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CHAPTER 1

Introduction

‘In heavy—ion induced reactions, a large part of the total
reaction cross :section consists.of fusion, deep-inelastic
collisiony.:quasi—-elastic scattering and so on, where many degrees
of freedom participate. These reactions have been often analyzed
;in»iérmsaoﬁpmadelS“relevént to macroscopic aspects of the-
ne&ction,fegg;‘émfriction model:. - On the other hand, there are
also ‘many «direct-like processes such as breakup and inelastic
'scattering-6r£fewfnucleon transfers::to ‘low-lying states,
,especialiy-in reactions between light-heavy nuclei: (C, N, O, Ne
~etcf)§: These,reactiQQSg where- fewer degrees :of freedom
participate, have been: usually analyzed in terms of models based
omnfull“qUantumfmechanics-suéh as-distorted wave Born
approximation. (DWBA) or coupled-channel calculations” . Such
analyses have been used for deducing quantum numbers of discrete
statés such as spin and parity, or for microscopic understanding
of the reaction mechanism??® .

As the bombarding energy is increased, at 5 — 10 MeV/nucleon,
'states with higher excitation energy and spin can be populated by
direct-like process due to the kinematical matching coﬁdition of
linear and angular momenta between initial and final channels*® .
Note that these states are hardly populated by light-ion induced
reactions.. When these states lie above particle threshold, they
subsequently decay by particle emission. The final channel of the

reaction consists of three particles. For example, the cross



section of the: process associated with a-particle emission is
considerably large due to relatively low a—-particle threshold and
a—cluster structure.of the light—-heavy nuclei. Such a-particles
are sometimes detected to determine the properties (spin, parity
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or partial:width): of the decaying states or to investigate the~

reaction mechanism by obtaining spin-distributions (sub-state -

7.10.1).  In the former case,

populations’) -of the decaying states
model—~independent. determination'? of spin and parity of the
decayings state: have  often been. made.

.+~ Howewvers for:-the: study of such high-lying states above
particle ‘threshold,: a:.serious inherent difficulty is that various
processesnpossiblwvdead.to»thé same: three-body final channel; when
one investigates::a 'specific process or decaying state, other
uhdesired~processes;leading to»the same..final ichannel. .. :-
intrude!319. - - 'Such undesired processes so far have been often
treated only as. "contaminants”, and studied less :‘quantitatively.
However, cross §ections of such "contaminants® are often of the
same ordef.sf.ﬁaghitﬁdé as'thai of the specific process. Such an
example is ‘also :seen -in the studies of the breakup reactions
induced by light—heavy nucleimem . Therefore, from a new point of
view, it is intereétiﬁg to invéétigate various processes leading
to the same final channel on an equal footing for a thorough
understanding of thelreaction mechanism. Then, it is possible to
stﬁdy the followingAinteresting‘problems:

(1) What processes contribute to a three-body final channel and

how much is -the cross section for each process?

(2) What is the mechanism of each process: Is it a simple direct
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transition of binary character (with sequential particle
decay)?
(3) Is there»any aspect which cannot be understood as a binary

process, 1 e. an effect where all of the three partlcles

1nteract at the same t1me¢

TN L

In order to d1scuss these problems, it.is necessary to perform

c01nc1dence experlment where reactlon products are detected over a

\L‘E e :;nts

w1de angular reglon and a w1de dynamlc range of energy The data

capunioles; and

analy51s is to be performed based on three body k1nemat1cs deallng

eV oand o,

w1th varlous processes at the same t1me

A

We have 1nvest1gated the I2C+'ZC——'2(: +a+-Begs reactlon at

zl';:‘

bombardlng energies around 10 MeV/nucleon as one of the simplest
systems where varlous 1ntermed1ate channels are to be observed
In th1s reactlon;ilt‘ls p0531b1e to cons1der the followlng
dlfferent processes . | - N

_(%?ﬂfﬂlnelastlc scatterlngdprocess with subsequent a—decay
Hegyontee, o 4120120, +a+PBeg .
‘(ii). alpha—transfer process with subsequent a—decay
12C+12c-180*+8Beg  ~'2Cq ;. +a+®Beg s,
(iii) 8Beetransfer process uith subsequent 8Be— particle decay
lIZC+‘?-C——ox+20Ne“-——ct+'zcg,s_-’e—"Beg.s,. and

(iv) non—resonant (direct) breakup process without resonant

states in the intermediate channels



2cil2ci2c,  +a+®Bey .

This reaction is‘considered to be mostly direct-like because the
compound system (mMg) at high excitation energ& easily evaporates
more than three partlcles In this case, reaction products of the
pr1mary process are emitted in the forward direction. Particles
in the fornard d1rect10n 2 and a were detected in coincidence
over>w1de a;gdiar regions (5 - a0 for 12c and 8 - 50° for
a QAfoéi;s) and w1de dynamic range of the energles (typlcally,
Ewc> 10 MeV and E > 1 MeV) Another a—detector was set covering
100 152‘1 to detect a— partlcles decaylng 1nto backward angles
More detalls of the exper1mental procedure are described in
chapter 2 S

From ana1y51s‘based on the three-body k1nemat1cs, which is
descrlbed in appendlx A processes (1) (1v) vere clearly
1dent1f1ed It was found that the processes (1) (1ne1ast1c
scatterlng) and (11) (a transfer) have most of the cross sections
and that the cross sections of the other processes (111) and (iv)
are small.A The data are presented and discussed in section 1 of
chapter 3. | “ | |

For the main processes (i) and (ii), coincidence cross
sections in the form of double—differential‘cross sections®? (the
angular distribution of the primary process and the angular
correlation in the decay process) were obtained. The observed
double-differential cross sections for the discrete states were

reproduced well by the calculation based on a finite-range DWBA.

For the a-transfer process, the transferred angular momentum in



the primary process was determined by the oscillatory angular
correlation patterns. We could also explain the observed shifts
of the correlation functions depending on the angle of the primary
process. The:experimental data and discussion are given in
section 2!6f chapter 3.

~In this reaction, there are kinematical regions where the
different intermediate channels of the processes (i) and (ii) can
contribButecat . the same time. As mentioned in ref. 21, at these
regions<thereris<aipossibility of interference between. the
different intermediate channels. We obtained the cross sections
at such regions; atid then, found that the cross sections could not
be -explained by a:simple.-sum- of the cross sections estimated
individually férvthésémtwb.intermediatefchanﬁels.' Therefore, it
is concluded that evideénce for the interference of the
intermediate channels has been observed for. the first time. By
taking into account the. interference between DWBA T-matrices -
calculated independently for the two processes, characteristics of
the observed cross sections could be understood qualitatively.
Section 3 of chapter 3 is devoted for a detailed discussion of
this interference effect.

Chapter 4:gives summary and conclusions.



CHAPTER 2

Experimental procedure

The experiments were performed with '2C*- projectiles of 90,
110, and?LﬁpﬁMeV,from‘the,AVF éyclotron of .the Research Center for
Nuclear, Physics, Osaka University. Incident beams were focused
on¢p«a‘@qumg%gm? natural carbon foil positioned at the center of
‘a-1 m ¢  scattering chamber.

..~ The experimental setup~for-thelgc—a coincidence measurement
is shown schematically in fig. 1. . Heavy particles (12C ) were
detectedpgtv5qukzggz~vith_awfixed,detector—telescope‘(Hi);»
consisting of .a gas-ionization chamber.. (4E ) and a Si
QOSitipn—ggnsLtive.Erggiecton=(PSD)trvAlpharparticles were.
detected by other two Si detector+telescopes -(ap- and a1 ) -
consisting. of PSD-4E: and E detector and a Si PSD (az) on a
movable arm .in therppoéite side to the HI-detector with respect
to the beam.direction. By rotating theyarm twice,vangular,regions
of -8 . - -50° and -100" -.=152° for a-particles were covered.

