underlying continuam background, they are seen more
clearly after background subtraction. The energies of these structures
seened to correlate with those of high-spin nuclear molecular states

t12ty, (14%), (16*) ana (18%) and they were strongly enhanced at

forward angles. In contrast, similar structures were not observed in

13 16,

the inclusive g-spectra obtained by bombarding ~~C with 145 MeV

Since molecular resonance structures were not observed in 1204132



system, Wagatani et al. suggested that the obtained structures were
caugsed by a direct 12C transfer to the melecular resonances [5].

The high-spin molecular rescnances observed in the l2¢+l2¢ system
are reperted to have large partial widths for the decay inteo 12C(g.s.)+
1ZC(g.s.J and 12C(g.s.]+12C(2+] channels [7], and so resonant '2c+llc
final states made by the lzc{lso,ulzuﬁg* reaction should decay mainly
into those channels. Therefore coincidence meagurement would reduce
the background from other processes and allow the molecular states to

be obgerved more clearly. To find out those processes, Rae et al.

12 150'a12c)12

carried oukt coincidence measurements of cf C and

16

L3¢¢ 189, xl2c) 13 0 incident energy of 140 Mev [11].

C reactions at an
Those data were taken at 22 angle pairs covering 7.5° to 30° in the
lakoratory for the 124 particle and =-4¢ to -18* for the a particle, and
their result was negative, no evidence for a 12C+12C final state
interaction wags found. Instead of 120+120 final state interaction,
u+1%c one was clearly observed. Considering this fact, Rae et al.
offered the sequential decay process of 180+ as an ome possible origin
of the structures.

Branford et al. also suggested the same interpretation {12]. They
measured the total widths and a decay branching ratios of the peaks in
the inclusive g spectrum of IEC(IGG,QJZHHQ reaction with wery high
resolution in the bombarding energy region of 60 te 100 Mev. It turned

out that the observed states in the 2“Mg excitation energy E, =20-30
MeV have narrower total widths {~50 keV} than those of the known 2“Mg
molecular states. Moreover the decay branching ratios of those states
to the ground state of e were very small. Based on these results,

they concluded that at least in lazzarini's experiment [1D), direct

excitation of molecular states seems unlikely.



Fig. I-1. a=-spectra from the 124 160, o} Z“ng reaction at E{ 160)-145 MeV.

{From ref. {5].)
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On the other hand, Ichimura et al. showed that simple theoretical
model bazed on a direct 12c transfer to the molecular rescnances could
explain the cualitative feature of the structures [13]. Futhermore,
systematic measurements of the (lﬁo,a) reaction on 14N‘ 150, and 20&3
targets performed by Takahashi et al. (see Fig. I-2} showed that

lg

prominent broad peaks were cobgerved in the reactions on the "0 and

20y, targets, while they were absent on the !N target [14]. PFollowing

this fact, they suggested that it is hardly believed that the

160* has responsibility to the

sequential o decay process of the
structures.

Fecently, Szanto de Toledo et al. [15] proposed a completely
different interpretation for the observation of these structures. They
claimed that the structures are an extension of the zuMg yrast seguence
populated by the well understood high—spin selectivity {16] of

28

c—particle evaporation from “"Si compound nucleus. To check their

1hu<1k

idea, we performed a measurement of the N,a) reaction at an

Elab(i”N}-111 MeV, which leads to similar compound nucleus 285i as
the 1zct150,a) reaction at an Elab(150}=145 MaV [17]. The resultant
a inclusive spectrum did not show any distinct structures which were
cbserved in the lzctlso,a) reactlion (see Fig. I-3), In fact, the
theoretical analysis by using the Hauser-Feshbach formalism with a
normal level density formula shows that a-particles evaporated from
28g; compound nucleus have only smooth spectra and that the observed
continuum backgrocund might mainly come from compound process. This
fact pointed out that the structures could not be coming from the

compound process, contrary to the suggestion of Szanto de Toledo et

al. [f5].



[15

Fig. I-2. Enerqy spectra of the 0, a) reaction on various targets: each

spectrum is identified by target. (From ref. [14].}
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Fig. I-3. Eneyrgy spectra of the lchlso,u} at 145 MevV and lhutlhﬂ,u) at
111 MeV¥. The raw spectra are displayed in the logarithmie scale,
while the background subtracted spectra are shown in the linear
scale. The solid lines show the theoretical spectra of the one-
step compound evaporations, and the dashed lines show the

milti=-step results. (From ref. [17].)
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Though already many investigations concerning the IEC{lso,q]
reaction have been performed as mentioned above, there is =tiil no
direct evidence to draw a conclusior whether the 13ctlﬁo,al reaction
can populate the molecular resonances or not. To understand the origin
of the structures in the single g=spectrum of the 1ZC(lso,u) reaction,
we have carried out a series of experiments. For convenience, we will
present details about those experiments independently. In chapter II,
experimental procedures, results and short discussion about the
coincidence measurement of the IZC(IEO,QIZC) reaction are pregented.
The results of this measurement cast strong deubt about the population
of the nuclear molecular states as final states of the 12¢(1%0,q)
reaction. Then we describe the incident energy dependence of the
lzctlso,u) veaction in chapter III, that shows an importance of the
other processes. In chapter IV, details about the IEOEIZC,BBG)ZUHE
reaction measurement are presented. The results of this measurement
confirm the importance of seguential a-decay process of a ZQNE* in the
lzcilso,al reaction. The comprehensive discussion, which makes the

relation of three experiments clear, will be described in chapter V.

The summary of the present work will be given in chapter VE.
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11. COINCIDENCE MEASUREMENT OF

THE 12c(150,u12c] REACTIOH

A. Introductory Remarks

As we already mentioned in the previous chapter, in order to pin
down the origin of the structures we have to measure much kinematically
complete quantitles. If the structures are really coming from the
nuclear molecular resonances, large portions of them should decay into
lzc{g.s-)+12C{g-5-). 120(q.s-]+120(2+] and 12C(2+]+lzc(2+) channels,
bacanse the high-spin molecular resconances are expected to have large
1ZC-deca.y widths [7]. First attempt to measure the 120-decay of these
structures by Rae at el. [11] not necessarily had an ideal setting for
this purpose. The reactlion processes:

120 4 165y Z%ygr + o

|---> : Clges.) + lzcﬁg.s.]
|--=> 'ctg.sa + YZe(zh) (1)
- L2qa%) ¢ ety

which we want to measure, evidently have competing procegses:

12 4 l6g > 2%¢(g.5.} + loo»

=

I ——a) lzc{g.s.} +
| cemmy g2ty + a
ey loogaty 4 8o [I1]
'———> lzciq.s-] + a
cmemy o2ty + o
The processes [I] and [IT] have exactly aame final states, sc thare is

no way to distinguish them by taking coincidence data at enly one angle

set. Usually the Eirst reaction steps of processes (I1]; i.e. inelastic



12

scatterings, show quite forward peaked anqular distributions. Moreover,
their crosa sections are likely to become smaller as the excitation

150 iz getting larger. ©On the other hand, the

ensrgy of the ejectile
decay process of Zqu* 1s not supposed to have a very strong angular
dependence. These general features imply that if the g and 12¢
particles are measured at forward angles with a small relative angle
separaktion, the processes [II) are selectively observed as in the case

of Rae et al. [11]. On the other hand, if the a and 12

C particles are
measured at very forward and backward angles, respectively, the
contribution of the processes {II] should become smaller, and then we
might be able to chserve the processes [I] much easily. Therefore we
have attempted to carry out u—lzc coincidencs measurements using one a-
and two 1%C-counters with such geometries. Though 12c_12¢ coincidence
data at an one angle set does not have a broad range in terms of the
excitation energy of a 2“Mg, we have also taken 120126 goineident

events at the same time, because our preliminary experiment showed that

the awlzc coincident events have a very small counting rate.

BE. Experimental Procedures

16 4
The experiment was performed by using a 746.2 MeV "0 * beam

extracted from the Texas A&M University 224 c¢m variable energy
cyclotron. After analyzed by a 160° analyzing magnet, the beam was
focused on a 475 uq/cmz natural carbon target positioned at a center of
the 40 cm-diameter scattering chamber. Since 12C3+ beam haz nearly same
rigidity as 190" gue, special care was taken to sepacate them. The

241
target thickness was measured by an energy leoss of an Am g source.
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The incident energy was estimated to be 145.5 MeV at the center of the
target. The size of the beam spot was kept less than 3 mm in helght and
2 mm in width to minimize ambiquity of detecting angles. Onder this
¢ondition, the typical beam intensity was 100 nA (current) on the
tarqget.

4 schematic view of the detection system used for the experiments
is shown in PFig. II-1. Alpha particles were momentum analyzed by the
Enge split-pocle magnetic spectrometer (we note this LI counter) and then
detected by using an 36 cmlong position-sensitive proportional counter
backed by a plastic scintillator {see Fig. II-2(a)). A single
rectangqular slit, which subtended a solid angle of 1.28 msr and an
angle of *1.0°, was used for a collimation of the spectrometer. This
glit was also used as a Faraday cup. To reduce affects of secondary-o
produced by elastically scattered l606"' particles at the entrance
window of the focal plane counter, a thin Kapton foil was inserted
between the two dipole magnets as an electron stripper and a thin brass
foil was set just in front of the detector as a stopper- (see Fig. II-1)
Two silicon surface barrier counter telescopes were used to measure
heavy particles. ©One of them (HI1) consisted of 19.9 ym AE, 200 pm E,
and 1.5 mm veto counters and the other (HI2) consisted of 16.8 um AE, .
200 um E, and 1.5 mm veto counters. The rectangular defining slits for
them provided angular acceptances of *0.5° for both of them and the
solid angles of 1.44 msr and 1.67 msr, respectively. The angular
openings of the detection systems and the target thickness were chosen

so that the different three-bedy final states in 1264 12¢4q outgoing

channel, O=-7.16, -11.60 and -156.04 MeV, could be separated at the angle



Fig. II-1. Experimental configuration for the coincidence measurement.
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Fig. II-2. Crosg secticns of the focal-plane counters: (A) for the 25
cm counter and {B) for the 120 cm counter. The bias veltage

applied on each electrode is also shown.
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where we performed measurements.

Overall energy resclutions of the counter telescopes and the
spectrometer were approximatelly 1.2 MeV caused by the large anqular
cpaning and the energy loas in the target. Gains of counters were
optimized independently and the ratio of them was measured by injecting
a sams amount of charge into the input stage of the preamplifiers. The
energy calibration for the spectrometer was obtained by elastic
scatterings of a 165 on a 1%¢ at B;,p=4° under several magnetic fields
and then fitting those data with a quadratic Function. For the
telescopes, alastic and inelagtic scatterings of 109.6 Mev 12:3+ peam
{analogous beam of 146.2 MeV l6g 4t beam) were used. The total
ambigquity of energy calibrations is estimated to be less than *259 kev.

