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A breakup process of "Li has been studied by performing the following measurements with a 77
MeV 7Li beam; (i) energy and angular distributions of z=1 and 2 particles in the '*Tb+"Li reac-
tion measured in singles and in coincidence with ¥ rays from some heavy residual nuclei, (ii) out-of-
plane angular distributions of ¥y rays taken in coincidence with «a particles in the
139Tb(7Li,axn)!%2~*Dy reaction to deduce the spin alignment involved, and (iii) in-plane and out-of-
plane angular distributions of fission fragments measured in coincidence with z=1 and 2 particles
emitted in the reaction of **>Th("Li,xf) to extract the magnitude and alignment of the transferred
angular momenta. The observed energy spectrum of tritons and a particles measured at forward
angles exhibits a broad bump centered at a kinetic energy corresponding to the beam velocity, which
is characteristic of the breakup mechanism. Roughly a half of the yield at this bump has been
shown to originate from a breakup-fusion process, in which one of the breakup fragments is cap-
tured by a target nucleus. It is also shown that angular momenta transferred to residual nuclei by
breakup fusion are well aligned along the normal to the reaction plane and have the magnitude, on
the average, consistent with a direct reaction process occurring at the surface region of projectile
and target nuclei.

NUCLEAR REACTIONS Tb(Li,x), ('Li,axn), E=77 MeV; measured

o(Ey,0,), a-y coin, angular correlations W(6,) of discrete ¥ rays; deduced

o(E,) in coin with final nuclei; 2**Th(’Li,xf), E =77 MeV; measured x-f angular

correlations; deduced magnitude and alignment of average J. Average [ for par-
ticle emission.
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I. INTRODUCTION

The elastic and inelastic breakup of a projectile nucleus
by the nuclear or Coulomb force has so far been investi-
gated for various projectiles such as d, 34He, %7Li, °Be,
and '®VB.!-16 The fragmentation of heavier projectiles
like %0 and *°Ne has also been reported to take place at
incident energies of a few tens of MeV per nucleon.!’~2°
The following classification is often used for the projectile
breakup processes!’"?!: (i) sequential breakup (decay),
which means that an excited projectile resulting from an
inelastic reaction decays from well-defined discrete states;
(ii) direct breakup, where a projectile breaks up into two or
more fragments via virtually excited continuum states and
all of these fragments emerge in the exit channel; and (iii)
breakup of a projectile characterized by the capture of a
part of the fragments by a target nucleus. In this paper
“breakup” will not refer to phenomena belonging to the
first category in order to avoid misunderstanding.

A main purpose of this paper is to study phenomena
corresponding to the third process mentioned above,
which is called “breakup fusion” throughout this work. It

28

should be noted that this terminology is for phenomeno-
logical use rather than for a classification of reaction
mechanisms involved which include a one-step process
like a transfer reaction as well as two-step process like the
breakup of a projectile followed by the capture of a part of
the fragments by the target nucleus. A composite heavy
nucleus produced in the breakup-fusion process disin-
tegrates via evaporation of light particles as well as by fis-
sion, while a fragment not captured by the target nucleus
behaves as a spectator and moves away approximately
with the beam velocity. Experimental!!?2~26 and theoreti-
cal'®»?"—30 work on such phenomena have so far been done
mainly for light particles up to beryllium, although
several authors>! ~3° have recently paid attention to the re-
lation of the breakup-fusion process with “fast” a-particle
emission®®—*! observed in reactions induced by heavier
projectiles.

A "Li projectile is considered suitable for the study of
breakup fusion because it has a well-developed cluster
structure of an a particle and a triton. In the present
work we have made inclusive and exclusive measurements
on energy spectra of light particles emitted in the 77 MeV
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"Li bombardment on »Tb and 3?Th. The results clearly
indicate the existence of the breakup-fusion process.
Out-of-plane angular distributions of y rays resulting
from breakup fusion have been measured to extract the
spin alignment in residual nuclei produced in this process.
We have also measured angular correlations in the
22Th('Li,xf) reaction (x =p,d,t,a) and discuss the aver-
age magnitude and alignment of the transferred angular
momenta as well as entrance angular momenta relevant to
the breakup-fusion process.

Section II is devoted to the experimental method. The
results are presented in Sec. III. The measured spectra,
y-ray angular distributions, and angular correlations with
fission fragments will be analyzed and discussed in Sec.
IV. A summary of this work is given in Sec. V.