For the,proceés (i) and (iv) in chapter 1, the !'2C- particles
are e@itted,mainly around beam direction and the a—-particles from
the target nucleus are emitted up to the backward angle region.
The HI-detector was set across the beam.direction,so as to detect
2C— particles as forward as possible (up to 5 ), and thus
incident beams were stopped with a Faraday-cup in front of the
detector. Alpha-particles emitted in a.wide-angular region were
detected by the three a-detectors. For the process (ii), unstable

|6O*-—particles are emitted around beam direction with a velocity
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much larger than the relative velocity between '2C- and
a-particles decaying from the l.60*--par't.ic1es. Therefore the '2C-
and a-particles are emitted mainly at forward angles and on
opposite sides of the beéam. By detecting '2C- and a-particles
with HI-detector and &y-. and a;— detectors, most of '®0*-particles -
were observed at forwamdsahgles covering 0. For the process
(iii)s ithe.a—particles«ins«the .primary process and the
2¢=.partieles decaying&ﬁr@m*thexresidual'mNeﬂ-particles vere -
detected by ap— and Hrééete@tons,.respectively; Because of the
rather{Large‘éenter4of—masswve%ocity‘of the PNe*-particles, the
@G—fparticles‘anexemittedﬂm&ﬁnbmﬁatvforwanduangles.-:Therefore,
most of -'2C- particles decaying from ®Ne*-particles wvere detected.
s For the?calibratfonﬁoﬁfﬁhezdefection«angles;wtvoxmasks
consisting of aicoppér vwire of ©@.5:= 1. mm diameter were :placed in
front "of -each PSD.. The -energy calibration was performed by using
26— . particles scattered -elastically.. The absolute magnitudes of
the ceross sections were obtained by using the.measured target
thickness .and the integrated beam charge. The absolute cross
sections of ‘elastic scattering in the singles measurement were in
good ‘agreement with those taken by Kubono et al.® Energy, angle,
and absolute vdlue of cross sections .in the laboratory frame were
determined within 500 keV, 0.3, and 20 %, respectively.

Signals of energy-loss and position in the detectors and of
timing between.HI— and a-detectors, time-to—amplitude converter
(TAC), were stored on magnetic ﬁapes event by event through the

23)

interface Raw Data Processor The off-line analysis was

performed in three steps as shown in fig. 2.
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At the first step, only C-a coincident events were selected
by the requirement of particle identification. For the detector
telescopes: (HI, a¢ and qa ), particle identification was performed
by 4E- and® E~signals (fig. 3). Because of the lowest three-body
Q| — value®®=iof ithe mC,&+a+ﬁBe95_ channel, other channels such as~
Bect+a+Be ori2Cc+p+1"B associated with carbon isotopes and/or light
particles could be rejected by selecting the Q-value in the next
step. Therefore, in the procedure of particle identification, it
was not necessary to distinguish carbon isotopes and also
a—-particles froﬁ other light particles. Coincidence events with
a>— detector (E—-detector only) and events without E-signals of ag—
or aj—detector were also stored for the next step of the
analysis. These selected events were: stored on magnetic tapes
with flags of true/accidental coincidence by TAC analysis (fig.
4), As a result, most part of undesired events was rejected (e.g.
about 1.6x10% events were selected out of 10x10% in the live data
at 90 MeV).

Next, for each event selected in the first step, the
three-body Q-value was calculated by using energy and position
information of the detector. Here, energy loss in the target and
the window of the gas counter was taken into account. Figure 5
shows a typical Q-value spectrum at 90 MeV. Peaks in the Q-value
spectra correspond to final-channels of the reaction as indicated
in fig. 5. 1In the.following procedure of the data reduction, only
events of the peak which correspond to the &Cg&+a+ﬁBe,s, final
channel indicated as "Qu" in fig. 5 were analyzed. As mentioned

before, although the particle identification in the first step was



not clear and no particle identification was made for a2 and qo
and a; without E-signal, the other final channels such as '3C+a+'Be
or 2C+p+''B have been excluded by selecﬁing the Q-value.

The selected events were stored on a disk and used for
further kinematical calculations in the final step of the data

reduction .described in the next chapter.



CHAPTER 3

Results and discussion

This chapter consists of three sections corresponding to
three problemS'(l)—(S) presented in chapter 1. Iﬁ section 1,
contributions’ of the: four processes with different intermediate
channels (i)-(iv) discussed:'in chapter 1 are estimated. In
seetiOnAZ, the: coincidencei cross sections of (i) and (ii)
(inelastic: scattering:and. a=transfer) are presented in a form of
double-differential cross: sections. and discussed in terms of a
DWBA:analysisf:tThen;ainesectiOn»S, evidence of ‘the  interference
effect between two intermediate:channels (i) and (ii) is:

discussed.:

SECTION 1. . CROSS SECTIONS OF VARIOUS INTERMEDIATE CHANNELS
)

:. 'Excited states in the intermediate channels of sequential
processes«(i);+i(iii) are to be observed as resonant states -
cOnsisting of two particles' in the final channel. Therefore, in
order- to identify these intermediate channelé (i) - (iii), spectra
for relative energies between any pair out of three particles in‘
the final channel were examined. Typical examples are shown in
fig. 6 for the incident energy of 110 MeV. Horizontal axes in
figs. 6(a) and (b) represent the relative energies between 2c  and
a (Ei-2), and a« and ®Be (Eo3), respectively. (Hereafter, 2c_, o,
and %Be- particles in the final channel are denoted as 1, 2, and 3,

respectively.) There are seen in fig. 6 four and two sharp peaks
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which may correspond to the a-transfer to the discrete states of
160* and to the inelastic excitation of the '2C*-nuclei,
respectively. The excitation energies observed for these peaks
are 10.4, 14.7, 16.3, .and .20.9 MeV for '®0* and 9.6 and 14.1 MeV
for '2c*, respectively. : Note that the excitation energy is
obtained by -adding the :particle-threshold energy to the relative
energy. - These peaks were also observed at other incident
eneﬁgies;k—lt'shQULd be;nbted‘mhat these relative—energy spectra
are alternative representations of- the . same data. Therefore, not
all structures: in a relative-energy spectrum of the particles j
and k correspond to the excited ‘states (j+k)* composed of
particles +j and,kfv Thisﬂfacﬁucan:hereen.more clearly-in-a. .
bwo—diméﬁsional&scatter~plot~as.shoﬂn in7figsa 7(a).and (b) .
pkottedeﬁor the incident energy of :90 and 110 -MeV, respectively. -
Hnﬁiz@ntal and'vertical axes in fig. 7 represent the relative
energies E»3 and Ej;-p, respectively. States consisting of particle
j and .k :are identified by the presence of locus with Ej4=const. in
the scatter:plop. .There are: four loci of Eis=const. and two of
Egg=const.iwhrch indeed correspond to the sharp peaks in fig. 6(a)
and (b), respectively. Comparing fig. 6 with fig. 7, it is seen
immediately that-a bumb centering afound E2-3=34 -MeV inbfigi 6(b)
cannot be attributed to the highly excited continuum states of the
'2C*_nucleus, but is due to discrete states of the '60*-nucleus.

The scatter plot in fig. 7 is a kind of Dalitz-plot as
described in appendix A in detail. .In other words, the relative
energy between ®Be and '2C (E3-1) as well as Ei-2 and Ez-3 is shown

in the scatter plot. The value of Es3.; is represented by a
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distance from the axis with a gradient of -3/4 as indicated in
fig. 7. If the ®Be- transfer process populating ?Ne*-states
(process (iii)) has comparable cross sections to the inelastic
scattering or a-transfer process, there should be loci with a
gradient of -3/4. Such loci could not be observed at any incident
energy of the present experiment. It should be noted that
a—-particles are detected up to angles as forward as 7 degrees,
where large cross section of direct ®Be-transfer process is
expected if any Thls observatlon suggests that the 8Be--transf‘er
process contrlbutes only a small part of the cross sectlons of the
reactlon leadlng to the 12C s+a+-Begs flnal channel | Thls fact
agrees w1th arguments that the massive- cluster transfer processes
have not been observed 1n the d1rect 11ke process for systems of

11ght heavy nuclel 11ke 160+'ZC at 1nc1dent energles hlgher than 8

MeV/nucleonm'm

The non- sequentlal (d1rect) breakup process is to be

,‘.'.

1dent1f1ed 1n the scatter plot as events show1ng no locus w1th
constant relatlve energy correspondlng to the deflnlte resonant
state of e1ther pa1r of partlcles out of the three | As seen in
both the scatter plot and the relatlve—energy spectrum suchﬁas
flg 6(a), the non— sequentlal breakup process contrlbutes at most
on the level of underlylng background y1elds in the
relatlve—energy spectra. Accordingly, the non- sequentlal breakup
process seems to have by far less yields than the sequential
(a—transfer or inelastic scattering) process in the present
experiment. This is consistent with recent studies!®"'® of the

breakup process in light-heavy-ion reactions, which show that the
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sequential processes dominate the non-sequential ones.

It was found that by integrating the yields of the loci in
the scatter plot (four for 160* and two for '2C*) the '60*+%Be and
12c+12C* channels account for more than 80 % of the cross section of

the '2C+'2C~'2C, ; +a+®Bey .« reaction (in the laboratory frame).