A block diagram of the electronics used for the measurements is
shown in Flg. II-3. The time difference between the scintillator
aignal and the RF sighal of the cyclotron was measured to separate Az
values of particles analyzed by the spectrometer. Here the symbol &
and z dencke mass and atomic charge of the detected particle
respectively. Four different types of colncident events, namely LI-HI?,
LI-HI2, HI1-HI2, and LI-HI1-HI2, were obtained from the three detection
systems. The event type was distingquished by the bit pattern of PCB
{Discriminator Coincidence Buffer unit). For each ccincident event,
eight parameters, i.e. DCB output, Hp, HptLp, AE(HIV1), E{HI1), AE(HI2},
F(HI2), and sum of TAC (Time=-to-Amplitude Converter) outputs, were
processed by a VAX-11/780 on-line computer and stored on a magnetic
tape event by event for the later analysis. Here the Hp and Lp denote

the two signals from the position counter in the spectrometer. One of



Fig. II-3. Block-diagram of the electronics set up. Abbreviations are

as follows:

PR Preamplifier

SA Spectroscopic amplifiar

TFA Timing filter amplifier

CFD Constant fraction dig¢riminator
DCM DC=mixer

TSCh Timing single channel analyzer
TAC Time to amplitude converter
POI Pile up inspector

COIN Universal coincidence

DA Celay amplifier

GDG Gate and delay generator

LGS Linear gate and stretcher

St Sunming amplifier

ADC Analog to digital cenverter

DCB Digscriminator coincidence buffer
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them is from the higher momentum side and the other is from the lower
momemtum side, respectively,

The measurements were carried out at two angle sets, namely
ﬂLI=4°, EHI1=39.5° and 6H12=—34.5°, and BLI-4°, BHI1=39.5° and
8y==32.0°, where the negative angles specify the opposite side of the
beam axis from the spectrometer. Thesge geometries of the measurements
were chosen under following considerations. First, the most forward
angle for the & detection where we can meagsure particles without any
background problem is B,,,=4° using the spectrometer. Second, the
most backward angle for the meaningful 12¢ detection corresponds to the
perpendicular decay of ZhMg* to its recoil direction, becausze bheyond
this angle the companion lzc has smaller separation angle from the
o—-particle than the detected 126 in the center-of-mass system. When
a-particles are detected at €,,,=4°, these angles for the 12+, 14* and
167 states (Exizhﬂg1~33, 39 and 47 MeV) in the laboratory system are
B1ap ~32-3°(~36.8°}), 35.7° (-34.6°) and 42.7°(=38.7°), respectively.

The typical coincidence ¢ounting rates for LI-HIY1, LI-HI2, and HIT-EI2
events are 0.2, 0.1 and 0.3 counts/sec., respectively, while the single

counting rates for LI and HI1 are 2K and 200 cps.

C. Experimental Results

The accumulated event-by-event data were sorted by selecting the
event type and making particle identifications, for example AE versus E
two-dimensional plots for the counter telescopes and a H2=(Hp+Lp)*[Hp
/(Hp+Lp)+ﬂ.5}2 mass square spectrum for the spectrometer. with an

off-line VA¥X-11/7B0 computer svstem. Large difference of three-body
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0-values between 12c+120+q and other channels gave us wnambigquous
identification of the reaction channel, though we could not get good
isotopic identification from AF-E plots because of too thin AE
detectors. The contribution of chance coincident events were reduced
by using information of the TaAC ocutput.

As a typical example of two-dimengional spectra, the El2, versus
E12. scatter plot of 39.5° and -34.5° angle set is shown in Fig. II-4.
In this spectrum, kinematic loci associated with !2c+l2c+y final states
with QO-values -7.18, —-11.60 and =16.04 MeV are clearly separated in the
high energy region of two 12¢ particles. On the other hand, we couald
not get a clear separation of them in the low energy region. In the
E, versus E1zc spectrum the locl themgelves were ambigunonsg.
However, by making an one—dimensional Q—value plot following the
relation of the three-body kinematics summarized in Appendix A, we could

identify them at least for the a-lz

C coincidence data. A typical
example of the Q=value plots is shown in Fig. II-5. This fiqure aliso
shows the poor statlstics of the data. Even after subtracting chance
coincident events by using the TAC information we can see several peaks
in the kinematically forbidden reglon Q»-7-16 MeV. This is due to the
poor counting rate of both true and chance coincident events and the bad
yield ratic (worse than 1 to 1} between them. It is worth while noting
that the 0-=16.04 MeV locus not necessarily corresponds to 12C(2+)+
12c(2%)4a Final state, because final states %C{g.s.)+2c(0%:7.65 Mevi+e
and lzC[g.s.]+1zct3';9.64 MeV¥)+a have similar Q-values and ocur energy

resolution in the Q-value spectrum was not good enough to separate those

states. HNevertheless we will refer that as 12C[2+}+12C(2+]+a for



Fig. II-4. Two—2imensional energy spectrum between 120_12¢ gnincidence

at 912c1=39.5° and 912c2=—34.5°. Count in each channel is

indicated by the density of dots.
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Fig. II-5. Typical Q-value spectrum made by using the three-body
kinematics [(see Appendix A). Arrows indicate pogitions of
three different final states, namely the 120[9.5.}+12C{q.5.}+a,

Zaigesa+ 2ci2ty+a and YZe2h)+ ozt )+a.
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brevity. Because we could not Separate three different final states 1in
he l%0-12a . . , .
the - coincidence data in the low energy region, we will discuss

12c coincidence data in the following.

only about the -

Since we are investigating three~body final states, there are in
general three possible pairs of two-body residual interactions which
should be distinguished. In the present measurements, processes [I]
and [II] are expected so that relative kinematic energies of the

12

C particle and the companien 12

C particle, the detected 12

detected C
and the g-particle, and the companion 126 and u-particle should be
examined. The final results from the a-l%C coincidence data sorted
according to the Q-value are ghown in Figs. II-6-12. Because the a-lzc
(companion) relative kinematic energy spectra are similar to the o-l%c
{detected) ones, we da not display them at this time. This resemblance
might come from the similar relative angular separations between p and
120 5n both cages. To get abgolute magnitude of cross sections in the
center-of-mass system of the 12641204 o three=-body system, we ugsed the
relations suwmmarized in Appendix A. In the case of relative energy
spectra between 12C and lzc, the spectra are compared with a background
subtracted single spectrum chtained by the same detection system. For

. . . 1
convenience, we renormzlize the relative energy spectra betwesn two 2C

12

particles under following assumptions. First, all a- "C coinecident

evants are supposed to be the decay of nuclear moleecnlar states.
Second, decay angular distributions of melecular resonances are
igsotropic. Third, decay branching ratios of them are 0.22, 0.32, and
0.18 for the 12C(g.s.}+12C(g.s.], 12C(g.s.}+12C[2+] and Zcr2t)+

12c(2% channels, respectively. These values have been adopted for the



Figs. ¥I-6-8. Triple differential cross sections for the 12c+12c+u

channels in the l®o*-recoil-center-of-mass system as a
function of a relative enerqy between a and detected 124,
Figurea &, 7 and 8 correspond t0 g.S.=g«S., g.s.-?* and 2%-2*

c¢hannels, respectively. Typical statistlcal errors are shown

by error-bars.
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Figs.

12_.12

II-9+11. Triple differential cross sections for the C+ " Cra

channels in the Z"Mg*-recoil-center-of-mass system as a

function of an excitation enerqy of the qug. For convenience

we maltiply those by the factor,
Ttk 2m12c+ma

A =dn*—# (st),  (i; ¢, 2¥ and 2%2%)
Ty 2m12c

and compare with a background subtracted single spectrum.
Figures 9, 10 and 11 correspond to g.5.-g.s8., q.s.—2+ and 27-2F
channels, respectively. Typical statistical errars are shown

by error-bars.
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Fig. II-12. Triple differential cross sections for a+12c:+x channel

with the Q-value less than ~16.04 MeV in the laboratory

system as a function of a energy.
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14 state by Cormier et al. (7). It should be noted that between
enerqgy spectra in the center-of-mass system and relative energy spectra

there is a difference of scaling factor, 2m12C/(2m12 +mu)' in absolute

c

values. To make possible direct comparison between the single spectrum

and coincidence spectra, this scaling difference is also included in

renormalization Factors Ac' Az+ and Az+2+. Here the subscripts o, 2+
12

and 2*2% genote the 'Zc(g.s.)+ 1%(g.s8), '%(g.s.)+1%c(2") and
12 4,12, +
C(27)+7"C{2"} channels, regpectively. BActual values of Bos Pyt

and Ap*+,+ are 3.23, 4.69 and 2.64 steradlan, respectively.

D. Discnasion

A= seen in the u—lz

C relative enerqgy spectra (Figs. II-6-8). it is
very hard to identify correlated peaks at different angle pairs,

in contrast with the results of the coincidence measurements with 12C
detectors at relatively forward angle [11]. In these figures, we put
arrows at the position corresponding to Ex(150}=22.5 eV, which is the
highest relative energy peak in the reported coincident spectra [18].

12

Abzsence of the correlated peaks in the a=""C relative energy spectra

can be understood by the fact that the relative energies and scattering
angles of the center—-of-mass of o and 12C systems are too large to have
a visible cress sectlons.

12

Even in the relative energy spectra between two ~°C particles,

there is few statistically meaningful peaks, as seen in the Fig. II-
12, 12

9~12. This fact is more clearly seen in the € relative energy

Bpectra averaged over three 12+ Aatection angles 39.%¢  -=3%.0° anpd
-34.5% (see Fig., II-13). In this figure arrows indicate the region

where three angle data are unavailable., Even if we assume that all



Fig. IT=13. Averaged triple differential cross sections over three

12,12 24,

obgerved angles for the C+  "C+xa channels in the

g*_
receil-center-of-mass system as a function of an excitation
energy of the 2“Hg. Typical statistical errors are shown by

CrYCr=Dars.
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coincident a—12C events correspond to the decay of the molecular
resonances, thelr magnitudes are less than 1/5 of the structures in the
gingle spectrum except for the atructure at ExIZ“Mgl~ 49 MaV in the
120{2+)+ 12C{2+} channel. However there is no report that the
molecular regonance is abserved in this channel at this energy. It
should he noted that the above argument about the magnitudes of the
gtructureg very much depends on the angular distribution of the decay
process of 2“Mg*. For example, 1f we asgume the decay is axially

symmetric about the rececil direction of 2k

Mg* but has a 1/sinb anqular
distribution wlith respect to the recoil direction, we can get approxi-
mately 60% larger yield ratio between the single and coincidence. But,
in both cases, coincident yield can reproduce less than 1/3 of the
magqnitudes of the structures in the single spectrum.

In summayy of this chapter, though we chose more suitable geometry
to measure a 12G+12C final state interaction than the previous attempt
[11] , the present c¢oincidence awperiments could not reveal it. Possible
explanations tor thig might be summarized as follows:

{i) The structures seen in the a-single experiments originate not from
the population of the 1ZC+12C molecular resonances but from other
processes like a sequential decay of 165« proposed by Rae et al. [11].

12c transfer reaction on

{ii) The levels in 2hMg populated by a direct
the % target have smaller 12C—decay branching ratlo than we expected
and thus do not contribute much to the coincident yield.

However poor statistics of our data prevent us from drawing a definite

conclusion from the present coincideance measurements.
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IIX. INCIDENT ENERGY DEPENDENCE OF

THE lEC 16

[ "7C,al REACTION

A. Introductory Remarks

The results of the ocoincidence measurements revealed difficulties
to tell which reaction mechanism is responsible to the structures,
becauge of the poor statistics. A= the other way to separate the
different reaction mechanisms, we can conceive careful measurements of
the kinematical feature of the structures. It is, however, almost
impossible to extract useful information from angular distributions of
the structures, since they were not observed clearly at €y,;,>15° [5).
Considering these facts, we decided to study the energy dependence of
the inclusive o spectra of 12C{lso,u) reactions in a broad incident
particle energy range. We expected that these measurements would make
clear following points. First, as the structures due to seguential «
decay of the projectlle and those due to zuMg final statas follow
three~body and two-body kinematics respectively, energy dependence
measurement should clearly distinguish those mechanismg. Second, if the
structures follow the two-body kinematics, variations of their cross
sactions as a function of the incident beam energy should provide us
good information te separate compound and direct reaction processes.
Qur results, discussed below, clearly show that most of the prominent

Zu R
structures in the inclusive ¢ spectra do not belong to Mg final states

but rather to sequential a decays of the ejectiles.
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B. Experimental Procedures

The experiments were performed by using the 150q+ and 1605+ beams

at incident energies of Ej,,=112-191 MeV extracted from the Texas A&M
University 224 om variable energy cyclotron and analyzed by the 160¢
anaiyzing magnet. Again in the case of 150h+ beam, special care was
taken to separate the 12¢* component, which has nearly same rigidity
as 160h+ beam, and results were carefully compared with rthose of 1505+
beam. The incident beam energies were determined by using the
calibration formula of the analyzing magnet, which we obtained
previously wvia cross=-over technique., The ambiquity of beam energies
was estimated to be X200 keV. The beam was focused on a 157 uq/cmz
natural carbon target positioned inside the 40cm=diameter scattering
chamber. The target thickness was meaanred by the enerqgy loss method
using the solid state detector with an 2%lpm o source. The energy loss
of the incident beam in the target was estimated to be 450 kev, wnich
might be sufficient to average owvey statistical fluctuations in cross
sections. The size of the beam spot was kept less than 3 mm in
diameter. Because the structures which we were interested in were on
the honge continuuam background, the effect of the stray beams were
examined by using a blank target frame from time to time. The results
showed no serious contribution from them. Average heam currents
on the target were restricted to less than 120 nA {current) in order to
minimize the dead time of the acquisition system.