II. EXPERIMENTAL

The present experiment consists of the following mea-
surements performed with a 77-MeV 'Li beam from the
sector focussed cyclotron at the Institute for Nuclear
Study: (i) energy and angular distributions of charged par-
ticles taken in singles in the bombardment of '**Tb with
"Li projectiles, (i) energy spectra of a particles associated
with the °Tb("Li,axn)'®?~*Dy reaction, (iii) out-of-plane
angular distributions of some discrete ¥ rays measured in
coincidence with a particles in the *Tb("Li,axn)'®?~*Dy
reaction, and (iv) in-plane and out-of-plane angular distri-
butions of fission fragments measured in coincidence with
z=1,2 particles in the 22Th("Li,xf) reaction, where
x =p,d,t, or a.

The targets used were a self-supporting *Tb metallic
foil of 3.2 mg/cm? thickness and about 500 ug/cm? thick
22Th electrodeposited onto an aluminum foil. Charged
particles were detected with several AE-E counter tele-
scopes, each consisting of 50 and 5000 um thick Si sur-
face barrier detectors. The maximum measurable energies
were 30 MeV for protons, 40 MeV for deuterons, 48 MeV

H. UTSUNOMIYA et al. 28

for tritons, and 120 MeV for a particles. The raw data
were recorded event by event on magnetic tapes to be
analyzed off line.

Inclusive measurements of energy spectra and angular
distributions of z=1,2 particles were carried out over the
angular range 10° to 160°, in steps of about 5°. The a-y
coincidence measurements were performed using a 91 cm?®
Ge(Li) detector placed 110 mm apart from the target at
90° with respect to the beam direction. a particles were
detected at 30° and 60° with the half-angle acceptance of
3.6° and 5.1°, respectively. Figure 1 shows y ray spectra
measured in coincidence with those a particles. Prom-
inent y-ray peaks were found to originate from '%2~*Dy
with 2 < x < 6 produced in the ("Li,axn) reaction. For the
measurement of out-of-plane angular distributions of
discrete y rays, the following y rays were used. For a
emission at 30°, 297.2 keV (**°Dy: 6*-4%), 210.4 keV
(*°Dy: 17%/2-13%/2), 218.4 keV (!%Dy: 4+.2+), and
311.2 keV (*"Dy: 21%/2-17+ /2), while for a emission at
60°, 197.0 keV (**'Dy: 17%/2-13%/2) and 266.3 keV
(!¢Dy: 4+-2%), in addition to the 218.4 keV y ray from
138Dy as listed above. It should be noted that for a emis-
sion at 30° the 4*-2% ¥ ray of Dy and the 17+ /2-
13% /2 y ray of "Dy were not resolved well from each
other, while for a emission at 60° y-ray yields from '*Dy
and *’Dy, produced in the a2n and a3n channels, respec-
tively, were far smaller than those from !38157:156Dy 4
seen in Fig. 1. We defined a reaction plane by the beam
and the a particles and measured out-of-plane angular dis-
tributions of the y rays in a plane perpendicular to the
beam by pivoting a target chamber about the beam axis
instead of moving the Ge(Li) detector. The half-angle ac-
ceptance of the ¥ counter was 11.8°.

Simultaneous measurements of in-plane and out-of-
plane angular distributions of fission fragments were per-
formed in coincidence with hydrogen isotopes and a parti-
cles as follows. As for the detection of the charged parti-
cles, a pair of identical Si AE-E telescopes were placed at
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FIG. 1. Typical y-ray spectra observed in coincidence with a particles emitted at 30° (a) and 60° (b) in the **Tb-+Li reaction at 77

MeV.
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20° with respect to the beam; one is in a horizontal plane
and the other in a vertical plane containing the beam axis.
On the other hand, fission fragments were detected with
four thin (30 pum) solid state detectors mounted at 95°,
125°, 155°, and 170° in the horizontal plane. Since an
aluminum absorber of 600 um thickness was inserted in
front of each AE detector in order to eliminate elastically
scattered 'Li, the minimum detectable energy was 10 MeV
for protons, 14 MeV for deuterons, 16 MeV for tritons,
and 40 MeV for a particles. The half-angle acceptance of
the fission counters was 2.3°—3.7°. A relative normaliza-
tion among the four fission counters was made by measur-
ing fission fragments in singles at the same angles.