SECTION 2. DOUBLE-DIFFERENTIAL CROSS SECTIONS OF
160*+8Be AND 12C+12C* CHANNELS

As descrlbed 1n sectlon 1, the sequentlal processes through
|6O*+BBe and m0+mc* lntermed1ate channels have domlnant yields in
the 12C+""C—"2C +a+-Begs reactlon In this sect1on, the
colnc1dence cross sect1ons for these channels are presented and
dlscussed ln detall The c01nc1dence cross sectlons for |
sequent1al processes are expressed in a form of
doubledd;}}erentlal cross sectlonssﬂ (ﬂo/dﬂ_mdﬂ.* whlch cons1sts
of the angular d1str1but10ns of the pr1mary process and angular

L35 ¢ i“:u

correlatlon functlon of the decaylng process (see eq (CS5) in
append1x C) “here, Q‘,k and Qrk (1, 3 k) (3 1 2) for a- transfer
or (1, 2 3) for 1nelast1c scatterlng) denote the solld angles
assoc1ated w1th the pr1mary process and decaylng process in the
reco1l center-— of -mass system?¥ , respectively. In the present
in-plane correlatlon experiment, the double-differential cross
sections are of a functlon of two polar angles 0;_j and Gkg
corresponding‘to Qp# and Qfg, respectively. These angles are
schematically shown in fig. 8. The experimental

double—differential cross sections were analyzed in terms of DWBA



formalism.
2.1. Experimental double-differential cross sections

The events from a 'sequential process were selected by gating-"
on the corresﬁonding locus: in the scatter plot. For the selected
events, the angles 0, j andfaﬁg, azimuthal acceptance of
detectors, and Jacobian of the transformation between the
laboratory and recoil-center—-of-mass system.were calculated event
by event. - .Then, these events were stored in an array consisting
of meshes for 0;-j and 0; (3 degrees in this: analysis).
Correction:due to -the :low-energy threshold and the geometry of the
déteCtorS‘Vére»taken~into account. Detail procedure is présented
in Appendix"B. .. “

:Figures: 9, 10, and 11 :show the double-differential cross
sections -of -the a-transfer processes ('2C+2C-1%0*(-~'2C+0d)+%Be ) at
incidenbmenengrés»ofvgo, 110, and 140 MeV; respectively. In these
figures;'the”hofizontal axis represents the decay angle ‘(0;22) of
the '2c- particle in the rest frame of '60*-particle with respect to
the direction of the momentum of the '®0*-particle in the total
center—of-mass frame (see fig. 8 also). Since the
double-differential cross sections are proportional to the anguiar
correlation functions which are usually used in the correlation
experiments (defined by (C5) and (C6) in appendix C), they can be
called (angular) correlation patterns. The angle of the primary
process (6°™ ('60*)=03.1-180" ) is shown at the middle column for

each correlation pattern (1.5 , 4.5, etc. ). The angular
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distribution of the primary process '2C+'2C-!60*+8Be can be obtained
by integrating. the correlation pattern over the solid angle (Qi-2)
in the rest frame of !60*,

The correlation patterns at Oc‘f(mO*)=O' show oscillations
proportional to |P;l2 where J is spin of the '0*-states'?. Here,"
Py is the Legendre polynomial of order J. By fitting the A
correlation patterns with IP;12 the J*~values of the '®0*-states
vwere: assigned to be 4%, 57, 6%, and 7 for the states at the
excitation energy of 10.4, 14.7, 16.3, and 20.9 MeV,
respectively.f These states have significantAmC,s;«x cluster
configurations.and large a-decay widths, and have been also
observed selectively -at-lower incident energy® or in-the-
120(8Li,d)%0% reaction®. .. . . s .

- When-therangle of the primary process  0°* (%0*) increases,
the pattern changes its shape little but shifts in the decay angle
012 1ihéarly~With\6°"(wO*). (see fig. 12 for an example). Such a
phenomenon also has beeﬁ reported in other particle-y or
particle-particle correlation measurements87.10.11.25.28) =~ Ag shown in
appendix C (see eq. (C6)), the fact that the angular correlation
patterns show characteristic oscillations even at angles
gc-®- (160*)x0° * suggests that the mixing of the magnetic sub-states
is not so strong.

Figures 13, 14, and 15 show the double;differential'cross
sections of the inelastic scattering processes
(‘2c+'2c-'12C+'2c* (~q+8Be ) ) at 90, 110, and 140 MeV, respectively.

The presentation qf these figures is identical to that of figs.

9-11 with the change of the notations (0;-2—02-3,
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6°“'(m0*)~6°“'(mC)=9pm ). The observed range of the correlation
patterns was limited due to the absence of an a-detector at

50° - 100" .- Contrary-to the a—transfer case; it is noticed that
the angular~correlation patterns héve less characteristic
oscillations. Since: the HI-detector didn’'t cover the angular
region more forward than:5 degrees, angles df.the primary
inelastic scattering detected were more backward.than:-those of the
a-transfer, where '50*-particles were observed in the very forward
angular region between<thefH16de£ector,and the-aw-»ﬁnd
aj—detectors. Since the correlation patterns at 0°? (2C)=0" were
not: observed, spins-and parities of the I2C*~states could not be
assigned model-independently. -Therefore, they ‘were assumed to be
well-known -3~ and 4* states which have the same .excitation

energies as-the observed. (9:6 and .14.1 MeV). .
2:2. DWBA .analysis of double-differential cross sections.

Invordef;towunderstand the reaction mechanism of a-transfer
and inelastic scattering processes,=cal¢ulations based on a
one-step finite-range DWBA formalism were carried out. The DWBA
amplitudes for the primary processes wvere calculatéd by the code
TWOFNR?) , and the double-differential cross sections were
calculated by using resultant DWBA amplitudes'(see appendix C).

For the a-transfer, the optical-model parameters used in the
calculation_are shown in table 1. The parameters were taken from
the analyses of elastic scatterings of '2C+'2C 2 and %Be+!60 2

(instead of ®Be+!%0). The wave function of the 2C_ nucleus in the
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initial channel was calculated on the assumption that the

QC- nucleﬁS'has a cluster structure composed of an a-particle and
a ®Be—nucleus bound by a Woods-Saxon potential. The potential
depth was determined to reproduce the binding energy (7.367 MeV).
This potential was also used as the interaction potential of the
reaction, as usually done in the: post—form DWBA. ' As for the
unbound states of the '80*-nucleus. in the final (intermediate)
channel, it is difficult to incorporate the unbound wave function
in the calculation code. Therefore, by calculating the T-matrices
for the.bound—state wave functions with different binding
energies, the binding-energy dependence of T-matrix. is obtained,
and then the T-matrix: is extrapolated:to the unbound states: in the
wO“—nucLéus.':By using: the gxtrapolatedsT—matrix, the:
double-differential cross sections were evaluated.

Solid lines in“figs: 9-11 show thé,results of the
calculation. Only one normalization parameter was used for each
transition.: - Rather good agreements with the experimental data,
not only in;thé'cqrrelation functions but also in the angular-
distributions of the primary process, are obtained except for the
region of 012=180" -230° in fig. 9(a) (these disagreements will be
discussed in section 3). Especially, the calculation reproduces
well the shift of the correlation patterns. It was found that the
absolute magnitudes of the DWBA cross section depended much on the
distorting potential, whereas the correlation patterns did not.

To understand the shift of the correlation patterns the
radial integrals of the DWBA calculation were examined (see

appendix C). Figure 16(a) shows the radial integrals I/y, of the
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12c+'2c-160* (6*)+%Be reaction at 90 MeV, where L, and L, represent
the orbiial angular momenta of the initial and final channels,
respectively, and the spin of the !60*-~state J is.6.’ It is shown
that the contribution from Lo=Ly+J terms (aligned terms) dominate
the others and that L-distribution of Iﬁk has a sharp peak
centered at the grazing angular momentum (L,~22 and Ly~16). This
tendency didn’'t depend on the distorting potentials, and was also
seen for the other '®0*-states and the other - incident energies.
These characteristics of the radial integrals are: determined
mainly by the:simple kinematical. matching conditions rather than
by the detailed dynamiCS'of'the reaction such as shape or depth of
potentials. As described in detail in:appendix C,. in the case:
where the kinematical ‘matching conditions play an:important-role,
the:shift.of pattern from that at 9°¢~(m0*)=0' can be approximated
asa-((Lgn+l)/(J+1))6°J'(m0*), wvhere L, denotes the grazing angular
momentum in the initial channel. For the case of the

'%0*(6")- state, since L4 ~22 at 90 MeV and J=6, the shift predicted
is about -(23/7)08°™ ('%0*). - This indeed agrees with the
observation as shown in. fig. 12.:.