The detection of a-particle at 4° was accomplished by using the

Enge split-pole magnetic Spectrometer with a 120 cm-long focal plane

detector [19] (see Fig. II-2{b)). In order to get a fast timing signal
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for a time-of-flight (TOF), a plastic scintillator was installed as a
backup counter just behind the focal plane counter. fThe acceptance of
the spectrometer was defined by a2 single rectanqular slit at the
entrance. The entrance slit was alsc used as a Faraday cup. The solid
angle and horizontal acceptance were 1.28 msr and #1.0°, respectively.
To minimize the influence of the secondary-a caused by elastically
scattered %P particle hitting the front window of the detector, the
same gtripper and stopper folils system as the coincidence meagurement
was used. The performance test of this system by using a gold target
showed the influence of secondary-oa created by the foils was less than
0.1% of the total yield of oparticle and that the secondary=-o spectrum
did not have any distinct structure.

To check the systematic error of detecting system and get data of
mich finer incident energy steps, the measurement using solid state
detectors and a 163 ug’/cm2 carbon target was also performed at incident
energies of Ej,1,=133-154 MeV in approximately 3 MeV steps. Each of two
counter telescopes, set at 4* and 8° inside a 122 co—diameter scattering
chamber, consisted of four solid state detectors, such as 200 ym AE, 1.0
mn E and two more 1.5 mm E detectors. The gains of AE and three E
signals were optimized independently, and the ratio of the gains was
measured by injecting a same amount of charge into the input stage of
the preamplifiers. The defining slits for them were 8.0 and 10.0 mm in
diameter, respectively. They provided the solid angles and maxicrm

angular aceeptances of 1.26 and 0.87 msr and of 1.15 and +0.95°,

respectively. To stop the elastically scattered 185 particles, thick

gold absorber foils were set 3just in front of the telescopes. The
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thickness of them were 112.6 mg/cm? and 106.0 mg/cm?, respectively.
These values were measured by the energy loss of elastically scattered
o—particles on a carbon target.

The energy calibration for the spectrometer measurement was
determined by accumulating spectra from the elastic scattering of 150
{E{15ﬁ3= 145.37 Mev} by a 297 ug/cmz gold target at 4° under severail
magnetic fields and fitting those data with a quadratic function. The
following scurces of error in the calibration were investigated. First,
the ambiquity of incident beam energies gave *0.13% error. Second,
the displacement of the focal plane counter from the correct position,
where the kinematical broadening iz compensated, aeffected less than
$0.1%. Third, the discrepancy between the measuring magnetic field and
the true one caused also less than #.1% error. So, the total
amibiquity of the calibration was estimated to be less than 1300 keV, in
the case of laboratory system g-particle spectra. Indeed, the
a-particle energy coming from the 1H{160,a] reaction agreed with the
predicted wvalue within 150 keV at wmost incident energies. The energy
calibration for the counter telescopes were obtained by using the 79.29
MeV o elastic and inelastic scatterings on the same target used for the
telescope runs at several angles. The energy loss in the gold absorber
foil was taken into account based on the stopping power table [20]. 1In
this case, the total ambiquity of calibration was estimated less than
500 keV. For both cases, the overall energy resclution was estimated
to be 500 keV for the lzctlso,a} reaction, which mainly came from the
energy loss in the target.

For both cases, analog signals were digitized and processed on
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line by a VAX-11/780 computer data acquisition system. The position or
energy spectrum and the particle identification spectrum were
calculated digitally by software. The particle ildentification for the
spectrometer measuremant was achieved by measuring the TOF (actually
the time diffrence betwean the scintillator signal and the RF signal of
the cyclatron), which gives information about an M/z value, and the

M2 value made by the formula, H2=5E*[Po+constant}z. Here, M, z, AE and
Py are a particle mass, an atomic charge, a sum of the signals from AE
wires of the focal-plane counter and a calculated position value,
respectively. [sing thlg method, a clear separation between g=particle
and triton was easily obtained. TFor the measurement of the solid state
counter telescopes, the identification function, PI=AE*(E+kAE+E;). was
used. Here, Eg and k were constants which were adjusted to give the

3He.

optimm isotope separation between o and
The uncertainties in the absolute cross sections were estimated to
be 20% which includes uncertainties of the charge collection, target

thickness, and detector efficiency.

C. Experimental Resunlts

The raw inclusive spectra of a=particle taken by the spectrometer
at several incident energies are shown in Fig. III-1 with the logarith-
mic vertical scale versus the a-particle laboratory energy. These
energy spectra were made by converting the position spectra considering
the energy loss in the target and stripper foil. Over the full incident
energv range huge continuum components are cbserved in the spectra.

On the countinuum background we can see several distinct structures

especially in the low incident energy data. Those structures are



Flg. IiI~«1. Raw inclusive o-spectra at various incident energies taken
by the spectromater. Arrows show the Extz"Mg}uzo.z MaV state.
The solid and dashed curves are the theoretical spectra

obtained by the code EVA {see text).
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gradually disappearing as the incident energy becomes higher and almost
vanish at 191 MeV. The similar results were obtained by the solid
states counter telescopes as compared in Fig. IIX-2. The structures
are more clearly seen in the background subtracted a—spectra in Fig.
ITT-3(a). The method of the subtraction is same as described in

ref. {5]. For convenience, the horizontal axis represents the scale
of the excitation energies in the 24Mg system, while the vertical axis
gives the absolute double differential cross section in the labratory
system with the linaer scale., The positions of the reported molecular
resonances also displayed in the figure. Though our new data at 145.2
MeV shows a good agreement with the previocus data {14], it is guite
clear that there are no distinct structures which stromgly correlate
with the so=called nuclear molecular states in the region of Ex(Z“Mg}=
30-56 MeV. On the other hand, the structures below E, =30 MeV could be
identified as low lying states of 2“Hg. The additional results of the
meagsurements via the solid state detectors are shown in Fig. III-3({b)
and III=-4. Ewen though the junction of several solid state detectors
caused spurious gtructures in the spectra, it is obvicous that the main
parts of gtractures on the continuum background are continuously moving
when the data at different bombarding energies are plotted as a
function of 2”Mg excitation enerqgy. The fact that most of the
structures do not follow the two-body kinematics of the 12c+150->
2“Mq*+a reaction for definite states of ZHMg indicates that their
origin could be a much more complicated process, such as a sequential

decay. In other words, the g-particles which make up the structures

may not be produced in the first direct reaction step.



Fig. III-2. Comparison of inclusive o—spectra taken by the spectrometer

and the solid state counter telescope at 8,;,=4°-
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Fig. III-3. Background subtracted a—spectra obtained by the
spectrometer (a) and the sclid state counter telescope at
81ap™4° (b}. For comparison, right-hand side figure algo
includes the spectra taken by the spectrometer at Ej,,=157.8,
146.4 and 131.4 MeV. Vertical spacings of the spectra are
roughly proportional to differences of incident energies shown
in the figure. The positions of the molecular resonances [7]
are displayed by dashed lines in the left one. Spricus
structures caused by the juncticn of the sclid state detectors
are ghown by hatched areas and defects of the focal plane

counter by open triangles, respactively.
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Flg. III-4. Background subtracted a-spectra obtained by the solid state
counter telescope at 01,,=8°. Again vertical scalings of the
spectra are roughly proportional to differences of incident
beam energies shown in the figure. Spuriocus structures caused
by the junction of the s0lid state detectors are shown by

hatched areas.
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D. Discussion
i. EZnergy Dependence of Background

To understand the energy dependence of continuum parts of
inclusive a-spectra, we estimated the contribusions of g-evaporation
from the compound 2Bgi nueleus. For this purpese, we developed the
Monte Carle code EVA (21]) which follows a Hauser-Feshbach formalism.
The calculation includes the successive evaporation of neutrons,
protons and alpha particles. As well known, this type of calculation
depends on the transmisgsion coefficients and level densities. However,
at the high excitation energies now considered, there is very little
knowlaedge about the level densities of the residwal mmoclei. Therefore,
we calculated the level density following the prescription of
Puehlhofer [22] which is used in the code CASCADE. His formula is
based on Lang’'s formula [23] in which the effective excitation energy
ig defined by subtracting the palring energy and the rotational energy
of a rigid rotor from the actual exgitation energy. While in the
Lang"'s formula all parameters are treated as energy-independent,
Puehlhofer introduced a sort of energy and angular momentum dependent
paramaters. The paramecers used in EVA were quoted from the code
CASCADE [22]. For the exit channel, the transmission coefficients were
cbtained by using a Fermi functicn:

Py =C,* {1+exp[ (1-E_/B,)/ Al !

B, =2, 2 e 2/R + P2/ (20,) J1(1+1) /Ry 2

n¢=rcma‘|f'3+ab1/3)

Rl=r1{na1f3+nb1f3),

where the subscripts a and b refer to three different evaporated
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particles and the residual nucleus respectively and symbols E, 2 ,A and
u denote the energy, charge, mass and reduced mass, respectively. The
A, o and r, are the phenomenological parameters whose values were
adjusted to reproduce the transmisgion coefficients in the g-channel
calculated by the optical potential of the a+24Mg system. (Actual
values are A=0.1 fm, rc=1-B fm and rl-1.6 fm.) The normalization
factors C, were chosen to be 0.6, 0.9 and 1.0 for p-. n—- and

a=-channel, respectively. For a apin cut-off, we calculate the moment of
inertia of the residual nuclens using a parameter rg=1.3 fm. The
results of the calculation are shown in Figs. III=1. The solid curves
show the results of the first evaporation step, while the dashed curve
in E(150}=145.2 MeV data displays the result of all available steps
tegether. As seen from the calculation resulks of 145.2 MeV case, most
alpha particles in the interesting reglion of the spectra come from the
first evaporation step. During the calculations, we adjusted the
critical angular momentium values ko fit the experimental data as good as
possible, but no other parameters were changed. As seen, the smooth
components of the experimental spectra were well reproduced by the
statistical calculation in terms of both shape and magnitude except at
low energy region. The obtained critical angular momentum values are
shown in Table III-1 comparad with theoretical ones predicted by using
the statistical yrast line model [24]. They show quite good agreement
over the entire energy range we measured. Considering these facts, the
gontinuum background part might mainly come from the compound process.
It should be noted that the angular dependence of the background part is

also well-explained by the compound process as seen in Fig. III-5.



Fig. IIT~5. Angular dependence of the raw o-spectrum taken by s50lid state

counter telescopes at EBy,,=148 MeV. The solid curves are the
first evaporation step a-spectra obtained hy the code EVA with

¢critical angular momentum 20 H.
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Table III-1.

Critical angular momentum for leg 120 system at various incident energies.