III. EXPERIMENTAL RESULTS

A. Energy and angular distributions

Figure 2 shows energy spectra of protons, deuterons,
tritons, and a particles observed in singles at various an-
gles in the ' Tb+"Li reaction at 77 MeV. Prominent
bumps centered around an energy corresponding to the
beam velocity were clearly seen in the spectra taken at
small angles, especially for the case of tritons and a parti-
cles. This can be considered as a characteristic feature of
the breakup of "Li as will be described later. The yields of
tritons and a particles at this bump rapidly decrease with
the increase of emission angles and merge into a “back-
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FIG. 2. Some energy spectra of protons, deuterons, tritons,
and « particles observed at various angles in the **Tb-+"Li reac-
tion at 77 MeV. The laboratory angles are indicated.
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FIG. 3. Kinetic energies of a particles at the peak (E,) and
the full width at half maximum (oE""™) of the continuous
breakup bumps as a function of emission angles. The solid
curves show theoretical values as explained in the text.

ground,” which arises from other origins such as disin-
tegration of highly excited reaction products (a compound
nucleus, for instance) and possible preequilibrium emis-
sion.

The energy at the peak (£) and the full width at half-
maximum (ogwyy) in the measured energy distributions
for a particles and tritons as a function of the emission
angles are shown in Figs. 3 and 4. The values of opwum
at angles larger than 30° are not shown because they are
appreciably broadened due to the background mentioned
above, especially for the case of a particles. The average
value of E at the most forward two angles observed in this
experiment is about 44.4 MeV for a particles and 30.4
MeV for tritons. In a naive picture of the breakup pro-
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FIG. 4. Kinetic energies of tritons at the peak E, and the full
width at half maximum of"™M of the continuous breakup
bumps as a function of emission angles. The solid curves show
theoretical values as explained in the text.
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FIG. 5. Angular distributions of protons, deuterons, tritons,

and a particles measured in the '*Tb+"Li reaction at 77 MeV.

cess, the projectile energy is first used to separate a and ¢
clusters in 'Li and the rest of the kinetic energy is shared
by a particles and tritons in proportion to their mass
numbers. Because the above separation energy is 2.47
MeV, this yields 42.6 MeV for a particles and 31.9 MeV
for tritons, being close to the observed E values. The
Coulomb energy difference between the entrance and exit
channels as well as the angle dependence of E will be
described in Sec. IVA. The value of orwym lies around
17.5 MeV both for a particles and tritons. This will be
reasonably well accounted for by a simple semiclassical
treatment of the breakup process in Sec. IV A.

Figure 5 shows angular distributions of z=1 and 2 par-
ticles measured in the **Tb+"Li reaction at 77 MeV. At
small angles the cross sections of a particles and tritons
are much larger than those of deuterons and protons.
This must be, at least partly, due to large contributions of
the breakup of 'Li into a+¢. Another interesting feature
is that the yield of the beam velocity a particles is about
three times as large as that of the beam velocity tritons.
There are at least three reasons for this fact. (i) Because
the binding energy of a triton is much smaller than that of
an a particle, the triton arising from breakup of "Li may
further breakup into two neutrons and a proton or into a
neutron and a deuteron with the interaction of the nuclear
field. In fact, the energy spectra of protons and deuterons
at forward angles given in Fig. 2 indicate bumps at ener-
gies nearly corresponding to the beam velocity though
they are not so prominent as the case of a particles and
tritons. (ii) A partner of the breakup fragment can be cap-
tured by a target nucleus (breakup fusion) as will be
seen in Sec. III B. This may be considered as a triton- or
a-transfer  reaction. The @ value for the
9Tb("Li,a) 2Dy reaction is 11.1 MeV, while it is —3.2
MeV for the ("Li,t) reaction, indicating that the a particle
emission is more favored. (iii) The sequential breakup of a
projectilelike fragment may favor a-particle emission.
For example, Castaneda et al.?* reported that in the SLi-
induced reactions, the sequential decay of the ground state
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of °Li into an a particle and a proton partly contributes to
production of a particles.