‘For the inelastic scattering process, the collective
form—factor and the same distorting potential as in the initial
channel for the a-transfer were used. Dashed lines in fig. 15
show the results of the calculation.

As compared with the a-transfer, agreement with the
experimental data is rather poor. If the results of the
calculation are normalized at the forward angle of 6°”'UZC), they

underestimate the data at backward angles. In other words, the
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calculation predicts too steep angular distributions of the
primary inelastic scattering process. The calculated correlation
patterns (dashed lines) are less oscillatory than those for the
a—transfer (compa;e fig. 15(a) with fig. 9(d)). This agrees with
the trend. of the experimental results but the experimental
patterns seem to be stili more structureless than the calculated
ones.

In order to. investigate the reason why less oscillatory
correlation patterns are predicted by the calculationifor the
inelastic scattering, the radial integrals were examined in the
same manner as the a—-transfer process. :Figures 17(a) and (b) show
the radial integ?als and the:sub-state populations, respectively,
of the '°C+'?’C-~!2C+!12C*(4*) reaction at 140 MeV. 1In comparison;with
the ‘a-transfer case (fig. 16(a)); the Ls;=Ly+J-2. terms are as large
as the Lo=Ly+J terms. This is due to the linear momentum mismatch
in the inelastic scattering process. Therefore, the correlation
patterns cannot be approximated by the sum only of pﬂ and p?

( see eq. (CH) in.appendix C). Because of the coherent summation
over various terms of the sub-state populatiéns pJ, the
double—differential cross sections depend on the relative phases
of the radial integrals of Lg,=Ly+J and L,=Ly+J-2 through p} and
thus on the distorting -potentials. In fact it was found that the
DWBA calculations were sensitive to the distorting potentials and
better agreement with data has been obtained with a weak imaginary
potential (about half depth of I¥ as shown in table 1). Solid
lines in figs. 13-15 show the results of the éalculation.

Here, the following comment on the change of the distorting
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potential can be made. In the 12c412¢ system, the inelastic
transition to the low-lying collective state (2*; 4.44 MeV) is so
strong that the coupling effects with the 2*-state should be taken
into account in the elastic scattering and the inelastic
scatterings to the 8 and 4'-states. In one-step calculations
such coupling effeects are not treated -explicitly. But they can be
included phenomenologically .in -the potentials as dynamic.
polarization potentials® . Such dynamic polarization potentials
for various states may not always be the .same. 1In our-
calculation, :better agreement with the data was achieved with the
distorting potential with weaker imaginary -part than that
determined to fit the elastic data. - Therefore, it may be
suggested: that the dynamic pol&rization potential: in the inelastic
scattering: is-different from that: included in the.opticai

potential for the elastic scattering.
2.3. Absolute values of the cross sections

In- this subséction, we discuss the absolute values of the
cross section of the a-transfer and the inelastic scattering
processes -and their energy dependence. The reaction cross section
of each process was deduced by integrating the experimental
correlation patterns. In the integration the azimuthal anghlar
distributions of the correlation patterns (off-plane correlations)
were assumed to be those obtained by the DWBA calculation. Dots
with dashed lines and solid lines in fig. 18 show the integrated

cross sections of the experimental data and of the DWBA .
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calculation, respectively.

In the DWBA calculation for the a-transfer process (fig.
18(a)), both the partial width and the spectroscopic factor were
set to unity for all transitions. The calculation reproduces the
experimental value within factor of 2-4 at all three incident
energies. Note that the absolute magnitude predicted by the DWBA
calculation strongly depends on the amplitude of the tails of the
wave functions of '2C— and '0*-nuclei because of the localization
of the form-factors around the surface region. Therefore, the
wave functions used in our calculation are rather reasonable.
HoweQer, in order to discuss the absolute magnitudes more
quantitatively 1.e. to deduce spectroscopic factors énd/or partial
width, more realistic wave functions are needed which take into
account thé‘unbound nature and clustering features. In fig. 18(a)
it is noticed that the observed cross sections decrease with
increasing the incident energy,; whereas the calculation tends to
predict less steep energy dependence than the experimental data.
Such a tendency has been also'reported for other heavy-ion induced
transfer reactions®3) . Even when one took wave functions of the
160*_ hucleus with a larger tail, which simulates the unbound
nature, the energy dependence and sub-state populations changed
little, although the absolute cross sections became much larger.
As mentioned in ref. 1, the energy dependence of the calculation
may be improved by taking into account the effect of multi-step or
coupling with the low-lying collective states.

For the inelastic scattering, except for the transition to

the 3 -state at the incident energy of 90 MeV, the calculation
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reproduces the energy dependence rather well as shown in fig.
18(b). Contrary to the a—-transfer process, the observed cross
sections do not change with the incident energy. The partial
widths were set to unity, and the deformation parameters f(3=0.25
and $4=0.21 for the 3 - and 4'-states, respectively, were obtained
by normalizing the data at the incident energy of 140 MeV.
However, it is necessary to perform a coupled-channel calculation
in order to estimate the deformation parameters correctly, because
our calculation does not take into account the coupling with the
2'— state explicitly.

Here, the absolute cross sections in the present work are
compared with those of other (final) channels around 10
MeV/nucleon (93.8 MeV3Y ). Table 2 shows the integrated cross
sections of the present work together with those of the elastic
scattering, the inelastic scatterings to the low-lying 2*-states
and the few-nucleon transfer reactions. It is noticed that t@e
a—traﬁsfer channels have larger cross sections than either of the
one— or two—nucleon transfer channels. This is probably due to

the significant a-cluster structures of '2C— and '%0*-nuclei.
SECTION 3. INTERFERENCE EFFECT

We come back to the scatter plot (fig. 7) presented in
section 1. It is noticed that there are several crossing points
of the loci corresponding to the excited states of both 12c*~ and
60*_nuclei. In other words, at the crossing points, both of the

a—transfer and the inelastic scattering processes contribute to
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the same final channel. If these different processes with
different intermediate channels are independent, the cross
sections at the crossing point are to be a simple sum of the cross
sectipns of individual processes. . In this section, we examine
whetherrthb?eroSs.sections at the crossing point are of a simple
sum or not, :and ‘discuss a possible interference effect.

ve o Kktrifidrst,ia locus of Ejp=const. in the scatter plot is
considered.: Events on that locus are also represented as the
&dubke=diﬂﬁenentfal.cross'sections of an a-transfer process. At a
crossing ;point! with::the locus of Ez:3=const. where both E|2 and Ej3
have -definite: values, all of ‘the relative velocities w2, v2-3, and
v3-)- are ‘determined: uniquely. Therefore, the 'shape of thedtriangle
ijk=invfig,-B“(Ci,j,k);(3ﬁl,2)winpthis case) whose sides: are equal
to ithe relative velocities ubgynvgg,Aand,§&¢gis»fixed.:and then
thefdecaytanglerepz‘iswfrxed-fndependently of the angle 032
(B?J#(@O*)). of -the primary a—transfer process. . In other: words, to
specify E» 3 on the locus of. Ejo=const. in the scatter plot is
equivalent ‘to fix the decay angle 812 (not 6% ('%0*) ) in the
double—differemtial-crbss sections of the a—-transfer process (see
eq. (AS) in‘appendix A). For example, on the locus of E;»=13.5
MeV ('%0*(7") ) at 90 MeV (fig. 7(a)), the crossing points with the
loci E»3=2.3 MeV(mC*(3') ) and 7 MeV('2C*(4*) ) correspond to the
regions of 0;-,~200° and 230° in the double-differential cross
sections (fig. 9(a)), respectively, where the calculation
underestimates the data considerably as mentioned in section 2.
Reversely, starting from a locus of [Ez.3=const. which corresponds

to the inelastic scattering, to specify E;-2 on this locus is
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equivalent to fix the decay angle 623 (not 6°® ('2C) ) in the
double-differential cross sections of the primary inelastic
scattering process (see eq. (A3°) in appendix A). For example, on
the locus of Egg#7 MeV ('2C*(4*) ) at 90 MeV, the crossing points
with the loci Ei5=9.6 MeV('%0*(6*) ) and 13.5 MeV ('0*(7") )
respectively: correspond to the regions of 62-3~310° and 285" 1in
the double-differential cross sections of fig. 13(a), where two
peaksrdeviating: from:the DWBA calculation are seen at all angle of
the; primary-process. 6°* (12C) .