Ejab 111.& 131.4 132.9 145.2 146.4 157.8 1v0.0 181.1 191.3

(Mav)
L. (exp) 17 19 19 20 20 29 21 22 22
Lo (th) 18 20 24 21 21 21 22 23 23

For the theoretical calculation we used the parameters rg=1.15 fm and AQ=12.5

MeV., {24]
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ii. Energy Dependence of Structures
a) Contribution of Ejectile Sequential Decay

According to the results of a recent measurement of o-H.T.

coincidences from 12C{150,u1 reaction at Elah'142 MeV [25], a-12¢ and

m-lso coincidences had a resonably large cross section. Moreover, the

12

C and u-16

relative kinetle energy spactra of the o- 0 at different

12

angle pairs showed severxal peaks which were correlated. The o= “C

coincidence spectra at Ey,,=140 MeV taken by Rae et al. [11] also

showed gimilar results. These facts strongly suggest the possibility

16,4_y 12 20

that the sequential ejectile decay processes, C+a and “ He*

->150+u. play an important role for the structures in the inglusgive a

lgs ana 290

spectrum. The ejectiles Ne* could be produced by an
inelastic scattering or a direct o—-pickup reaction, respectively. Ak
incident energies of approximately 10 MeV/nucleon angular distributions
for inelastic scattering and direct ¢ transfer reactions likely are
strongly peaked at small center—cf-mass angles. Therefore we made a
simple kinematical caleultion of u-?article energies coming from the
ejectlle sequential decays, based on the following assumptions. First,
only the ejectiles which are scattered within 5° about the beam axis in
the laboratory system affect the inclugive ¢ spectrum. Second, only the
excitations of 19%0* and 2%4e* which were observed in the coincidence
meagurements [11,25] need to be taken into account. (Ex{160J=10.4, 1.6,
13.1, 15.8 and 19.4 MeV [11] and E {2PNe)=10.26, 11.95, 14.33, 15.34,
16.58, 20.47 and 26.7 MeV [25].) Third, the decays of the l8o* and

200e* are isotropic., The equations we actually used are sunmarized in
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Appendix C. The results of the calculation are displayed in Fig.
11I-6, together with the positions of the observed structures. The

so0lid and dashed lines represent mean energies of the ag-particle

2DNe* and 160*. regspectively. It

allowed under the assumptions for
should be noted that the energies do not necessarily agree with the

centroid energieg of the calculated structures, which strongly depend
on angular distributiona of the Eirst step reactions. Keeping this in

mind, both inelastic and a-pickup sequential decay processes seem to

show correlations with the experimantal data.

b) Contribution of Compound Process

While most of the structures in the region of Ex(ZHMg)=30-56 MaV

do not follow the two-body kinematics between the o and 24

Mg, those
below E,=30 MeV clearly belong to the excited states of the 2%mg. A
typical example of the populaticn of the states in Z“Hg is shown in
Flg. III«7- To make ¢lear the peaks, the background term is subtracted
in this figure. The members of Kﬁ=ﬂ+1, 0, and 27 bands, for instance
E (2"Mg)= 1.37(2%), 4.1204), s.12(5%), 13.20¢8%), 10.03¢57), =12.45(77
and 7Y}, 16.55(97), 9.52(6%), and 14.14(8%) Mev, are selectively
populated in the low incidet beam energy cases. However, beyond E{1501=
157.8 MeV those states are no more visible. In the region Ex(zumg)=19-
30 MeV, where we could expect to see the nuclear molecular resonances,
several states are stronly populated. The positions of those peaks are
estimated to be E(2*Mg}= 19.2, 20.2, 20.8, 21.8, 23.5, 24.5, 26.1 and

.2 ($0.2) MoV, which well corralate to the results of Tazzarini et

al. [(10].



Fig. III-6. Calculataed energies of the structures coming from the
sequential decays. Each solid or dashed line shows the mean
energies of g-particles from a given excitation of the 2°Ne or
150, respectively. The excitation energies included are
Ex(ane)=10.26, 11.95, 14.33, 15.34, 16.58, 20.47, 22.87 and
26.7 MaV [25] and Ex{160}=10.4, 1.6, 13.1, 15.8 and 19.4 MeV
[11) « (The higher excitation line appears more right-side.)
The observed positions of structures are shown in the figure by
squares, whille opan circles mean smaller structures. The
observed widths of the structures are displayed by bars. Solid
and dashed arrows show the kinematically allowed regions of

205 ana 150*, respectively. For

o—particle from the
comparigon, the locus corresponding to E%[24Mg}=39.0 Mev, which
was claimed as 14% molecular state [7], is shown by a dash—

dotted line.
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Fig. III=-7. Typical example of the population of the sgtates in the 24

Mg a
For convenience, the horizontal axis represents the scale of
the excitation epergles in the 2hﬁg gystem, while the vertical

axis gives the abscolute double differential cross section in

the laboratory system with a linear scale.
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As a mechanism of the population of those states, Stwertka et al.
[26] and Shimoda &t al. [25] suggested the dominance of a compound
nucleus formation mainly based on the angular distribytion of them. In
fact some siruckure, especially the peak around Ex=23.2 MeV, indicates
that it congists of several narrower states and relative intensities
among the components strongly fluctuate with the incident beam energy.
On the other hand the peak around E,=20.2 MeV seems to he a single one.
(In Fig. IXI=-1 the positions of this peak are indilcated hy arrows.)

T estimate the contributions of the compound process to the
digcrete levels, we carried out a calculation using the Hauser-Fachbach
formalism. The code STATISE {27} was used for this purpose. In the
present energy region, the formation of the compound nucleus is limited
by the critical angular momentum rather than the grazing one. Since
the values of the critical angular womenta predicted by the statistical
yrast line model [24] guite well reproduce the background terms, we
used thoge valpes for the caleulation. Six major decay channels o, 4,

12c wera incluaded in the calculation. The transmission

p, n, °Be, and
coefficients for those exit channels were obtained by the Farmi-
function, parameters of which were adjusted to reproduce the results of
the optical potential calculations. (The optical potential parameters
were gquoted from ref., [28].)} ‘The level densities were calculated using
the lang formula [23], in which the yrast line was estimated assuming a
rigid rotor. The parameters for the Lang formula were mainly taken
from ref. [28]. aActual values are listed in Table III-2. Using these

parameters, we can get a satisfactory £it to the angular distributions

of the 12C[160‘u)2HMg reaction to the ground state in the incident beam
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TABLE III-2.

Level-density parameters for statistical-model calculation

A +A, Clgra 27p14p 2753+n 268144 20netBpe 1604120 28
a 3.58 3.71 3.7 3.96 3.04 2.18 -
A(MeV) §.13 1.8 $.8 0.0 5.13 5.13 -
B, (MeV) 9.97 5.25 3,54 3.67 13,33 12,71 -
rooifm) 1.42 1.25 1.50 1.45 1.63 1.47 -
EC{HEV) =3.42 ~2.34 =0.0 -3.05 -0,37 -2.87 -
del, 8.20 16.3 23.% 15.9 5.10 7.90 -
b 0.3 =041 =01 -0.1 0.3 0.0 «0.3

E,; Energy above which continuum level densities were used.
level density=(23+1) {12aV/4(u+t)5/4(206%}3/ 2} Nexp{2{am) VV2-{g+1/2} 27202}
U=at 2-t=E-A

o=(1t/m2)1/2

I=2/5 mARZ{1+0.31b+0.44b%)

R=r &, 1/3

rpg=1.07 fm
Ty (E}=[1+exp {(Eg, -E)/(del_*Eg;) N1
Ep1=%,% e /R M/ (2u R, TH1+1/2) 2+4E,

Re=ToolB ) 1/3+a,1/3)

UG=MA A /(B +R 5)

( w=atomic mass unit. Z,,Z,.A),Ay are the charges and masges

of the particles in channel c.}
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enaergy range of E( 160)=28.5-100 Mev {29] . On the other hand, in the
incident energy range of E(160)=112—191 MeV only very low-lvying states
of Zhﬂg: such as EK(ZHHg)- 1.37(2%) and 4.72(47), can be explained by
the calculation in terms of the absolute cross section. For most
gtates we get approximately one order or more smaller cross section by
this calculation, which shows noticable discrepancy with recent results
of a similar calculation [30]. Since we used a parametrization of the
transmission coeffigients and there is much ambiguity in the density
parameters, we ganhot gonclude that the compound process is unable to
explain the population of highly-excited states in Z“Mg, especially the
states in the excitation energy region of Ex{zhﬂg)=19-30 Mav, for which
w8 have no informaticn of spins and parities. On the other hand,
considering the rasults of Branford et al. [12] we cannot explain the

12C transfer to

population of the states in this region by the direct
the muclear molecular rescnances.

In summary of this chapter, we measured the energy dependence of
the 12C{lso,u} reaction in the range of Elab=112_191 MeV. We found ro
experimental evidence that 120412+ vesonance states were observed as
final states in the lzctlso,u) reaction in the Exra“ugizan—ss MeaV

+, 16+, and 18+ resonances were axpected. A

region whera 12+, 14
continuous movement of the structures as a function of 2"Mg excitation
energy was observed in thils region. A simple kinematical calculaticn
suggests that the structures in the Exizqﬁg)-30—56 Me¥ region might

come fFrom the 12C(150,u)150*(uJ12C and/or the 12C(150,BBE}20Ne*lu]160

reaction.



1v. 1%0(12c, 88e) 20ye REACTION MEASUREMENT

A. Introductory Remarks

The results of the energy dependence measuremant revealed that most

of the prominent structures could not belong to E”Mg final states. The

kinematical feature of those structures were rather well described by
the sequential o—decays of the ejectiles 18+ ana 2%e*. 1In order to

12c{16

draw a definite conclusion ahout the 0,a) reaction mechanism, it

is essentilal to know differences of the inelastic scattering and alpha

ls 12

transfar processes, which make the ejectiles O* and 20ga*, between c

and 3¢ target cases. About the inelastic scattering processes we have
a little information deduced from the results of the coincidence
measurements of IZC(IGG,ulzcllzc and 13C{150,alzc}lsc reactions at an
EE'Cl incident energy of 140 MeV [11). They showed less than factor of
three difference in terms cf the crose section, that is not enough to
explain the difference between the 12C(160.a) and 13C{160,u] reactions.
As for the alpha transfer process, an lﬁﬁilsc,gae}zoNe reaction data at
E{lgc}=105 MeV is available [31]., Therefore we decided to measure the
160( 12¢, 8pe) 20ye alpha transfer reaction at the present time.

160(12C,33e120Ne reaction itself has a great

Of course, the
interest. & 2%Ne nucleus is one of the most studied nucleus from both
experimental and theoretical viewpoints. This is mainly due to the
facts that rotational bands are well develcped in 20ye nucleus and most
of them are believed to have an ¢-clustering configuration. There are
several predictions of spectascopic factors for low-lying states, such

as the shell model calculation with 5U(3) classification [32], the

orthogonality condition medel (OCM} calculation [33] etc.. The
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comparison of the observed spectroscopic factor with theoretical ome
might provide us an information on the reaction mechanlsm or the
relative validity of wvarious nuclear medels. Once the reaction
mechanism is known, then that reaction can be used to extract
quantitative spectroscopic informations for much higher excilted states.

Up to now, a varlety of o=-transfer reactions on 164 target have
been performed and the selective population of low-lying bands have
been found. The lithium=-induced reactions (BLi,d] [(34) and (7Li,t]
{31,35] have been most actively investigated up to approximately 12
MeV/nucleon. Thig reactions have good gpectrogcoplc overlaps for a-
tranasfere but also have angular momentum mismatch problem due to the
large change in mass. In fact most results of these reactions
indicated some difficulties to extract the rellable relative
spectroscopic factar S54/54{g.s.) especially in the (’Li,t) reaction
cases. However, recent experiment of the (sLi,d] reaction at E(BLi}=75
MeV [34] has shown that the experimental relative spectroscople factors
for the 2'we ground state band well agreed with theoretical
predictions.

Much heavier projectiles like Ilg, 13¢, 1%y and %0 [31,36,37]
have been also uged for this kind of investigation. Considering the
angular momentum matching, the reactions induced by these projectiles
certainly have better sitwation than the lithium-induced one. On the
other hand, most of them have non-zero relative orbital angular
momentum hetween an a=-cluster and a core, which necessitates the
inclusion of many possible L-transfers. This complexity makes the
quantitative analysis of those reactions much more difficult.

Moreover, the description of most projectiles as an a-c¢luster and a

core has no justification.
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Compares with other projectile induced w-transfer reactions we

mentionad above, the (lzc.aﬂe) reaction has several advantages.