B. Out-of-plane y-ray angular distributions

Figure 6 shows energy spectra of a particles associated
with the reaction channel of *Tb(’Li,axn)!$2—*Dy,
which have been measured at 30° and 60° in coincidence
with discrete ¥ rays as described in Sec. II. The dominant
channel at 30° turned out to be the ("Li,a4n) reaction for
which the a-particle spectrum was nearly centered around
the beam-velocity energy, while the a5n and a6n channels
became more significant at 60°. Because of poor statistics
an a-particle spectrum for the a6n channel could not be
obtained at 30°. Energy spectra taken in singles and in
coincidence with any y rays entering the y ray detector
are also given by dotted and solid curves in Fig. 6, respec-
tively. For convenience, they are normalized at the low
energy side of the a-particle spectra. Note that roughly a
half of the beam velocity a particles measured in singles
at 30° was rejected by the “y-ray multiplicity filter” in the
a-y measurement. This is a consequence of the fact that
the “filter” excludes such events as direct and sequential
breakup of ’Li because of their very low y-ray multiplici-
ties. In other words, about a half of the beam velocity a
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from '2~*Dy (2 <x < 5) measured in coincidence with a parti- .

cles emitted at 30° in the 'Tb(’Li,axn)'®*~*Dy reaction at 77
MeV. The solid curves show the best fits (see text). The mea-
sured y-ray transitions are indicated in the figure.

particles at 30° correspond to the breakup-fusion reaction,
in which tritons are captured by a target nucleus.

Out-of-plane angular distributions [W(6,)] of the
discrete y rays measured in coincidence with a particles at
30° and 60° are shown in Figs. 7 and 8. The data are nor-
malized such that the values of W(0°) are equal to 1.0.
The symbol 6, denotes a polar angle of the y-ray counter
with respect to the quantization z axis, which is chosen
along the normal to the reaction plane. The yield ratio of
the in-plane to out-of-plane intensity R =W (90°)/W(0°),
is roughly equal to 2 for the a2n, a3n, and a4n channels,
while it is around 1.2 for the a5n and a6n channels. This
suggests that the spin alignment in residual nuclei is large
for high-energy a-particle emission, while it is smaller in
the case of low-energy a-particle emission. A quantitative
deduction of the spin alignment will be described in Sec.
IVC.

C. Light particle-fission fragment angular correlations

Figure 9 shows energy spectra of z=1 and 2 particles
obtained at 20° in coincidence with fission fragments in
the 2*>Th(’Li,xf) reaction. The given energies are those
in the center-of-mass system, which have been
transformed from the laboratory spectra by assuming a
binary reaction process like 'Li+2*?Th—sx +F, where x
and F denote a measured light particle and a residual fis-
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(x =p,d,t,a) reaction at 77 MeV. The solid curves show the
best fits obtained by method A (see text) with K,=10% for a
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sensitivity of the fit to J is indicated by dashed and dotted-
dashed curves in the figures; the dashed curves are obtained
with (J,J,)=(25,24) for protons, (J,J,)=(21,20) for deuterons,
(J,J,)=(16,12) for tritons, and (J,J,)=(16,9) for a particles.
The dotted-dashed curves are obtained with (J,J,)=(39,38) for
protons, (J,J,)=(33,32) for deuterons, (J,J,)=(26,25) for tri-
tons, and (J,J,)=(24,20) for a particles. The angular momenta
J and J, are given in units of #.

sile nucleus, respectively. The cutoff of the low-energy
side of the spectra was due to the Al foil inserted before
the particle detectors as mentioned in Sec. II.

Figure 10 shows in-plane and out-of-plane angular dis-
tributions of fission fragments measured in coincidence
with z=1 and 2 particles. The geometry of describing the
angular correlations was taken to be the same as in Ref.
42; the z axis was chosen along the normal to the reaction
plane which was determined by the direction of the beam
and the measured light particles, while the x axis was tak-
en along the average recoil angle (¢ ) of a fissile nucleus
which was determined by the average kinetic energy and
the emission angle of each light particle, the y axis being
perpendicular to both x and z axes. Average values of the
measured kinetic energies are 15.0 MeV for protons, 21.3
MeV for deuterons, 27.1 MeV for tritons, and 47.6 MeV
for a particles, yielding ¥r =3.9° for protons, ¥z =7.4°
for deuterons, ¥z =11.8° for tritons, and ¥ =24.7° for a
particles. 6 and ¢ denote polar and azimuthal angles,
respectively. The measurements of out-of-plane angular
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distributions were made at ¢,,=184° for protons,
d1.,=187° for deuterons, ¢p,=192° for tritons, and
&1 =205° for a particles. The measured in-plane angular
distributions were peaked almost at the recoil angle of the
fissile nucleus, suggesting that angular momenta
transferred to the fissioning nucleus preferentially lie in
the y-z plane. The in-plane anisotropies for a-f and ¢-f
correlations are smaller than those for p-f and d-f corre-
lations. This indicates that the spin alignment in residual
nuclei produced by a-particle or triton emission is larger
than that of nuclei produced by proton or deuteron emis-
sion.