It should be-noted that the shape of the triangle ijk:is
fixed. by specifying a crossing point but the spatial direction of
the triangle is not ff*ed.i In other: words, the cross section at a°
crossing -point is of:a function of the spatial direction of the
triangle. In the in—plane correlation measurements, this
diregtion is denoted by the angles 6°"(m0*) (63-12 ) or 6°J'UZC)
(GLQ;BT; As seén from thé veibeity diagram there are simple
relations between these angles. For example, at the crossing
point of the *;lvqci E\2=13.5 MeV and Ep3=7 MeV at 90 MeV, the
relation i;.céiculated as follows:

9|_23 = 93_T|2 + 201° (1)
or :. . | |

ec.n.(IZC) = ec.m.(IGO*) + 21" . (1)

Therefore, we discuss the cross sections at a crossing point as a
function of 6°" ('80*) or equivalently of 6°" ('2C).
Now we discuss how to evaluate the cross sections of

different processes at the crossing points. At a crossing point
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of loci Ey2=Ef- and E»-3=E33, one can formally consider the

following three types of the cross sections:

(A) = the observed cross section.
(B) = the cross section only of the a-transfer process.
(C) = the cress section only of the inelastic scattering process.

If there 1s no 1nterference effect, (A) 1s alvays equal to (B) +
(C). Note that these cross sectlons should be estimated in a
common'egqhdlnate system In the section 2, we took two different
coordlhate.systems (6°' (wO*) sz) and (6¢-* UZC) 62-3) for the
a—-transfer and the inelastic scattering processes, respectively.
For simplicit&, we call these coordinate systems (b) and (c). The
systems (b) and (c) are natural and thus convenient for the
est1mat10n of (B) and (C), respectively. They can be expressed as

follows

By (6°" ('%0*)) = (B) in system (b)

80,

£3 g+ 4Ep- 2
= e A O (900,012 (B23) 3 EV2) | cvrne SEZAE s (@)

B85~ 4Epg AQ3-12d Q12

an

C.(65™ ('2C)) = (C) in system (c)

fE?-z*AEn-z' d2o

40  (pc.m. (12 . %
a5, T0rpsd0ns (O (50D 023 (Er2) ER9) L inet. g dE12 5 (3)

where the suffices of a-trans. and inel. denote the
double-differential cross sections only of the a-transfer and the

inelastic scattering, respectively, and 4E2-3 and 4Ei2 denote the
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widths of loci. For comparison of (A) with (B)+(C), By, and C. is
transformed to the system (c¢c) and (b), respectively, and the

magnitude of- (A) in the two coordinate systems is expressed:

B.(6°™ ('2C)) = (B) in system (c) = JBs , | (4)
Co(6°™ ('%0*)) = (C) in system (b) = (1/J)Cc , ~ (5)

Ap(0°® (80*)) = (A) in system (b)

_ ng“.’*f’E?‘?-_- d2g

DO © i 0 c.m. 16* . ’ 661—2 . »
s e GO adan (O (00", 012(E2s) s Ef2) L obe. " dE2s o (8)

,‘::_Ac(ef“'CZCSS é (Ai'inléysﬁém (é)

R E}-2+ dEy-2 2 02-
“f 4o (65" (2C),023(E12) i Ed) | oBs’.—g-E?_szl-Z

— Ef-2-4Ey- m

I

3 ;;’]Azb"si-!'g-' s . AT ) (7)

where J dengté§h£ﬁe Jacobian of the coordinate transformation from
system (bi télgygtém'(c), and sﬁffix obé.‘denotes‘tﬁe observed
doﬁble—diffefeniiai}éroéé sections. Note that the
e=*-(mo*5— dependéhééﬁipuﬁhe éboﬁe quantities is equivalent to the
GCJ'UZC)—dependence‘because of the linear relation between
Gc"(mo*) and 6°™ ('2C) as mentioned before (eq. (1°)).

Since it is confusing and complicated a little to discuss the

comparison of (A) and (B)+(C) by the quantities depending on the
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coordinate system, we introduce a ratio k of (A) to (B)+(C) which
is independent of the choice of the coordinate system. Namely, k

is defined as follows:

| k(ﬂé---(‘;ﬁd;‘fc;r 92 (12C)) = Ab/ (Bo+Ch) (in system (b))
= Ac/(Bc¥C¢) | (in system (c))
AE RS 55 : ‘. .
_ (Bo , Cc\- o -
—'(Ab-+’Ac) , | (8)

where ‘the relation of C./A.=Ch/As Or B./A:=Bp/Ap is used. It should
be*nofed that B,/Ap, and C./A. can be estimat?d in the system (b)
and: (¢ réSpeétivély; and: then the Jacobian J need not be
ealculated;.'Since"the'cross»sectionS‘(A), (B) and: (C) are of a
function-of 6°*('60*) (or 6°* (2C) ), k is also of a function of
thésetangles.: However, if there is 'no interference effect, k is
alwaysi to:berunity independently of these angles. In other words,
the interference: effect is checked by examining the
ge-*- ('%0*)— dependence of k.

The k-value for the: observed crossing points is estimated.
For By and C, we used the results of the DWBA calculation
normalized at regions except for the crossing point (solid lines
in figs. 9-11 and 13-15). The quantities A, and A, were estimated
from the experimental double-differential cross sections by using
eqs. (6) and (7), respectively. As an example, we discuss the
crossing point of the '0*(7")+8Be and the '’C+!C*(4*) channels at 90

MeV. At this point, 6°* ('2C) is related to 6°* ('0*) as in eq.
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(1°). Figure 19(a) shows k-values for this crossing point as a
function of the angle 6°" ('0*) (or 6°" ('2C) shown at the top of
the figure). As seen in this figure, the k-value considerably
deviates from unity-and shows oscillations Although the absolute
magnltudes can be changed a llttle by changlng the normallzatlon
factors 1n the est1mat10n of Bb and Cc, the characterlstlc

0501llatlon of k hardly depends on the normallzatlon factors

CHBES caloulations
Thls result shows that the cross sectlons at the cross1ng point
I3 ‘r-: el \r- RS T g [N

e ar WD s ER

cannot be explalned by a simple sum of the individual cross
sections of the as transfer and the inelastic scattering

processes. As shown iin flg 20 for the other crossing points
(1%*(6*)-'%c*(4*) and ('%*(77)-'%C*(3")) and those at other incident
energiesv(mOf(7;)f@Cf@4f) at 110 and 140 MeV), the k-value shows
similar oscillatory @¢-® (160*)— dependence and deviates from unity.
Therefore, it is c¢oncluded that .evidence of the-interference
effect -between two different processes has been found in the
kinematicabanegion:where,different'prOCesses can contribute to the
sameLtbree%body'final:channel.at the 'same time.

- In‘order-‘to'understand the oscillatory character of .the -
k=value, thewinterference:effect is discussed in terms of the DWBA
T—matrices'which'are calculated independently for the a-transfer
and the-ineiastic<scattering, . The quantities .of A, and A, are

expressed theoretically as follows?!:

Ab o< | Tp('%0*+8Be; 6°™ ('%0*), 092 (E%3))
+ T/ Te (2C+12C; 0o (%), 0%.3(E92) ) 1 2, | 9)
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Ao oo 1 T:(2c+2C*; 6° ('2C), 083 (E-2))

+a/T T (1%0*+8Be; 6°* ('%0*), 002 (ED5)) 12, (10)
where}theATb ehd T. are.the T—matfices for the a-transfer and the
.ihelesfic*;?ettering, respectively. obtainedvby the ihdividual
DWBA calculatlons Using eas. (8) — (10), the k-value is

S e A P
expressed as follows:

| Tp | 2 N | T 12
| To+ (1/J )T 127 | Te+dV2T, 1 2

k= ( )

=1 + ___Z_:T cosx, | (11)
r+r
where r = INKTTUQBI and ¥ is the phase difference between T, and
T.. As an example, the quantities 2/(r+r4) and x were calculated

for the crossing point of the !'60*(7-)+®Be and '’C+'2C*(4*) channels
at 90 MeV by using the individual DWBA calculations for the
a—transfer.and the inelastic scattering processes. It_was found
that the fdrmer'quantity was elmost constant, and thus the
ecm-(mo*)— dependence of k-values was mainly attributed to that of
the phase difference x. Figure 19(b) shows calculated x-values
versus 8¢ (160*). The phase difference x shows an oscillator&
behaviour with a similar period to that in k-value in fig. 19(a).
This shows that the oscillatory behaviour of the k-values are
qualitatively explained by the interference between the DWBA

amplitudes for different processes. Note that the absolute
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magnitude of ¥ is not determined since T, and T. are calculated
independently. For further investigations of the interference
effect, both of the T-matrices of the a-transfer and the inelastic
scattering processes should be calculated in the same framework.
Theoretical models which take into account the three—-body aspect
and thus-describe different intermediate channels at the same time
are.required:for .quantitative understood for this interference.