Although the ground state of 1% has a strong shell-model-like
character, a-clustering effect is also reported to be important [38].
This fact partially supports the description of 124 ground state as an

8

a-cluster and a “Be c¢ore. The relative orbital angqular momentusm between

the cluster and the core is zero so that the theoretical treatment
should be rather simple. Furthermore, the IIZC,BBe} reaction has good
anqular momentum matching with good spectroscopic overlap. Special

8

experimental techniques [39] are required to detect outgoing “Be

particles, because the 3Be nucleus is unstable. However, this fact
gives us another experimental advantage. Though efficiency of the BBa
detection is not 100% due to necessity of a colncidence measuremant, the
detection of two coincident a-particles at the energies appropriate to a
8pe ground state decay provides unambiguous particle identification and
distinguishes only excitationz of the residuval nucleus. The results of
12- 8, : 12 ena
the ("<, ) reactions on several targets at E[ “C)= 50=-65 MaV ghowed

12

clearly dominance of the direct reaction mechanisms except on ""C and

189 targets [40]. Therefore the 165( 12¢, 88e) 20Ne reaction at
approximately 10MeV/nucleon is also very attractive to study highly

excited states of zuue miclens.

E. Experimental Procedures

The measurements were performed by using a 109.4 MeV 1203+ peam

extracted from the Texas A&M University 224 om variable eneray

12,16

ocyclotron. The energy of the beam was selected so that the o

system may get the same center-of-mass energy as in the previous
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12c(180,q) reaction at E(180}=145 Mev. as an 150 target, self-
supporting natural Al,0; foil of 1438 ug/cmz was used for the purpose of
measuring 8pe particles with good energy resolution at ag forward angle
as possible. The thickness of the Al,0; target was determined by the
energy loss method uging the solid state detector with an 24%lam
o—~gource. The compariscn of 2?31(120,12012?51 elagtic scatterings on
Al and Al ,0,-targets was also used to confirm this result. The
incident energy was estimated to be 109.3 MeV at the center of the

Al,04 target. To estimate the background coming from a 2 Al{(lZc,Bpe)

150(12 8

reaction and check true peaks from a C, "Be) reaction, 27n1 target
of 130 ug’/cm2 thickness and natural silica (Si0} target of 130 ug/cm?
thicknegs were alao used.

Since ®pe ground state (Ebinding--gz kev) decays promptly (1112
= 1015 s), BBa particles should be measured indirectly by means of
detecting thelr break-up two o~particles in coincidence. For this
purpose, two counter telsscopes each of that consisted of 200 pum AE and
1.5 mn E siliecon surface barrier detectors were used. The thickness of
the AE detectors were chosen so that the eslasticlly scattered 12¢ can
be astopped inslide of them. The uvusage of the AE detectors instead of
absorber foila was dictated by the need for good energy resolution.
The achieved energy resolution was estimated to be 300 keV, which was
mainly due to a large angular opening. Two telescopes collimated by
circular slits were set as close as posible to get a reasonably large
detection efficiency. because a typical full-cone angle for 35&9-5-

breakup was approximately 4¢- Actual separation of the telescopes was

3.44* in angle. Both of them had angular acceptance of %(.9°. To



58

meagure BBe particles at forward angles, they were installed
perpendicular to the reaction plane.
The detection efficiency of this system was calculated as a

function of 8

Be energy by the program, the formulation of which is
summarized in Appendix B (see also ref. [411). For the present
geometry, it was calculated that the effective solid angle ranged
between 0.07 and 0.08 msr for the energies of interest.

The gains of four detectors were matched by injecting a same
amount of charge into the input stage of the preamplifiers. The energy
calibration was roughly obtained by using the elasicalily scattered 12C
by 18y ana 2?31, and then adjusted sou that prominent known satates of
zuNe* might show correct energies. The ambiguity in the absolute
calibration was estimated to be less than X100 keV.

The electronics which we used for the measurement ware convetional
one usually used for the particle-particle coincidence measurement. (see
Fig. IVv-1) Since we expected very high counting rate on AE detectors,
the fast timing si¢gmals for a coincidence were taken from E detectors.
In addition, pile~up inspectors were used for removing pile-up events on
AF counters. The numbers of rejection by this modules were counted and
taken into agcount for final results. Two sets of AE and E signals and
TRC output were stored on magnetic tape ewvent by event for the later
detailed analysis and alsc roughly analyzed simaltaneously for
moenitoring with a vAX—-11/780 on-iine computer.

& typical example of the 8

8

Be identification spectra {Eul VS, E“z

and excitation energy of “Be) are shown in Fig. IV-2 and IV-3. The

central, dlagonal band corresponds to BBeg.s. events. Because tha



Fig. IV-1. Block-diagram of the electronics set up for the ®Be

detection.
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Fig. IV-2. Two-~dimensional SBE identification plot. Labeled bands

correspond to strongly excited states in 205e.
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Fig. I¥=3. Typical excitation energy spectra of the Bpe.



8l

(ASW) 88g 40 ADY3N3I NOILVLIOXS

€
L

T 1____;_3

Ol="g
NOILVDIZILNIA! °dg
mZom ﬁmm_m.,UN_ v Ow_

Ol

20l

cOl

o]

SINNOD



B2

efficiency for detecting 8ge* svents in this geometry was very low,

practically only 9Be events can bae seen in the figure. This fact

g.B-

is more clearly shown by the excitation energy spectrum of 8pe. To get

trye BBeq_s. gpectra, only those events that satisfy the time, particle

identification (two alpha particles), and relative energy requirements
were extracted.

As well known, in higher-enerqgy heavy—ion reactions the angular
digtributions have no c¢haracteristic shape so that only information
can ke obtained iz magnitude of the cross sectlon. Therefore, no
attempt was made to cbtain spectra at more than four anglas; elab=5'
7.5, 10 and 12.8°. The ungertaintiea in the absolute cross sections
were estimated to be less than 20% due to uncertaintles in the beam

collection, target thickness, estimation of the solid angle, etc..

C. Experimental Results

16 .12

A typical e spectrum from the oOf C,sﬁeiznﬂe reaction using

the M203 target is shown in Flg. IV-4 together with a spectrum from

2711[12 g

the C, “Be) reaction at the same laboratory angle. For

convenience, the wertlcal scaling is adjusted so that the same peak-
. : 27 12

height corresponds to approximately same cross section for AL(™7C,

8pe) reaction between two spectra. It is clear that the 27a1(12¢,8ge)

reaction &id not show any distinct peaks but a continuum bumgp that

might be coming from a direct breakup of 126 (pecause the peak position

< . . 8
of the bump corresponds to the beam velocity} in the inclusive "Be

gpectrum. (m the cther hand in IGO(IZC,BBH)EONE reactinn case, sevaral

sharp peaks can be observed on the continuum background. The energies,



Fig. IV=-4. Energy sgpectrum of 8pe detected at Blab=10°. The peaks are
identified by their energies, J" and K™ values if previcusly
known [42]. The dashed curve indicates the detection
efficlency as a function of the 8pe energy and corresponds to

the right-hand gcale in the fiqure.
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JT and K" values for the states shown in the figure are taken from ref.
[421. It 1s worth while noting that arrowg in the figure show
positions of energies calculated by two-body kinematics. Compared to
the ("ti,8), (M8, 7). (Y%, %e) 31), (MW, %) (36], and low eneray

(120'3

Be) reaction [40} spectra, the similar, few, strongly populated
states are cobserved. Among more than 150 known excited states of zoﬂa
below ExizuHeJ=25 Ma¥V, the {lzc,EBe} reaction populates practically
only members of the K™=0%,, 0”7, and 0%, bands. The population of the
5 state at B8.45 MeV, which has been found in the (ELi,dl [34] , (?Ii,t]
[35] and (IEO.IZC) [37} reactions, was not clearly observed. Because
this level 1s a member of X"=2" band, the structure of which is a
5p-1h, this state can only be populated via the compound or multi-step

160 core-excitation. Absence of 5 state at

precess invelving an 1p-1h
8.45 M=V might sugoest there are few contributions coming from those
processes.

The K“-0+1 ground state band, which consists of states t.63(2%),
4.25(4%), 8.78(6%), and 11.95(8%) Mev, has (sd)" configuration in the
shell model and its memberg are well described in the SU(3) model by
the (Ap)={80) representation. The g-cluster moedel with 2N+I=H
escillator guanta can also describe them well. In that sense, this
band is supposed to be strongly populated by a direct a—transfer

BBe) reaction.

reaction and 1t is indeed the case in the {lzc,
The next candidate which should be populated by the a-transfer

process is the X"=0~ band, known members of which are 5.78{17), 7.17

{37), 10.25(57), and 15.24(77) MeV states. They have mainly (sd]s{pf)1

configuration and their dominant irreducible representation of SU(3) is
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the {20}. In the <¢luster model this band is described as having 2N+1=%
quanta. It should be noted that the optimum distance between a 6o~
core and an a-cluster was found to be naer the contact distance of the
core and cluster for the X"=0" band, while quite smaller than that for
the K"=0", band. The population of this band is surprisingly large in
the (IZC,BBe) reaction compared to the other reactions.

The 97 member of the X"=0" band has not been firmly established.
We found three possible 9 states in our °Be energy spectra. They
locate at 20.730.1, 21.1%#0.1 and 22.930.1 MeV, which strongly
correlate to those found in elastic o—scattering on 165, mhe 20.7 MeV
one is a very small peak, but surely exists on the shoulder of the 21.1
MeV peak at all the angles where we performed the experiments. The
20.7 and 21.1 MeV doublet were also observed in the Isotlhﬂ,luﬂlzuﬂe
[386] . 150(119.?Li]20Ne [31], and ]Botlac,gBelzuNe [31] reactions. There
1y some doubt that the 22.2 MeV peak consists of only one component,
because the width is too broad compared to other peaks. However, the
Yale group [43] clearly identified a 9 state at 22.87+0.04 MeV using
the 150(12C,33e)2nue* {u]lso reaction at E(IZC}=?8 MeV, 30 we believe
the observed peak mainly consist of 9  component at this point. They
proposed the 22.87 MeV state as the 9° member of the K'=0" band, baged
on its energy and g=width. On the other hand, Bradlow et al. {31]
assigned the 21.0 MeV state as the 9 member of the K'=0" band based on
the DWBA analysls of the 150[13C,EBB)20NE reaction. From qualitative
judgements, we cannot distinguish those two possibilities.

The KF-0+h band is supposed to have a {pf]4 confiquration with the

SU(3) (12,0) representation. This assignment is based on the failure to
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observe the 10.79 (4%) and 12.591 (67) MeV states of this band in the

ls

o 11

B,gLi}ZDNe reaction (44]. The a-cluster model with 2N+L=12
cuanta might well describe this band. A peak is seen at around 10.8
MeV in the present spectra, especlally at 10°®. However, we failed to
get the ancular distribution of this state, because the peak seemed to
consist of several states with simllar spins. On the other hand the
12.591 MeV peak was observed claerly at all angles we measured. The 87
member of thls band has not identified yet. The candidates for 8*
state are 15.872 and 17.3 MeV ones. Unfortunately, both of them were
so strongly populated that we could not tell which one was the true
member from a qualitative viewpoint.

For a reference, we show a few excitation energies of wach highly
excited states, such as 24.21, 25.67 and 28.1 MeV states, observed in

16

o [45] and the 18o(Pri,a)??

the elastle a-scattering on ¥e reaction
[34] in Fig. TV=-4. fThere are some traces of peaks, but we could not
confirm the existence of them from our data.

Angular distributions of the lﬁoilzc,SBejzoue reaction to the

2GN& were measured. The results are

several distinct excited states in
summarized in Figs. Iv=5"7. Curves in the figures represent the results
of the EFR-DWBA calculaticns, which will be discussed in the next
section. Most of them show a strong decrease of the cross section with
an angle, that seems to be characteristic of a direct transfer process.

The decreasing of the cross section becomes gradually weaker as the spin

of the residual 2UNe becomes larger.
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o( 12

Figs. IV-5-~7. The C,Bﬂelzﬂﬂe angular distributions for states in
the ground state band {Fig. IV-5), K™0  band (Fig. IV-6) and
X*=0%, band (Fig. IV=7). (Bl "Ne)=22.87 MeV is exception.)