An analysis of the angular correlations will be described
in the next section.

IV. ANALYSIS AND DISCUSSION
A. The peak energy and FWHM in singles spectra

A purpose of this section is to show that some features
of the inclusive energy spectra of a particles and tritons
are reasonably well explained by a simple treatment of the
breakup process. We will be satisfied with rough agree-
ment between experiment and theory because the experi-
mental quality appears insufficient for the detailed com-
parison, and will focus on the peak energy and the full
width at half maximum shown in Figs. 3 and 4.

We shall first follow a plane-wave approximation of
Serber,* who treated the elastic breakup of deuterons at
the 190-MeV incident energy in a semiclassical model.
Expressing an internal motion with a wave function of the
Yukawa type, he calculated the cross section, energy, and
angular distributions of neutron emission with the as-
sumption that a target nucleus is either transparent or
opaque to neutrons. Let us now consider the breakup of a
projectile nucleus a into b plus ¢, i.e.,

a—b+c, (1)

in complete analogy with Ref. 43. Then, a laboratory en-
ergy spectrum at very forward angles can be written in the
case of an opaque nucleus by
Ay

Ee— 7

372

44,4, 2)

2
a

€E,

N(Ex)ocE,,\/E/

where x denotes b or ¢, E, is the projectile energy, etc., 4,
is the mass number of a nucleus x, etc., and € is the
separation energy of b and c¢ in the nucleus a. An
opaque-nucleus approximation has been adopted here be-
cause the projectile of present interest is 'Li of low energy.
It is easy to see that Eq. (2) yields l?x =A,E,/A, and
orwam=23.066(4, A €E,)'’*/A4,. Since the Coulomb en-
ergy difference mentioned in Sec. III is not included in
Eq. (2), we take this effect into account in the same way as
in Ref. 8; that is, E, in Eq. (2) is replaced with the projec-
tile energy reduced by the Coulomb potential in the en-
trance channel, and E, in Eq. (2) is replaced with the ener-
gy of x before the Coulomb acceleration in the exit chan-
nel. Then, we obtain

B =AE, /Ay +(Zy — A Z, /A)VE , 3
orwim=23.066(4, 4. €E, ) ? /A, X (1—Z,V/E)'* , (4)
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where Z, is the atomic number of a nucleus x, etc., and
V¢ is the Coulomb energy per unit charge. By putting
€=2.47 MeV, V=8 MeV, E,=74.5 MeV (see Sec.
IIL A), and proper values for A,, Z,, etc. in the *Tb+"Li
reaction, we obtain E =44.9 MeV, E,;=29.6 MeV, and
orwam= 16.9 MeV both for a and t, which compare fair-
ly well with the experimental results.

We shall now consider the angle dependence of Ex and
orwam- A formula corresponding to Eq. (2) has been de-
rived in Ref. 43 for the case that the direction of a frag-
ment x is almost the same as that of the incident projec-
tile. This is not always the case in the present reaction,
because the momentum due to internal motion (P) is not
very small compared with that of the incident motion of
the projectile (P ). Let the fragment x be deflected by the
amount of 6 due to the coupling of B and P,. Then, an
energy distribution of x is approximately expressed by Eq.
(2) when E, in this formula is replaced with E,cos?0. The
peak energy and the width are also given by Egs. (3) and
(4), respectively, when E,cos?8 is used for E,.

It should be noted, however, that 6 does not necessarily
correspond to the emission angle 6, because the projectile
as well as the fragment x after the breakup must be de-
flected in the Coulomb and nuclear field. If this deflec-
tion angle is 6, then we have 6; =6,+6. The same pro-
cedure has been used in Ref. 17.