efifeect . ‘eai:u
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CHAPTER 4

Summary and conclusions

In order to investigate the mechanism of the
12C+'2C—--»'2C£,.,s'+o(+aBe9-_s_f-r'eaction.. 12C_a coincidence measurements have"
been carried out in a wide angular range at 90, 110 and 140 MeV.
Cross:sections~were:deduced for all possible (intermediate)
channels:leading.to: the same..three-body final channel: three
intermediate schannélsc('2C+'%C*, 60*+%Be and a+?Ne*) and-the-
non-resonant Cdirectambréakup'processr: In order ‘to identify these
processes,; data were .represented in a form of scatter plots which
have coordinates Offrebative?energiesibetween-three“pairs of the
particles in the. final chdnnel’, as well as in a form of
relative—energy spectra: *Then;.contribqtions from four possible
intermediate_éhannels have been evaluated:

(I) Theuinelastic transition to the '’C*-states (3 and 4* ) and the
d=transfer to the '%0*-states (4%, 5, 6" ahd 7" ) of the-
intermediate channels '2C+'2C* and '60*+%Be, respectively,
account :for ‘most part of the cross section.

(II) The imassive cluster— (8Be— ) transfer process leading to the
a+PNe* intermediate channel is not observed within the
sensitivity of the experiment.

(III) The non-resonant (direét) breakup process contributes, at
most, a:-few percent of the cross section.

The double-differential cross sections (angular distributions

of the primary processes and the angular correlation patterns of

the subsequent a-decay) for the '60*+3Be and '2C+'2C* intermediate
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channels were obtained and analyzed in terms Qf a one-step DWBA.

The following‘fesults were obtained:

(1) For the '90*+8Be channel, oscillatory angular correlation
patterns were observed. It was found that the position of
maxima -and minima shifted linearly with the scattering angle

- of 80* : . These data were reproduced well by the DWBA
 calcullatdion. assuming direct a-cluster transfer mechanism. It

‘t“awaszalsowfbund that the shifthof therpatterns with the

. - scattering angle -of '60* was determined by the kinematical
-matchmngidqndﬁiiohs~and approximated as a function mainly of
the grazing: angular: mementum and the spin of the 60*_states.

62).For;thefmC+ﬂkﬁachanmgkﬁzless oscillatory angular correlation
~pattern3'than”inuthéuWOH§BeU:case,wene~obtained-ahd&reproduced
by the DWBA calculation with- conventional collective
~form—-factors.. Calculations with:an imaginary potential weaker
ithan- that determined in the analysis of the elastic scattering
data \gave better agreement with the data. This may be related
£o~fhe:coupling effect to other channels such as the inelastic
‘scattering leading to the 2* State of the '2C- nucleus. Less
oscillatory patterns are ascribed to the linear momentum
-mismatch. -

The :angular correlation patterns of both the '80*+®Be and the
12C+!2C* channels were integrated. The integrated cross sections
for the a-transfer process populating '80*-states (4*, 5, 6" and
7~ ) decrease with increasing incident energy, whereas those for
the inelastic excitation (3~ and 4* states of !'2C*) do not change

much with the incident energy. The DWBA calculation reproduced
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the energy dependence of the integrated cross section rather well.

An interference effect between two different processes
(a—transfer and inelastic scattering) was discussed in terms of
the cross sections of the kinematical regions where two processes
can participate.  Such regions are represented by crossing points
of loeci:in<the scatter plot. The observed cross sectionS'deviated
from-a“simple suim of the cross sections of ‘individual processes.
Thisuisram.-evidence +of “the interference effect between the .-
a=transfier ‘andsthe inelastic;scattering processes. The deviation
vas eXpIéfueduqudriﬁativehyﬁbywthe interference :between DWBA
T-matrices -calculated .independently for the two:-processes. For
‘the quantitative-~description:-of -the interferendeveffeéfg it is
nécessary"td”caICﬁlateiT—matrices for different processesin the
same framework. Theoretical modéls which can treat various:
intermediate ' channels .at the same time and also take into account
ﬁhéﬁbhnée%body aspects are required.

The highly excited and high spin states of !0 populated in
the '2C+'2€ reaction at ~ 10 MeV/nucIeon have been assigned
unambiguously by '’C-a coincidence measurements in a wide angular
range. Cross sections of these states have been reproduced
quantitatively by one-step DWBA calculations assuming direct
a—-transfer. Disagreement between the data and the calculation has
been explained by an interference between the a-transfer and the
inelastic scattering processes. The method described here,
investigating many competitive processes on an equal footing, may

open up a new field of spectroscopy.
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APPENDIX A

Modified Dalitz-plot

In the_reaction»P +‘T - 1 + 2 + 3 with a definite Q-value,
the sum. of the kinetic energy (ES) of each particle (i =1 - 3) in
theﬁceﬁter—bf-méss system Ls conserved.. In this case each event
can+be -represented by a point X inside an equilateral triangle,
vhen one notices that the .sum of the distance (R; ) between X and
each:side :of the triangle is:constant, i.e;,ZLZ R; is proportional
to zl:;EE = Ef, (total center—-of-mass energy in the final
three-body channel). This*ideavwasforiginaily obtained by
Dalitz%® and thus such a plot is:called as Dalitz-plot.
© +.-Itris rather convenient, however, to see diréctly the
relative-energy E;.between.-particle j and k ( orgequivaiently
excitation energy of the: composite particle (j+k)) in the case
that-each pair out of three . particles forms many sharp resonant
states: :For -this purpose, thevfollowing'relation can be used:

R

., ma+m + +
"”T%TiEzs + ﬂ%an&4»+ ﬂ%szpe = Ef, = const., (A1)

. : 3
where m;. (i=1'- 3) denote the mass of particle i and M = 2:¢|'M-
The derivation of eq. (A1) is easy when one notices the following
relation:

M e

C L, = Ff
m).*.,‘nkEt + El-k EC.II. ’

((1,7.k)=(1,2,3), (2,3,1), (3,1,2)). ' (A2)
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Accbrding‘to similar arguments as used for the Dalitz-plot, one
can relate each event to a point X inside a triangle, the length
of side of which is proportional to mj+m; (fig. 21). For example,
in the case of the '’C+'°2C—~'?C+q+%Be reaction, fhe ratio of the
length of the side is 3:4:5, and thus the triangle becomes a
right—-angle:one. We call such a plot as a modified Dalitz-plot.
From the conservation of energy and momentum, it is found that all
events a}eTCanLned within. the inscribed circle of the triangle
vhose radius is. equal to Ef, /2. Note that th; loci pérallel to
the side BC (AB, CA) in fig. 21 correspond to the events of the
‘Sequgntial process 1 + (2+3)* f{1+2)* + 83, B3+1)* +2) = 1+ 2 +
3 with E».:3 (E|-2, E3)} = const.

‘In the modified Dalitz-plot such as fig. 7, each event is
specified only by the relative energies. Therefore, no
information on the angles is given explicitly in the plot. We
discuss angles implicitly expressed in the Dalitz-plot by using
the velocity diagram (fig. 8). When a point in the plot is
specified, the shape of the triangle tijk, defined by the relative
velocities, is fixed as shown in fig. 8. Figure 8 also shows the
notation of the angles which define completely the primary and
subsequent processes. Because of the in—plané correlation
measurement in our case, only two angles 0;, and 6;.jx are
considered. When the triangle ijk in fig. 8 is fixed, clearly the
decay angle 0; is fixed. Therefore, specifying the point in the
modified Dalitz-plot is equivalent to fix the decay angle 0.

For example, for the final channel of |2C(1)+a(2)+-BBe(3), the
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relation between the decay angle and the relative energy is

calculated as follows:

Ez-3— (1/2)Ef 5.
(Ey-2 (Ef o —E12))/?

cosfj2 = , (A3)

e Ep=(1/2)EL
SN o Qorq =i = sy T >
cosves (Ez2-3(ELa —E2.3))172

Mver oy

(AS")

These relations care used=in .section: 3 of chapter 3.

‘i For~the triangle i1jk fixed corresponding to the specific
relatlve energles, however, the spatlal d1rect10n of the triangle
w1th respect to the beam dlrectlon is not yet fixed. This degree
of freedom, the dlrectlon for the prlmary process, is truncated in
the modified Dalitz-plot. In the double—dlfferentlal cross
section, whichfiS’eoﬁplimentar§.to:the”modified’Dalitz—plot, the

direction of the primary process is given explicitly.