The so0lid curves are the results of the EFR-DWBA calculatians.
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D. Discussian
i. DwBA analysis

The heavy-lon induced transfer reactlions at approximately 10 Mev/
nucleon are generally believed to be direct reactions. On the other

15O(IZC,BBe‘.izONe reaction at a bombarding energy of 56

hand the same
MgV indicated the presence of a compound or multi-step direct process.
Thearefore contributions of the process wvia the compound nucleus
formation were estimated with the Hauser-Feshbach formalism. The
program STATIS [27] was used for the calculation. The value of the
eritical anqular momentum was estimated to be ~21 #i by using the
setatistical yrast line model [24]. Six major decay channels o, 4, p.
n, 8Be, and 12: were included in the calculation. The transmission
coefficients for those exit channels were obtained by the Fermi-
function, which we used for the analysis of the energy dependence
measurements of the 12¢( 180, q) reactions. The lavel density parameters
were also same ones that we used. (see table IEXI-1) The results for the
cbserved states in 2'Ne are of the order of 10-100 nb/sr, at least two
orders of magnitude smaller than the experimental results in Fig. IV=4.
Thus the compound process may be negllgible.

150{12C,35e)zaue reaction

Following this, we assumed that the
proceeds through a one~step o-cluster transfer process. The angular
distributions were analyzed with the revised version of the EFR-DWBA
code SATURN=-MARS develcoped by Tamura and Iow [46,47]. Because the g-
transfer reaction has a stronger non-locality than the one-nucleon

transfer reaction, mimor modificatlon was made. The post form was used

consistently in present analysis. Though DeVries reported that in a
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taltinucleon transfer reaction A(a,b)B (E-A+x, a=b+x) it is pecessary
te include the Coulomb parts of Wy, Vp, and Ugﬁt interaction terms
even in post form [48], no attempt was made to include them at this
time. Therefore we expect that the results of analysis have
approximately 30% ambiquity from this effecks. As usual, the
experimental differential cross section {do/dﬂ}exp is assumed to be
related to the theoretical one {do/dﬁ)nwﬂa calculated by DWBA code asg
follows:

{ﬂa/dﬂlexp=5ISZIGG/GQ)DWBA-
Here, S8 and §, denote the o-spectroscopic factors for the projectile
and residual nucleus, respectively.

Most of states observed lie above the g—threshold energy of 20Ne

164 systems are in the continuum. To

and thus the corresponding o
analyze those unbound statres which have rather broad widths, the usage
of slightly bound state approximation, replacing the wawe function of
the continuum state by that of a bound sate, has no Jjustification.
Bradlow et al. {31] suggested that the usage of Gamow states to obtain
form factors could be important for <¢algulating absolute cross sections
tz unbound states. However, according to their results, in most cases
the difference between cross sections obtained by using Gamow and
slightly bound state wave functions was npot more than factor of two.
Therefore at this time we use the slightly bound state approximation to
get the a—wave functlon in the 20Ne. In the following, we consistently
use the hinding energy of 0.1 MeV for the unbound states, while using

the experimental Q-value of the reaction. HRadial wave functions of the

a-%Be and o !% systems were calculated using the Woods-Saxon potential



72

with the parameters R=1.2a1/3 fm, where A is the mass of the core
nucleus, and a=).465 fm. For the Coulomb potential, we used the same
radius as one of the Woods—-Saxon potential. TUsing these valuyes we c¢an

20

obtain the a~cluster wave functions in “ Ne nucleus which are quite

resemble to those made by Buck ot al. [49]. The potential depth was
adjusted to reproduce the binding energy of o~cluster in the a-core
system {see Table IV=1). The number of nodes N of the radial wave
functions was determined by the harmonic osclllator energy conservation
relation formulasz

M+ L =Etzni + 1),
where I is the angular momentum of the g-cluster in the projectile or
final state and ny and i; are the number of nodes and orbital angular
momentum of the four mucleons wlth respect to the core. The actual
values of N and 1. were determined based on the confiquration we
discussed in the previous sectlon and are listed in Table IV-1.

The optical potential parameters for making distorted wave are
usually chosen by fitting the elastic scattering for the channel of
interest. But this procedure makes a lot of ambigquity in the
parameters obtained, because all potentials which have the same shape
in the nuclear surface region give similar results of forward angle
cross section. Since there are well examined potential parameters used

L84¢ 13¢, 98o) 20e reaction at E(13¢)=105 Mev

far the analysils of the
{311, we used those parameters., The actual values are listad in Table

IV‘Z-
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Tabla IV-1.

The well depth for states in zoﬂe

By I N 2WL ¥, Epinding
(MeV) {MeV) {MeV)
1.634 2% 3 8 136.647 -3.097
4.247 4t 2 8 133,020 -0.484
8.775 &t a 136.327
11.95  8* 0 g 140.021%

5.785 17 4 9 151,297
7.166 37 3 9 154.368

10.257 5~ 2 g 159,534
15.336 7° 9 163.843
21.08 9~ 0 g 168.152
22,78 9 D 9 168.152
12,591 6% 3 a2 257.468
15.879 8 2 12 264.332
17.30 8t 2 12 264.332

The well depth for ground states in 12 ana 13¢

J¥ N WL Vﬂ Ebinding
{ MaV) (MaV)
12 ot 2 4 96.904 -7.367

13 1/2° 1 4 08.344 =-10.848
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Table IV=2.

Optical-model parameters used in the DWBA analysis

Chanrnel v
ne s aR W rI a, L
{MeV) (£m) {fm) { MeV) {fm) {fm} {fm)
120,16,
13 16 65.5  1.02  0.731 45.0  1.035  0.800  1.25
Cc+7 0
®pet2%e

Ba+ " "Ne

The form factor is a Woods—-Saxon type one.
Rﬂr0{311f3+521/3), unless rj is indicated as negative in which
case R=Irﬂ'51/3
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ii. Results of the [WBA calculations

The results of the DWBA calculations are compared with the
experimental angular distributions in Figs. IV-5~7. The theoretical
curves have been normalized to the experimental data. The effect of
the finite angular opening of the detectlon gystem is not taken into
account in the calculation. General tendency of the angular
distributions is fairly well reproduced by the calculations. Values of
the spactroscopic factor S, for each state was calculated from the
normalization factor §)S89 agsuming 5)=0.5567 which was predicted by
Kurath [50]. The cbtained values are summarized in Table IV-3 together
with the theoretical values. As seen in this table, the experimental
spectroscoplc factors show more or less reasonable values except for
gt and 9= states. Possible interpretations for the discrepancy at the
high gpin states might ba as feollews. Though the a=cluster wave

2%%e nucleus obtained by the Woods~-Saxon potentlal are

funcriens in the
resemble to those made by Buck et al. [49], there are stilll notlceable
differences between them especially in the case of the high-spin
members of the E*=0" band. This may cause large disagreement of the
experimental spectroscopic factors with the theoretical ones in the
case of high=-gpin states. Moreover different choices of optical
potentials for both the incident and the exit channels lead to vastly
different absolute spectroscopic factors. Though the relative
spectroscopic factors within the Kﬂ=ﬂ+l band seem independent of the
choices of optical potentials, those within the K™=0" band show

somewhat Aifferences. Considering this ambicuity, it is Impossibis ta

extract physically meaningful information from our data at this time.
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Table IV-3.

29

a-spectroscopic factor in He

E, {MeV) Jr (1%, %) (1%¢,%e) (1%,%me)  oow SU(3)

109MaV S56MeV 105MeV

{present] (48] [present] [33] [32)
1.634 2* D.44 0.181 0.31 0.295 0.229
4.247 g% 0.18 0.075 0.50 0.280 0,229
8.775 &7 0.69 - 0.75 0.264 0.229
11.95 gt 1.59 - 0.97 0.236 0.229
5.785 17 1.46 - - 0.718 0.234
7.166 3" 0.36 - - 0,703 0.334
10,257 5~ 0.27 - - 0.699 0.334
21.08 9~ a.58 - 1.38 - 0.334
22.87 9~ 7.76 - - - 0.334
12.591 &t 0.087 - ¢.071 - -
15.879 + 0.232 - 0.099 - -
17.30 at 0.528 - 0.150 - -
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iii. Comparison with the 180(13¢, 9Be)20Ne reaction

As mentioned in the first section of this chapter, to understand

the origin of the structures in the lzcllaﬁra) reaction, it is

160 12

necessary toc compare the ( C,BBeJEOHe rezction with the

16n¢ 130, %pe) 204e one.

S8imilar o-transfer data of the 150(13C,536120ﬂe reaction at
E(13c)=105 mev [31) are available. The angular distributions of this
reaction are displayed in Figs. IV-7-9. Because the incident beam

energy is similar to our present measurement and the a spectroscopic

£ 13 12

factor o Cg,a. 1s as large as the one of ""Cq4,5,, we expected more

»
or less same results. However, two large differences waere found

between the flzc,aBe] and [lgc,gBe) reactions. First, as the spin

1 20

value of the residua ¥e nucleus is getting larger, the cross

sections of the {lzc,aBe] reaction become significantly larger than
tnose of the {lgc,gBe) reaction. In fact, though both reacticons co che

1.63(2%) and 4.25(4") Mev states show similar cross sections each

16_.12

other, the '%0{!%c,®%pe)2%ne reaction to the 15.4(7”) and 21.08(9") MeV

states have at least one order larger cross sections than the

16,13

of C.gBelzoﬂe reaction to the same states. Second, the angular

distributions of the (12C,3He) reaction are mwach stesper than those of
the [lac,gﬂe) in the forward angle region. In order to axamine whether

these Adifferences are explained by a kinematical matching condition or

16..13

nat, we performed EFR~DWBA calculation for the o C,QBe}ZONe

reaction by using the same optical potentials. The parameters for the

8

radial wave functions of the “Be-a and 16&—& seystems were alsa chasen

as same as those for the 160{12C,33e)zuﬂe reaction (see Table IV-1 and
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04 13

Figs. I¥N-8-10. The C,BBe}zﬂNe angular distributions for the
states in the ground state band (Flig. IV-8). K"=#" band (Fig.
Iv~9) and K™=0%, band (Fig. IV-10} from ref. [31). The solid

qurves are our results of the EFR-DWBA calculations.
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2}» The results of the DWBA calculations are superimposed on the data

in Figs. IV-B8~"10. The differenceg of the angular distributions between
12. 8 13, 9 .

the (°°C,"Be}) and { "°C, “Be} reactions are quite well reproduced by the

calculation. aAssuming that the 134 spectroscopic factor is 0.4066

20

[50], we obtained the spectroscopic factors for the Ne states from

the normalization factor S,8,. The results (see Table IV-3) show large

16..12

discrepancy with those Erom the 0f C,BBe)zuNe reaction. It should
be noted, however, that the differences of the spectroscopic factors
obtained by two reactions are smaller than those of their actual cross
sectliong. This might mean that the kinematical matching condition
qualitatively explains the differences between those two reactions.
However the ambiquity of the DWBA calculation, which we have already
mentionad, prevents us from drawing a definite conclusion that the

differences of magnitudes are originated by the kinematical matching

condition.