It is not possible to determine the value of 6, only from
the above consideration. Experimentally, the peak energy
increases with the decrease of emission angles, and be-
comes almost constant around the angle of 10—15° for the
case of a particles. As the maximum peak energy is real-
ized at 8; =6,, we have decided to take 6,=10°, and cal-
culated the angular dependence of fa, E,, and opwam bY
replacing E, with E,cos%(8; —6,) in Egs. (3) and (4). The
agreement with the experimental results is quite satisfac-
tory in view of our simple treatment. Note that the mea-
sured value of opwpm may be overestimated for the case
of a particles due to other components originating from
the decay of the compound nucleus, possible preequilibri-
um emission, and so on as mentioned in Sec. III.

B. Magnitude of the transferred
and entrance angular momenta

The angular distributions of fission fragments as shown
in Fig. 10 are known to depend on the magnitude and
alignment of angular momenta transferred to residual fis-
sioning nuclei produced by light particle emission. We
have made the simultaneous fit to the measured in-plane
and out-of-plane data using the same semiclassical formal-
ism as described in the literature.#244—4°

The analysis depends on the assumption that the final
direction of fission fragments is directly related to the
orientation of the nuclear symmetry axis during passage
over the saddle point.*® The angular distribution of fis-
sion fragments from a nucleus having intrinsic angular
momentum J whose projections on the space-fixed z axis
and the nuclear symmetry axis are M and K, respectively,
can be written by

Wik (0) =127 +1)|dix(0) |2, )

where 6 is a polar angle and djx(6) are rotational wave
functions. In order to reproduce the experimental data we
have to sum Eq. (5) over J, M, and K with appropriate
weight functions. Since Dyer et al.*? have shown that the
experimental angular correlations are sensitive only to the
first moment of the J distribution, we fitted the data by
using a single value of J which should be regarded as the
average value of the J distribution. The K dlstnbutlon is
usually assumed to be given by exp(—K?2/2K3), where the
width parameter K can be estimated from the effective
moment of inertia and the nuclear temperature at the sad-
dle point. Following the procedure given by Refs. 46 and
47, we have estimated, in the present 2**Th(’Li,xf) reac-
tion, K, to be 117 for x = proton, deuteron, and triton,
and K, to be 10# for a particle. As for the M distribu-
tion, we assume that the angular momentum vector T lies
in the y-z plane and is expressed in the manner [either (i)
or (ii)] given below. (i) (Method A) J is composed of ran-
dom coupling of a component Tl completely aligned
along the z axis and a component 32 uniformly distributed
in the y-z plane, i.e, ¥ =J;47,. (i) (Method B) The po-
lar angle B of J is distributed by exp( [)’2/2/30) The fit-
ting parameters are magnitudes of 7 and J by method A
and the magnitudes of J and S, by method B. More de-
tails have been described elsewhere.*>44—4

Examples of the best fits are shown by solid curves in
Fig. 10. The best-fit parameters are listed in Table I. The
resultant spin alignment has been calculated by

3(M?) 1

2% 2
Note that P,,=1 if_ T is completely aligned along the z
axis, P,=0.25 if J is randomly distributed in the y-z
plane. The following points should be noted. (i) The K,

dependence of the fitting parameters was examined by
analyzing the same data with Ky=107% and K,=12% for

P,= 6)

TABLE I. The best fit parameters together with the resultant
P,, values obtained for the particle-fission fragment angular
correlations in the 2?Th(’Li,xf ) (x =p,d,t,a) reaction at 77
MeV, where the particles are detected at 20°. The angular mo-
menta are given in units of # and 3, in degrees.

Emitted
particles Method J Jy Bo P,
0.02
+
p A 32+7 31 0.30+ 0.01
B 36+8 69 0.39+ <0.01
<0.01
d A 37+6 26 031+ 0.06
B 29+7 71 0.38+ 0.01
t A 21+5 17 0.51+ 0.10
- : 0.16
0.03
B 21+6 41 0.56+ 0.09
0.16
a A 20+4 14 0.63+ 0.14
0.03
B 22+4 35 0.62+ 0.08
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FIG. 11. Angular momenta transferred to the fissioning nu-
cleus as a function of the ejectile masses in the 2*Th(’Li,xf )
(x = p, d, t, or @) reaction at 77 MeV.

p, d, and t, and with Ky=9% and K,=11% for a; the
resultant change of J and P, was 2—3#% and 3—4 %,
respectively. (ii) The deduced value of J tends to.increase
linearly with the decrease of the observed ejectile mass as
shown in Fig. 11. This suggests that the rest of the pro-
jectile is captured by a target nucleus, and that the magni-
tude of the transferred angular momenta is nearly propor-
tional to the mass number of the captured fragment. (iii)
The value of P, for triton- and a-particle emission is
much larger than that for proton and deuteron emission.