1%
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APPENDIX B
Formulation to obtain

experimerital double-differential cross sections

- In this appendix, we present the details of procedure to
obtain the experimental double-differential cross sections and
Jacobian ofucoordinate transformation.

For the-in-plane correlation measurement in our case, the

i
Ih

procedﬁté"méhtionedfihVégéﬁiOn 2.1 of chapter 3 is described as

following equation:

% 0(81.0)
dQ;-jkdQ;j-« 9 (Lisikr P )

Y EjE) | 4B, 19-Q°1=4Q, 10i-4—06% 54 | <40i-4/2, 1 0,463+ | =40;-4/2)
eBTA0;-jxd0j4d 914 925in6% ;,sin6Y-

(69> 694 E3+,Q%) =

.. _ J@1,2,3) for inelastic scattering ‘
(i,3.k) = (8,1,2) for a-transfer : .(Bl)

In eq. (B1), Y is the yield which satisfies the reqﬁirements
described in the parentheses, B and T are amounts of beam and
target, respectively. Oi-jx and 0; represent the angle of the
particle i1 with respect to the beam axis in the total
center—of-mass system and the angle of the particle j with respect
to the recoil axis of the particle (j+k)*, respectively. The
definition of these angles is also shown schematically in fig. 8.
40;-jx and 40, are mesh sizés for the double-differential cross
section (set to 3 degree in this analysis), 4%, and 4¢, are
azimuthal acceptance of detectors, and € is the efficiencies in

the recoil center-of-mass system due to finite thresholds of
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energies deposited in the detectors and angular acceptance which

are limited by the geometries of detectors and the masks mentioned

in chapter 2. Figure 22 shows typical examples of the calculated

efficiencies (g) ('%0*(77)+%Be and '2C+'2C*(4*) at 90 MeV).
reduction ‘was performed in the angular regions where the
efficiencies -are greater than 0.5.

- ‘The Jacobian 3 (%,%2)/90(Pi-jk,Pj«) is given as:

_0(%91,%2) _ ‘[B_E?-,-kE?_k]|/2.sin6?-,-ksin69-k
O (Pi-jks Bik) "M E|ES sinflsin6}

where El[eh and E}({68}) ‘are laboratory energies [ angles]

particle 1 (23C) and 2 (a), respectively.
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APPENDIX C

Characteristics of double—differential cross sections

In this appendix, we describe the double-differential cross
sectlons for the sequent1a1 process, A(a, b)Bt~c+d in terms of
DWBA amplltudes of the prlmary reactlon Then. the
characterlstlcs of the double dlfferentlal cross sectlons will be
examlned in heavy-lon reactlons where klnematlcal matching
condltlons are 1mportant

Accordlng to the DWBA formallsm,bthe cross seetlon of the

reactlon A(a b)B is wrltten in ‘the following form wlthout

sp1n orblt force”):

do _ _ Mab ks _ 2Jp+1 In| 2
4% ~ (@rh?) k (21A+1)(2sa+1)Z'ZA'”B$J' (C1)

a m

(21+1)72833 (ks ka)

Lzll Lldly Lo m—My Mal U om>ype (ea,qoa)Yt;"’*(eb,m)MrIlbf (c2)
oy »

3

Ity, fradrafrbdrm (kb, ro )Fil,L, (b, Ta) xLC ") (ka»Ta). (€3)
All notations in the equations are exactly the same as those in
ref. 33. Using eq. (C1), when all particles in the initial and
final channel have spin O, the double-differential cross section

of the reaction A(a,b)B*(Jg=J)—c+d can be expressed as follows'' ):
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d?0  _ Cewd _ Maltp 2 T ,
dQdQe = Tiot (27h%)% Kk (2“1)'/41' 'ZB (kb ka) YT (Qc) |

— I-‘eﬂ:i dO 2
= T d0p <9b>'2v?<kb k)Y (2) | ca)

where pJ = B"’/[Z,IBJ"IZJV2 is the sub-state population
parameter. In eq. (C4), lot and [cq are the total width of the
the resonant state iﬁ the nucleus B* and its decay width into c+d
channel, respectively.

. When. kgxky and kp arentéygn to be z—.and r—axes,
respectively, the double-differential cross section of (C4) is-

expressed: - for the .in-plane. correlation measurements as:

dzo I_c«l dO'

dedQc = E)t (e)w(e W)v i. C Tt R : (CS)
vhere

W(O.) = 159 (0)YI(E,¥)12

. | gp‘](@ ) (=1 )U-m)/2g ind [' (J-*(-T}l::n;: : Ej:z—)} ') ! 7! y172 )2 (C6)
isbén‘éhgular correlation function. In these equations, 6
and Y are the scattering angle of the particle b with respect to
the beam axis and.the decay angle of the particle c with respect
to the direction of kp, respectively. The m—distfibution of the
state of B*, which is expressed by the sub-state population
parameters (pJ(0) ), determines the correlation function. From eq.

(C2), pY(B.) 1is written as:



pI(8) = N(J,0)) ikl 1)y F(Ly,La,J,m;0), (CT)
Ly :
Ly

.

where
F(Lo,LarJ,m;0) = DLy Lo m—Ma Mal J m>Ye* (5, -0) Y™ (5, 0) (C8)

igié ééqmegric‘faqéqr and'N(J,B) is a:normaliéa;ion constant
detérﬁiﬂed by tHeAcondition 2:,|p7(9)|2=1.

We will see the characteristics of W(06,¥) through pj(6) in
the heavy—-ion transfer reactiQn where the kinematical matéhing
qqpq%tion is impofﬁant. In eq. (C7), the kinematical matching
éondition can be described in terms of radial integrals I&h:
(a) Lpy=Ls—J terms 6f'1ﬁha'deminété the other terms.
(b)_Ld—distribution.of I1{¢ql has a peak centered at the grazing

angular moméﬁtﬁm (Lgr. ) in ﬁhe initial channel. |
As an‘extreme ‘Case satisfying the conditions (a) and (b), we
assume that in the summation éf eq. (¢7) only the
L@:Lb+J=L&L;t term contributes to the pJ-values. Then, pJ is

expressed as:

pl(0) o< F(Ly=L-J,Lq=L,J,m;0)

_ CDOMZ el-2)e i) (@041 Jeme 1) (Jome 1N e
4T (2L )! (J+m) ! (J-m)!!

x GL,J,m;0), (C9)
where
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G(L,J,m;8)

.y (L+M=1)1 1 (L=M—=1)! 1 L0
=T Hrm) T T (L=J+M=m ) ! (Jrm=1) T T (I=m=T) 1!
- ———Ll——— (L,J.m:0)exp (imb(L,J.,m;0)). (C10)

C(L=d)d

Here, we introduce the functions a and b for the absolute
magnitude and the phase of G, respectively. By substituting egs.
(C9) and (C10) for eq. (CB), the correlation function is expressed

as .
WO, v) = lud,J;0,9)12, - (C11)

where

J+m— ooAJ -1
o w(L J;60,¥) o z;( ??+m;"gJ z)'z

x a(L,J,m;0)exp (im(yP+b(L,J,m;0))) ' _ (c12)
Whén L>}éi;'an ahalytic approximation is obtaihed for the

functions a and b aS followé:

For small 0 (<(J+1)/(L+1)) ,

(J+2)(J+1)

and

bL,J,m:0y = Ll o 1 (2L—J+1)(L—J)(J+m+1)€¥—m+1)92] 0
3 (J13)(J12)(J+1)

(C14)
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For large 6 (>J/(2L-J)) ,

) - J (J-lal+1)/2 :
a(L,J,m=0;0) = [(ZL—‘J)sin6] , (C15)

/
a(L.J.m=0:8) = L=D)tsrr Pllip(cose)

L! sin’?0
= (r=j5stag) VP Pees (w-5he - Fusn
(C16)
Imlb(L,J,m=0;0) 5*(L_i:L%L:l)9 _ %(J‘|M|+1)~r .
and -
 b(L.J.m=0;0) =0 , = - . s

where P, is an associated Legendre function.: By substituting egs.
(C13) and .(C14) for the expression (C12), w(L,J;0,¥) is_

approximated -for small 0 (<(J+1)/(L+1)) as follows:

w(L,J;0,9) o PJ[cos(W+L+16)]