12C[150.ﬂ15

1lv. Comparison with the 0} coincidence measurement

According to Sanders et al., [43] the ¢ branching ratios (TGOXF)

for the strongly populated states in 208e via 150(12c'aneg.s.]2oue,

reaction are roughly 100% with the exception of those for the 17.3 MeV
(8%) and 21.08 Mev (9”) levels. This fact strongly implies that if the

a-1%0 coincidence measurement is pertormed in this system, prominent

enhancements couid be obgerved in the relative enerqy spectyum between

4 16

a an 0 particles. In fact results of recent coincidence measurement

16

showed gimilar pattern of the structures in the a-""0 relative enerqy
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spectra [25]. However, the energy asslgnment of those states;

Ex(2|J

Ne)=2.8, 12.0, 14.3, 16.6, 20.5 and 27.0 MeV are somewhat
different from our present results. The energy discrepancies might
not be surprising if we ¢onsider the uncertainties involved in the
analysesz. Supposing first five of those states correspond to 8.77S,
11.95+12.591, 15.336+15.879, 16.63+17.30, and 21.08 Me¥ stataes
{unfortunately, we <¢opuld not find the state correlate to 27.0 MeV one
obgerved in the coincidence measurementf, we fan compare two
experimental results. Since we have no information about the angular
distribution of the decay process, we agsume an isotropic decay. The
decay branching ratio is supposed to be 100%. The results are
summarized in Fig. IV=1%. ~Clnsed ¢ircles represent coincidence data,
while open clrcles mean o=trangfer data. In thig figqure we do not show
any error, but approximately 20% errors are expected. Despite there
are conglstently about a factor of two difference in absolute values,
two experimental results show similar feature. This fact clearly shows
that the a=transfer process can affect to the inclusive a-spectrum of

lzctleo,a) reaction. The differences of magnitudes might come from

tha
the unfounded assumption of the decay process and the experimental
Arror.
leqyr12- 8 20

In summary of this chapter, we measured the o(*“Cc,"Be] “"Ne
reaction at E(IZC]-109 MeV. This reaction showed many features as a
direct reaction. In fact, the DWBA calculation can reproduce the
general tendency of the angular distributions quite well. On the other

hand, considering the fact that the absolute spectroscoplic factors

predicted by the DWBA calculation have large ambiguity, any assignments



Fig. IV-11. Comparison of the IED(IZCpa

Be)zuﬂe single data (open
circles) with the 'Zc('%0,0!%0)%Be coincidence data (closed

circles) [25].
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of high-spin members of the rotational bands in 29%e cannct he

performed. Compared with the lsotlac,gBejzoﬂe reaction, the

IEG(IEC,EBe)ZUNe reaction shows approximately ome order larger cross
gections for the Ex(zﬂue)> 15 MeV states. Since this large

difference is able to explain the fact that the 120¢16g, 4) reaction

13,186

show distinct structures, while the C{ ""0,a) reaction does not, the

20Ne* might be an orign of the

sequential g-decay process of the
gtructures. To understand the difference of the ISO(IEC,aBejznﬂe and
lﬁﬂ[lac,gBe)ZONe reactions, further careful investiqations, especially

theoretical ones, are required.
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V. COMPREHENSIVE DISCUSSIOH

2o far we have only described the experimental results of three

lzc(lsﬂ.u} reaction

different measurements related to the
independently. In this chapter we will try te extract the most
congistent jinterpretation for the origin of the structures in the
inclusive o-spectrum using those results. At the last part of this
chapter, we will mention about the target dependence of the (lso,u]
reaction. Before going into a detailed discussion, we summarize our
experimantal results once more together with the reported experimental

rasults.

(i) The results of our coincidence measurement implied that the

12 (15

structures we cbserved in the inclusive g-spectrum of the C Q)
reaction are not coming from the population of the molecular resonances
or that the structures correspond to the melecular resonances but they
do not have large lzc—decay widths.

(ii) The results of the incident energy dependence measurement clearly
showed that most of the structures in the EXIZHHg}=3O—56 MeV region do
not follow the two-bedy kinematics of the 12C+150—>24Mq*+a reaction.
The simple kinematical calculation suggested that the structures in
this region might come from the sequential ejectile decay process of
the 160' and/or 2°Ne*n

(iii) The results of the coincidence measurements of the 12C<1501012C)
12 ang 13c(lﬁo,u12cjlac reactions performed by Rae et al. [11] showed
16

the importance of the sequential projectile decay process of the ""0% in

these reactiona. But the difference of the coingidence yield for this
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process between two reactions were less than factor of two.
{tv) The results of the recent measurements of a-H.I. coincidences from
the 12c(18p, &) reaction performed by RCNP group [25] showed that the

sequential decay process of the 20

He* also plays an important role in
the single a-spectrum.
(v) The results of the IGD{IZC,aBe}ZUHe reaction measurement supported

the existence of the sequential decay process of the 20jne*, Moreover,

1SO(IEC,aBe]zoﬂe and

a large cross section difference between the
l6g( 13¢, 9pe)} 20e reactions was found.

Cconsidering the absence of the structures in the 13ct16

0,a)
reactions, these facis strongly suggest that the sequential decay
process of the 20Ne* has responsibility to show prominent stractures in
the inclusive g-spectrum of the I%C{IBO,QI reaction and that the
molacular rasonances are not so strongly populated by this reaction.

To check this explanation, we have attempted to calculate the
magnitudes of the structures Iinduced in the inclucive w-spectrum due to
the sequential processes. For this purpose, we calculated spectra of
g-partlcles coming from these processes at Ep,, =145.2 MeV. We assumed
the decay of 160+ 512044 and 2%e*-> 180+« to be isotropic and

b

O coincidence data [25] owver all 12

integrated the u—lzc and ael C- and
189 directions following the prescription which is summarized in
Appendix C. For interpolations and extrapclations of the angular
distributicns of the 160 ang 2UNe*. we took into account the actual

150{12C,BBQ}20NE reaction. The results are

angular distribution of the
shown in Fig. V-1 together with the background subtracted inclusive

a-spectrum. The solid and dashed curves represent structures due to
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Fig. ¥V=1. Alpha spectra due to the sequentlal g-decay of the He* and

IEG* by using the coincidence data [25]. The solid and dashed
curves correspond to the 20ne* ang 16p» decay, respectively.
The largest peaks are comig from Exiznﬂe)=21.03 and
Ex[150)=11.6 MaV, respectively. For comparison background

subtracted a—spectrum is superimposed on the figure using the

samne scale.
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the sequential decay of the 20yox and lSo*. respectively. BAs seen in
thias figure, the calculated structures are comparable to those we
observed in the inclusive a-spectrum. Moreover the positicns of the
structures are also reproduced by this calculation. Most of the
structures seem to be explained by the sequential decay process of the
20 x except for the peak around E_ =56 MeV. This peak probably comes
from the sequential decay of the l%0*, because that process can make a
huge structure around E, =56 MeV according to our calculation. If this
interpretation is correct, we might observe similar structure in the
13c(18p, a) reaction at the same o energy. Unfortunately, the

13C(15

experimental data of the 0,a) reaction obtained by Takahashi et

al. [19] did not include this energy region, so we can not check our

13 (16

interpretation at this time. In case of the C 0,a) reaction, we

cannot expect to observe significant structures from the 20yg*

l6., 13 20 2

seqeuntial decay, since the O+ " TC=> ""Ne*+ "Be reaction has

approximately one order smaller cross section than the 1o+lZc->
2UN&*+aBe reaction. It should be noted that the calculated magnitudes
and pogitions of the structures very much depend on the angular
distribution of the decay processes of the 180x ana zuNe*- For
ingtance, if we agsume the decays are axially symmetric apbout the

20ye* but have a 1/sind angular

recoil direction of the 150* or
distribution with respect to the recoil direction, we get approximately
factor of three larger structures and their positions change naerly 500
kev. Even though there is such ambiguity of the caculaticn, we might
conclude that most of the structures we observed in the inclusive

a=spectrum of the Izctlso,a) reaction come from the sequential ejectile

decay processes, especially from the 20Ne*-
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If we examine the angular dependence of the structures carefully,
as seen in Flg. V=2, small mowvements of them in term of the excitation
energy of the 2“Mg are opbserved. This fact agaln suggests the
dequential ejectile processes. It would be fair to mention the
diffigulties of reproducing the rapid decrease of the magnitudes of the
structures as a function of a laboratory angle. If we assume the
isotropic decay of the ejectiles 204e* and 150*, the decrease is
not large enough, while if we assume that the decays have a 1/sinf
angular distribution around the reccil direction, the rate of
decreasing ias similar to the experimental one. Since the results of
the calculation strongly depend on the angular distribumtlons of the
decay processes, we would just point out that the segquential decay
picture is not inconsistent with the observed angular dependence.

Because now we know that the most components of the prominent

lZc{IB

structures in the inclusive o spectra of the O,a) reaction ara

coming from the ejectile sequantial a-decay processes, we should
re—examine the target dependence data. The experimental results of a
qu{IhN,luB}znﬂe reaction at Elabfth]- 1S5 MeV, B8),1,=%.3°% [36] showed
that the cross gections for the Ex(zoue}=15.3{7'} and 21.08{9") states
were several hundred pb/sr. These values are comparable to the
150{13c,93e12“Ne reaction but approximately one order smaller wvalues
than those of the IBO(IZC,BBe)zoue reaction. This fact strongly
suggests that the structures due to the secquential decay of the 20yas

IHN(IE

could not appear in the inclusive a-gpectrum of the O, a)

reaction, and that is indeed the case. About 150{150,128120He and

20

lsotzuue,lﬁol He reactlons, there are no informations right now. We

calculate the expected positions of the structures due to the



Fig. V-2. Angular dependence of the structures taken by solild state
counter taeleacopes at E( 1EO)=148 MeV. For convenience, the
horizontal axis represents the scale of the excitation energies

in the EhMg system.
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sequential decay of the 20Ne* and !%0* using the simple kinematics
{Appendix C={a}). The same agssumptiong which we mentioned in III D
ware algsoc used. But at this time wa used correct execitation energies

20

of 160{12

Ne* obtained by the C,aBe)zoﬂa réaction except for Extzuﬂe]-
26.7 MeV, The results are shown in Figs. V=3~7 fogether with the
experimental data {19). As seen in these figures, most of the
prominent structures might be understoocd by the sequential decay

processes of the 2°Ne*, although we gannot exclude the contribation of

the 160*.



Fig. V-3~7. Expected positions of the structures due to the sequential
a—decay processes. 3JSolid and dashed arrows correspond to those
due to the 2%e* and 15a%. respactively. The excitation energies
included are E _(2UNe)=26.7. 22.87, 21.08, 17.30, 15.88, 15.34,
12.59, 11,95, 10.79, 10.26 and 8.78 MeV and E (1P0)=19.4, 15.8,
13.1, 11.6 and 10.4 M=V [11]) . {(The higher esxcitation appears more

right-side.} The experimenpal data are taken from ref. [14].
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VI. SIMMARY

The coincidence measurement of the q—lzc and 12c_12C particles

induced by the 145 Mev %0 bombardment of -2¢, the incident energy
dependence meagurement of the 12C{150,u} reaction, and the measurement
of the IBO(IEC,aBejzﬂNe reaction at Elab=1og MaV were carried out in

order to determine the origin of the structures in the inclusive a=-

IEC(IE

spaectra of the 0,n)] reaction. Conktrary to the previous

suggestion, we could not find ount any evidence of existence of the

IZC{IE

molecular resonances as a final state interaction of the Q,a)

reaction. The measurement of the incident energy dependence of the

120{150,31 reaction clearly showed that the most part of the structures

in the inclusive a-spectrum is coming fram the sequential ejectile

16 29

decay processes of the 0* and “"Ne*, Considering the difference

13c{lE

between the lzc{lﬁo,a) and 0,a) reacticns, the sequential decay

20 20

of the Ne* isg favorable, because the cross sections of the Ne*
formation in the 12c+160-5204e+8Be reaction 1s much larger than those

13,16 20 9

in the C+ " 0-> “"Net+ "Be reaction. In fackt, using the gecquential decay

process of the 20Ne*. we can explain most of the experimental results
qualitatively. But several gquestions have still remained, like why the
lsoilzc,aaejzﬂﬂe reaction shows different behavior from the
lso[lsc,gBelzoﬂe reaction and so on. It is desgired to carry out

150

further investigations about the g—transfer reactions on the

target, especially theoretical one.
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APPENDICES

A. Three=body Kinematics

In this appendix we summarize the notations of the three-body
Byatem and the relevant explicit transformaticons that were used for the
data analyses. In following equaticns, the subacripts p and t refer to
the preojectile and target particle, the subscripts i, j, and k refer to
the three final particles and the superscripts 1 and ¢ refer to
laboratory and center—of-mass systems, respectively. The symbols my.
Pi and Ei dencote the mass, momentum, and energy of particle i.