The present experimental data were taken at 20° for the
light-particle emission, where the breakup process played
an important role, at least for a particles and tritons. The
particle energies involved in the measurement also corre-
spond to the region in which the contribution of the
breakup is dominant, although the peak energies appear
somewhat lower than those expected in the inclusive spec-
tra (see Fig. 9). It is therefore interesting to estimate an
average value of entrance angular momenta (/;) to see if it
is consistent with the “breakup fusion” of ’Li. For this
purpose, we assume that the entrance angular momenta of
’Li are shared between a particle and triton in the breakup
process, and that they are transferred to the residual fis-
sioning nuclei in the ("Li,tf) and ("Li,af) reactions. Then,
taking the sum of the J values deduced for triton and a-
particle emissions, we obtain [; to be 41+6# (method A) or
43+7# (method B) for the breakup fusion of ’Li. We have
here neglected possible contribution of neutron evapora-
tion before the fission takes place as well as intrinsic angu-
lar momenta of the fission fragments. The grazing angu-
lar momentum (/,,) of the ***Th+"Li reaction at 77 MeV
is 447, while the critical angular momentum for complete
fusion (I.,) is estimated to be 387 from a model of Bass.*®
Therefore, the above values of I; are likely to be close to
Iy or to lie between [, and /.

Another simple estimate of I; for the ('Li,af) and
("Li,tf) reactions may be based on the assumption that J;
is divided into a and t in proportion to their masses.
Then, it is possible to estimate /; for the a-particle and tri-

H. UTSUNOMIYA et al. 28

ton emission separately, because /;=7J /3 for the ("Li,af)
reaction and I; =7J /4 for (Li,tf). This assumption yields
1;=49+194% for the former and [;=37+97% for the latter.
(The average values deduced from methods A and B are
used here.)

Recently, similar a-f angular correlations have been
measured in the bombardment of 2°°Bi with *N, 1°0, and
Ne projectiles at the incident energy of 7—8 MeV per
nucleon to deduce the magnitude of the transferred angu-
lar momenta.*>* The results clearly indicate I; </, for
the energetic a-particle emission, being in strong contrast
with the present result discussed above. The energy spec-
tra reported in Refs. 45 and 49 appear Maxwellian with
high temperature even at forward angles, though more en-
ergetic than expected in the compound reaction. These
facts suggest that the precompound emission is dominant
in such heavy-ion reactions at low bombarding energies
smaller than 10 MeV/u, while the present result is more
consistent with a direct reaction taking place in the peri-
pheral region, although the above two reaction processes
must be, in principle, internally related to each other.
Udagawa et al.>® have recently predicted that the breakup
fusion takes place with partial waves of angular momenta
considerably smaller than ;. The present result seems
consistent with their result, though relatively large errors
of the estimated I; values prevent us from a clear con-
clusion.

The /; values for the proton and deuteron emission can
be estimated if we assume again that /; is divided in pro-
portion to the masses of the captured and detected frag-
ments provided all the rest of the projectile is transferred
to a target nucleus. Taking the average values of J given
in Table I, the above assumption leads to /;=40+97% and
1;=3949% for the ("Li,p/) and ('Li,df) reactions, respec-
tively. However, the experimental energy spectra for these
particles lie in the region where the compound-nucleus de-
cay as well as preequilibrium emission are significant,
throwing some doubt on the above assumption. A more
detailed study will be necessary to elucidate this point.

C. Spin alignment

The measured out-of-plane angular distributions of
discrete y rays in the ’*Tb("Li,axn)!%2—*Dy reaction have
been analyzed by following the prescription of Refs. 51
and 52. We assume that the distribution of the magnetic-
substate population W(M) (M = —J, ..., J) for an initial
state with spin J, which emits the ¥ ray of interest, is
Gaussian’?; that is,

W (M) < exp[ —(J —M)2/25%] . (7)

Note that the quantization (z —) axis is chosen along the
normal to the reaction plane. Then, the angular distribu-
tions of ¥ rays with respect to the z axis can be written in
the usual manner as described in the literature.>?