1 (L+1YL=J) a2 p. L+1, C19
2 Jr2) (Jr1)2 6 ‘PJ+I [cosmll 771 )]. ( | )
where Pj(zx) is the Legendre polynomial of order J and Py’ (x) is
the derivative (d/dx )Py, (x). For large 6 (>J/(@2L-J)),
a(L,J,m=xJ) dominate a(L,J,m=+J) according to eqs.. (C15) and

(C16). Then, by taking only m=+J terms in eq. (Cl12), w(L,J;0,¥)
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is approximated as follows:

w(L,J;8,¥) o« cos (J(v+EE26)) (€20)
where
0= 6~ =2 Z-0)< 1. . | (c21)

2(L-1)

The correlation pattern, W(6,y) is plotted as a function of ¥ for
various values of 0.  Then the function W(0,y) changes its shape
smoothly from square of Legendre polynomial to square of cosine
function as 0 is increased, and also changes its phase by the
amount - of 2(L+A)/(J+A))6. Here 4 =1 for small 0 and 4 = §
(0=8<1) for large 0. The changé: of phase means the shift of the
correlationvpatLerns:by‘changing 0. Therefore, the amount of
shift ‘:of" the -correlation patterns is expressed as ((L+4)/(J+4))6.
' These.'calculations seem to be too simple. Actually, because
the L,~distribution of’lIagthl does not have a sharp peak,
several terms' contribute to the summation in (C7). But even in
such a case, the correlation function W(6,V¥) is expressed by eq.
(C11) by replacing w(L,J;G,W) with an average of w(L,J;0,y) terms
over several L-values near L, . This average is approximated by
replacing L with Lg, in (C19) and (C20). In this case, the
correlation pattern is proportional to Iw(Lma,J;O,W)Iz, and the
shift of the pattern is determined by the orbital (grazing)
angular momentum in the initial channel (L, ) and the spin of the

particle B (J).
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Table 1. Optical-model parameters used in the DWBA analysis.

Channel S TV ay W Ty ay rC

(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

2c + 12 200 0.783 0.760 142.3 0.783  0.760 1.2
~75.0@

0.670 0.921 31.0 1.023 0.939 1.2

8Be + 50 184.8

(a)bUséd in the analysis of the inelastic scattering to
achieve better agreement with: data (see text).
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Table 2. Integrated cross sections

in various channels (mb).

Incident energy (MeV) 88.3@ 93.8® 108.6@ 138.5@
elastic 37.50
inelastic (2%) . 45.5@
(2,2%) 14.0©@
(37): 12.4 6.7 8.6
(4%) 3.1 3.1 4.6
‘n-transfer : 2.02@ x
p—transfer 2.01@
(pn)-transfer - 3.499@ ..
- a—transfer (4%) 0.75 0.10
Ciren BT) 1.5 --0.39 B
(6%) 3.6 1.2 0.29
(T 2.7 1.8 0.76

(a) Present: work. The range of ‘integration is: 0" - 60° .
Ref. 31. The range of integration is 10° - 65 .

(b)

(c) These

. cross sections should be :divided by two: for icomparison with .
the other ones, because both the scattered particles and the
recoil nucleus are :included?? .. .(d) The summation over the
states of the residual nuclei is given
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Figure captions

Fig. 1. Schematic drawing of the experimental arrangement showing
the relative position of the target, Faradéy—cup.(FC),
and detectors. Thickness of each Si-SSD and solid angle
of .each detector are indicated.

Fig. 2. ‘Flow.charts of the data reduction.proceduré. Solid lines
denote: the main flow for the final data, while dashed
-lines denote the flow for-ihefpre—analysis to determine
egates»andvoiher:parameters.

Fig. 3. Typical .particle<identification spectra of (a) .
‘aj—detector .and (b) ;HI-detector at 140 MeV. Lo

Fig. 4. Typical TAC_spedtnayﬁo£Acoaniﬁence of (a) oy—HI and (b)
fawﬂHI;detectorswaiﬂ140§Mevu

Fig. 5. A typical three-body ‘Q-value spectrum for the incident
‘energy of 90 MeV. Arrows indicate the final .channels
126, c+a+®Begs.  (Qugg) » '2Cg.s.+a+8Be (2), and '2€(2")+a+PBeys..

Fig. 6;nypical;kelative—energymspectra at 110 MeV for (a) '?C-a
~¢'%0*) ‘and (b) a-%Be ('2C*) pairs. Spins and parities for
states of the peaks are indicated}

Fig. 7. Scatter plots of the '2C+'2c-'2C,, +a+®Be, . reaction at (a)
90 MeV and (b) 110 MeV. |

Fig. 8. The velocity diagram in the total center—of-mass system
and the definition of the angles for the sequential
process of i+ (j+k)* — 1+j+k ((i,3,k)=(1,2,83),(2,3,1),
(8,1,2)).

Fig. 9. Double-differential cross sections d?0/dQ3.;2dQ;-2 of the
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.
11.

12.

13.

14.
5.

12C+12c.160*+8Be~!2C,  +a+®Be, . reaction for the states of
the '80*~nuclei (a) 7;,.(b) 6, (c) 5, and (d) 4* at the
incident energy of 90 Mev as a function of 0=
(horizontal axis) and gc-®- (160*) =03.2-180° (indicated in
the middle column). Solid ‘lines show ﬁhe results of the-
DWBA calculation.

Same as fig. 9:for the incident energy of 110 MeV.

Same as fig. 9 for the incident energy of 140 MeV (5-
and - 4'- states are :not included).

The position of the maxima (dots) and minima (crosses) of

the correlation patterns for the a—transfer to the

. 180* (6*)— state at ‘90:MeV:. -Dashed lines represent the

shift'pf‘the maximélpnedicted by the plane-wave:Born
approximation (PWBA). :'-Solid lines with a gradient -7/23
{(~=(J+1)/(Lgr +1) see-text) show the prediction of DWBA.
Double-differential -cross sections d20/dQ)-23dQ-3 of the
2c+'2¢=12C+'2c*~12¢, . +a+%Be, s - reaction for the states of
the:'2C*~nuclei (a) 4* and . (b) 3~ at the incident energy
of 90:'MeV as a function of 023 (horizontal axis) and -
gc-2- (12C y =01-23 (indicated in the middle column). Solid
lines show the results of the DWBA calculation with a
weak imaginary potential (see text).

Same as fig. 13 for the incident eneigy of 110 MeV.
Same as fig. 14 for the incident energy of 140 MeV.
Dashed lines show the results of the DWBA calculation
with the potential reproducing the elastic scattering

data.
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Fig. 16.
Fig. 17.
Fig. 18.
Fig. 19.
Fig. 20.

(a) Radial integrals IILhI as a function of L, and L,
and (b) sub-state populations Ipjl as a function of
6¢® ., These quantities were calculated by the DWBA for
the '2C+'2Cc-!60* (6*)+8Be reaction at 90 MeV. For the
calculation of Ipjl, the quantization axis is taken to
be perpendicular to the reaction plane.

Same as fig. 16 for the 1204120124 12C* (4*)  reaction at 140
MeV

Integrated c¢ross sections of the exberiment (dots with
dashed line) and of the DWBA calculation for a-transfer
(a) and inelastic scattering (b) processes. In the
integration of the experiment, the azimuthal angular
distributions of the correlation patterns were assumed to
be those obtained by the DWBA calculation. The
experimental values are identical to those in table 1.
(a) The k-values, ratio of the observed cross sections to
the simple sum of the a-transfer and the inelastic
scattering processes calculated by'the DWBA, are plotted
as a function of 6°® (%0*) (or 6°* ('2C) ) for the crossing
point of '60*(77)-12c*(4*) at 90 MeV. Solid line is drawn
to guide the eye. (b) Phase differences between the
T-matrices of these two processes calculated by the DWBA
are shown for comparison.

Same as fig. 19(a) for the crossing points of (a)

'80* (6*)-'2C* (4*) at 90 MeV, (b) '"0*(77)-'2C*(3") at 90 MeV,
(c) '®0*(77)-'2C*(4*) at 110 MeV and (d) '60*(77)-'2C*(4*) at
140 MeV.
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Fig. 21.

Fig. 22.

. and IZC (41- )+|2C*
i (b :

_'respectlvely

An illustration of a modified Dalitz-plot. An event with
relative energies E23, Ej-2 and E3-; is represented by the
point X? The ratio of the sides of the triangle is
‘(ma+m3) T (m3+my ) s (my+m2) . The inscribed circle with the
rédius 6f E{;/Z: shows thé boundary of the data.

Two dlmen51onal plots of eff1c1ency € for (a) 160*(7")+-88e

‘;b QO»MeV : Horlzontal and vertical axes

ﬂidenote decay angles (G_k) and prlmary angles (O6°") ,
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