Using these, we define the feollowing reduced masses and momentun

vaectors:

=m,m , {B1)
uij-mimj/[mi+mj}. (n2)
Wi 4=y (my4my 3 /M, (a3}
+ > >

P=P1+Pj+9k

=EP+EtJ th‘l:‘
+ > +

Pij=Wij(Pi/mMi=Pj/ My}, (a3)

Ek-ij=|-‘k-ij [Ek/mk'lﬁi"'sj )/{miﬂnj 1]
=[mi+mj}5fﬁ‘5i'sj
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Here, M is the total mass, g'is the total momentum, Ek—ij is the
relative momentum vector of particle k with respect to the center-of-
mags system of particles i, 3, and k, and Eij is the relative momentum
vector between particles i and j. Pirst of all, let us consider an
obgervation of only one particle at {Bi,¢i). The relaticons of the
energy and angle of particle i between the center of mass system and

the laboratory system can be written down as follows:

c__ Ll 1.1/2 .1 2
Ei—Ei 2ai(Ei] cosEi+{ai} . {R7)
c (Ei]1/2cosﬁi—ai
cosB. = B (A8)
(e-2a, (£1) V Pcostlela 1) 2
i itTi i i
c i
- ot A9
$ = ¢ (a9)
Here a; denotes the value defined by
- 1,14/2 Al0
a, [mimPFP) f(mp+mt}. { }

From these relations, it is easy to reduce a transformation of a cross

section in the laboratory and center-of-mass system:

atgl ‘E

|1/"2 dEOC
{a11)

1
i
c
i

1 .1 1 ’lcc 6
dEi d¢i d(cosﬁi ) E dEi d¢i dicos i }o.

In 2 case of two particles coincidence measurement, we can determineg
. 1 |1 1 1 .
the scattered directions (Bi,¢i} and [Ej,¢j] and energies of two

particles., Substituting those values inte follewing relatien, which
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can be derived from the momentum and energy conservation:

‘fzcosﬂl

1 1
Q [Ei[mi+mk]+Ej(mi+“k}"2(mpmiE§Ei) i

=2{m m

1,172 1 1, 1/2 1 1
o jE;Ej) cosBj+2(miijiEj] casaij]/mk EP{1ﬂgPAmk}, {a12)

"O=valua™ of the reaction can be obtained. Here

1]'

3 (A13)

casﬂ%. = cosﬂl
ij

1 S N | 1
icOSBj + slnﬂislnsjcus(¢i - ¢

The total kinetic energy can then be written

By ot =EptEy R

= 2 2 2
P /(Emi1+Pj /{2mj]+pk f(2mk]

-2
P /(2M]+Eij+Ek_ij, (214}

whare

E.

2
137 Piy 2%y (a15)

iz the relative kinetic energy of particle i and j, and

- 2
Bm13™Pro1j 7 2 Heiy!

-
—EkH/(mi+mi) {Aa1€]

is the kinetic energy of particle k in the center-of-mass system of all
three particles., It should be noted that all guantities mentioned
above can be defined in terms of the momenta and masses of the two
particles i and j that are detected experimentally.

For a fixed valus of Q) we can get the transfer rslation hetwean
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the triple differential cross section of laboratory and center-of-mass

aystems using the phase space relation:

>

-+ -~ Ed ka i “*

The cbtained relations are ag follows:

3
d"q _ MigMe-13PigPr-ig
dEy 3 4304 43R 1 5 MiM4P 04
- Ulmgtmy ) omy ey SmiPiopy/p3) m o
Myt )M B4R/ P TM4P1 *P§/ P4 i _ 1 o+ o+ 2
T - S SU S 1. P3*P§/Py)
| {imysm)-miBe3; /pimsps -Bs/pi} mytmy  mymg
( m; Ill.j - 5 / 2) d3a
+ - B Ba/p ——— {a18)
mi-l-m]- mi+mj 17%37%3 dEidﬂidﬂj
and
3 3, 3
___d% - MeiPkiPi-ki |, PP B a0 1310
{a1e
> ' .11
By sy s WyP4Py Mpy© | dE; ;AR

Other useful relations for a fixed value of O can be obtained from

{a12);
1 > > 2 > > 2
dE - - m. P+ - P -
i {{mj+mk) my Pj/PJ m. Py PJ/PJ}r (209
1 * ¥ 2 > > 2
dEj {[mi+mk} = m.Pup, /p; + mipi'pj/pi}

and from (Ad4) and (A15);

A 5 = dEi { B B /BN 4, )+ (m, -, B, *B. /Do) tm, +m, }

T " T3 myTP; Ry /Ry )/ m A SRR S M S
dE dE

) 3 {a21)
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B, Bfficiency Calculation of 8Be Detection

In this appendix we discuss the kinematics of a BBeg_s_ breakup
and the detaills of the effective s0lid angle caculation which was used
for the data analysis. (The notation of Ref. [41] will be used.)

Since the sBeg‘s_ has no spin, its alpha decay is isotropic in the
aBe rest system. Two breakup alpha particles from relatively fast

moving 8e will travel within a cone whose axis is the direction of

the original %5e. The half-angle .. of the cone is given by

umax—sin—l(B/E8}1/2; (B1)
where B is a breakup energy (92 KeV for EBeg.S.J and Ef is a laboratory
energy of 8ge. In Fig. B-1{a} the wvelocity diagram of the SBeq_s‘
breakup 1s shown. BAs seen in the figure, in a case of a<ae,,, one alpha
particle detecting angle o in the laboratory system corresponds to two
different breakup angles ¥¥ in the %Be rest system. In other words,

there are two possible angles oo’ and &, for a breakup companion. The

kinematic relations of these gquantities are giwven as follows:

v'=cos ™1 {-(r8/B) /?sinZatcosa [1-(E8/B)sin’a) 2}, (82)

?:-1-?1, (B3)
and

u§=cos_1{[{B)1/2¢osT:+[E8]1f2]f[B+E8+2{BxB)1f2cos?§]1f2}. (B4)

Because the decay of the 8pe is isotropic, the opossibility of

q.s.



Fig. B=1{a). Velocity diagram for the hreakup of the 8e into two

c—particles.

(b). Geometry of two detectors and the directions of the ®Be

and its breakup two o—particles.



(b)
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detection of alpha particles per unit solid angle at an angle a is

proportional to a sum of s0lid angle transformation factors
[ tsind¥ay™) /(sinada) {BS}

and
J{sintp'dlp'l.f{sinuda] . (B6}

If we define a detection probability p¥{a} by

+ + +
P {a)= |<sinw‘d¢‘)/(sinudc: /4%

1/2 =-1/2

={ £2{EB/B} cosm+(1+E8c052ufB)(1-E35in2af3} 1/4%, {B7}

the total probability that one of the decayed alpha particles goes into
the sclid angle dg_ at an angle a can be describad as 2[P+(a)+P_(c)]dﬂa.
The factor of 2 comes from the fact that either of the two alpha
particle may be detected. To get an effective sclid angle {Q, we have

]

to integrate this value over all "Be directions dw and owver the

surfaces of detectors. Therefors.

=0 +Q_, (B8)
where
+ +
2,=fduv sinadod¢ P (a}S {a, drw). (B9)

The function St{u,¢:m} is defined by
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s {a,¢,w)=1 if the companion alpha isg

detected in the cother detacter
=) otherwise, {B10)

and the azimuthal angle ¢ is indicated in Fig. B-1{b). It should be
noted that s* and 5 are not always same, because at a fixed angle a,

the angles qg.% of the companion are not equal to each other.

We will apply this analysis to two equal area circular detectors
illustrated in Pig. B-1(b). Considering the symmetry, coaly integration
over the first guadrant 1s needed with respect to w, and then the
result is multiplied by a factor of four. In addition, cone has to
consider only half range of the angle ¢ and then multiply the result by
a factor of two. If we define the distance D from the target center to

the center of two detectors,
awedxay/ o2+ (x vty 0 ¥4, (B11;

Therefore, egs. (88), (B9} and (B11) give

X ¥ v24x? _
o=s/p2[ "ax [ "Fay (v — )73 (pHw) + F(@)], (B12)
D

where the upper limits of integrations correspond te the maximum

directions of strolling BBe which can result in coincident events.
Here
+ ¥2 o %max iy o 4 .
F(w= [ [ PTta)s (e, d;w)sinadoadd. (B13)

-n/2 0



111

Normally the functions ST and s~ are unity over a certan range in o.
If we define those ranges [of,af] and [oj,o03) for s* and 357

respectively, we can rewrite eq. (B13) as faollows:

/2 +
o

Fiwb= 174%  dp£(E8/8) "/ 2sina-cosal1-E8sinla/m) 2] 2. (B14)
=-1/2 o,

—l

+
and GE are functions of both

+
¢ and w. The smearching for a; and o, values and the integrations

It should be noted that the limits o

W=

in eq. (B12) and (Bi14) were performed on a VAX-11/780 computer.
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C. Calculation of Sequential Decay Process

1) Kinematics of the Sequential Decay Process

In this appendix we summarigze the kinematics of the secuential
decay process. In following equationg the subscripts p and t refler to
the projectile and target particles and the subseripts 1. 2 and 3 refer
to the final state thres particles. The ejectile before decaying inkto
the particles 1 and 2 is representad by the subscript e. A=z usual, the
symbols m, E and v dencte the mass, energy and veloclty respectively.
If we determine @-valuss of the first and second step reaction
processes Qg and Q., the scattered angle of the ejectile (8,,4.) and
the detection angle of the partile 1, 8], we can calculate the enegy
E,. The energy E, ig easily obtained by using usual two=-body

kinematics as follows:

_  mpmgE 2 mal{matmy) Of Mo
Eg= Lp—lzcosﬂ + == E . + 1)
€ {mg+my) { @ mpMe Ep m3

2 malmagtmy) Qf 1/2
* 2cosf [cos 8y + -—ﬁsﬁrtﬁ EE + 1)) 1

- meve2/2 {c1)

Consldering the sum of the velocity vectors, we can get following

equations.
E1= mlvlzj’z (C2)
V)= vgoosP, * {vezcoszele - vez +2Q45 /() +m12/m2)}1/2 {C3}

cog ) =cosf cosb ~sinf, sinfB cosd,. {C4}
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2} Magnitudes of the Structures

To calculate the magnitudes of the structures induced in the
inclugive o-spectrum due to the sequential ejectile decay processes, in
principle, entire anqular correlations {even out of plane correlations)

of u-lzc and u—ls

0 would be required. At the present time, however,
there are not enough informationsz of these angular correlaticns. So,
we have attempted to interpolate and extrapclate a few available
coincidence data taken by RCNP group [25] and to estimate the
magnitudes assuming isotropic decays of ejectiles 16p¢ and 20yer. The
procedures of the calculation are as follows.

i) To make tables of the triple differential cross sections

daﬂ

dEu—lzc dﬂu—lzc dﬂulzc-lzc

adg
B, 165 Q- 150 dfe!6p-8pe

as a function of a relative energy between o and lzc ar o and 150,

and a direction of their center-of-mass moticon using RCNP gromp's
coincidence data. (Assuming isotroplc decays of ejectiles 165

and 20

Ne*_. these values are independent on decay directions.)
1i} To define the a-detection angle and a energy in the lahoratory
gystam.

1ii} To calculate an observable energy of coincident 12C anéd %0 at a

certain heavy=-ion detection angle using the three-body kinematics.
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iv) To get the relative energies between p and IZC, and ¢ and 150, and
directions of their center-of-mass motions.

v) To consult the table of the cross sections at the calculated
relative energies and the directions. (A guadratic inerpolation
or extrapolation arc made if necessarily.)

vi) To convert the tabulated cross sections to those in the laberatory
syatem by using =g. (A1B).

vii) To integrate obtained laboratory cross sections over whole
available directions of lZ¢ or 1So {including out of the reaction
plane).

viii)To change the a energy and repeat same procedures after 1ii).

N.B. To introduce unisotropic decays, only procedures 1) and v) should
be modified.
To increase a speed of calculation, we introduce the Gaussiann

quadrature in procedure wii).
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