The width o), has been treated as a unique adjustable
parameter in order to reproduce the experimental data.
The best fits are shown by solid curves in Figs. 7 and 8.
The best-fit parameters are listed in Table II, together
with the resultant spin alignment along the z axis, which
is calculated from
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_3MH—JJ+1)
- JQJ—1) ’

by following Ref. 54. Note that this formula for P,, is
slightly different from Eq. (6), but becomes almost the
same when J is large. Since the spin value of J involved in
this section is small and well defined, we consider Eq. (8)
as a better expression for the spin alignment.

The following points should be noted. (i) The deduced
spin alignment depends essentially on the reaction chan-
nels, but seems nearly independent of the present emission
angles of 30° and 60°. (ii) The deduced values of P,
(=0.56—0.62) for the a2n, a3n, and a4n channels associ-
ated with high-energy a particles are much larger than
those for the a5n and a6én channels associated with low-
energy a particles, where the P,, values lies between 0.15
and 0.33 which are close to an expectation value of
P,,=0.25 in the case of a compound nucleus.

It should be noted that the P,, values deduced above are
those for the y-ray emitting states. If we want to
transform them to the alignment after the a-particle emis-
sion, we have to correct attenuation of the alignment due
to neutron and y-ray emission before reaching the states
involved in the analysis. Because this correction is usually
expected not to be very large if angular momenta of the
initial states are large,’"** we will not attempt to correct
the above attenuation, and assume that the deduced values
of P,, are close to the spin alignment after the a-particle
emission. This seems to be supported by the fact that the
P,, values for the a2n, a3n, and a4n channels correspond-
ing to high-energy a-particle emission are nearly equal to
P,, for a given in Table I. There may exist another cause
for the attenuation of the spin alignment due to an in-
teraction of magnetic and electric fields in a solid terbium
target. Although this effect is difficult to estimate, it is
presumably small because lifetimes of the states involved
are not particularly long.

The large spin alignment for the a2n, a3n, and a4n
channels pointed out above is consistent with the fact that
the high-energy a-particle emission mainly originates
from a direct reaction (breakup fusion). On the other
hand, the low-energy a-particle emission leading to the
aSn and a6bn channels includes the decay of the com-
pound nucleus dominantly, being also consistent with the
small alignment observed. However, the above fact can-
not be considered as an evidence for the difference of the

P (8)
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reaction mechanism, as there may be another reason, as
described below, for the difference of the observed P,
values. Assume that a particles are emitted from the
compound nucleus whose intrinsic angular momenta (jfc)
are randomly distributed in a plane perpendicular to the
beam direction. The a particles also carry relative angular
momenta (J,) lying in another plane perpendicular to
their direction. The intersection of the above two planes
is the z axis, which is realized in the case of the “stretched
transition,” i.e., Tfa| [ch Note that this is most probable
even in the decay of the compound nucleus due to the spin
dependence of the level density, and becomes dominant
when J, becomes large. If we note that high-energy o
particles tend to carry large values of J,, the energy
dependence of P,, currently deduced may occur even in
the compound reaction. The small P, values for the pro-
ton and deuteron emission given in Table I may also be as-
cribed to the fact that these particles carry small angular
momenta.

V. SUMMARY

Energy spectra of a particles and tritons measured at
forward angles in the **Tb+"Li reaction at 77 MeV ex-
hibit prominent bumps centered around an energy corre-
sponding to the beam velocity. The peak energy and the
full width at half maximum of this bump are reasonably
well accounted for by a simple semiclassical treatment of
the breakup of "Li. Roughly a half of the yield at this
bump for a particles measured at 30° corresponds to the
breakup-fusion reaction, in which the other breakup frag-
ment (triton) is captured by a target nucleus. The average
magnitude of entrance angular momenta relevant to the
breakup-fusion reaction estimated from angular correla-
tions of fission fragments in the 2>’Th(’Li,xf ) reaction at
77 MeV is close to the grazing angular momentum, being
consistent with a value expected from a direct reaction
taking place in a peripheral region. The large spin align-
ment has been deduced for heavy residual nuclei produced
in the above process.
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