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Two very different types of angular distributions, one having a normal be11 shape and
the other being much more constant with angle were observed in the reaction ' 4Nd( C,
' C) for two well-known 2+ states of ' Nd. The fits to these angular distributions using
the distorted-wave Born approximation and/or coupled-channel Born approximation con-
firms the conclusion that the data give definite evidence for the importance of multi-
step processes. A comparison- with the reaction '44Nd(p, t) is also discussed.

In previous work'' on the reaction '~Nd(P,
t)'4'Nd, the excitation of the ground (Os+) state,
the first excited (2,+) state, the 2.98 MeV (0,+)
state, and the 3.49 MeV (22') state in '"Nd (N
=82) was investigated. The purpose of the pres-
ent work is to study these and additional states
via the reaction '4'Nd("C, "C)'4'Nd. Our inter-
ests are to learn to what extent the light-ion-
and heavy-ion-induced, two-neutron pickup re-
actions are similar and to determine the effects
of multi-step processes in heavy-ion transfer
reactions.

The most remarkable feature found in the pre-
vious (p, t) work' ' was that the transitions to the
0~+, 0,+, and 2,+ final states were strong and
were of a one-step nature, while the transition
to the 2,+ state was much weaker and also had an
anomalous angular distribution markedly differ-
ent from what was expected for a one-step L = 2
transition. The difference in the behavior of the

2,+ and 2,+ transitions was attributed to the fol-
lowing distinct properties of those states. ' The
2,' state is a collective state of two-particle,
two-hole nature in the N = 82 closed shell, i.e.,
a superposition of monopole and quadrupole pair-
ing vibrations. ' Therefore, it can be excited
strongly by a direct-(L = 2)-type two-neutron pick-
up reaction. On the other hand, the 2, state con-
sists dominantly of a proton particle-hole quadru-
pole vibrational configuration; thus a direct two-
neutron transfer process is substantially inhibit-
ed and higher-order processes may contribute
significantly. Indeed, the anomalous behavior of
the 2,+ cross section, which defied explanation
in terms of distorted-wave-Born-approximation
(DWBA) calculations, was well accounted for by
coupled-channel-Born-approximation (CCBA) cal-
culations, which took into account the effect of
inelastic scattering. '

The '"Nd('sC, "C) experiment was performed
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FIG. l. Energy spectrum of the reaction '44Nd('2C,

~ C). Excitation energies in ~ Nd are shown in paren-
theses in MeV. The peak corresponding to the first ex-
cited state in ~4C is also shown.

using a 78-MeV C beam from the Berkeley 88-
in. -cyclotron. Reaction products were detected
in the focal plane of a magnetic spectrometer. '
Particle identification and energies of the reac-
tion products were obtained by a combination of
magnetic rigidity, dE/dx, total energy, and time
of flight. Figure I shows an energy spectrum of
the "C ions. A 300-p. g/cm self-supporting iso-
topically pure metallic '"Nd target gave a resolu-
tion of 200 keV. Angular distributions of the '4C

groups leading to 0~, 2,+, 0~+, and 22 states
and a group at about 2.08 MeV consisting of 3, ,
4,', 0, were measured from ~»b = 8' to 55' in
2.5' steps.

Figure 2 gives the measured differential cross
sections of the five ' Nd groups, and one may
conclude that the data have the following proper-
ties: (i) The 0~+, 02+, and 22+ states are excited
strongly and have bell-shaped angular distribu-
tions which are characteristic of one-step transi-
tions, with peaks appearing at 6, = 45'; (ii) the
2,+ transition is strongly inhibited and has a, quite
anomalous (flattened) angular distribution; (iii) be-
low the excitation energy of 3.5 MeV, 0~+, 0, ,
and 2,' are the only states that are excited strong-
ly, in spite of the fact that there are about 25
states in this energy range known from other ex-
periments. ' All these features are very much
reminiscent of the situation for the (P, t) reac-
tion. ~' 2

Since the elastic scattering of C by Nd was
not available, we began our analysis by using the
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FIG. 2. Experimental and theoretical angular distri-
butions of the reaction 4 Nd( C, ~ C) at Ey~b =78 MeV.
Each curve is labeled with a normalization factor N,
so chosen that N = 1 for the 0~+ state. (%'ithout this re-
normalization, all the theoretical cross sections are
to be reduced by a factor 9.)

orner et al. potential, ' which has V=100 MeV,
S'=25 MeV, ra=1.22 fm, and a=0.50 fm, and
searched on radius and diffuseness so as to give
the best overall fit to our transfer data. The re-
sulting potential (so=1.18, a=0.55 fm) was used
in all theoretical calculations. The elastic cross-
section predictions did not change much from
that obtained with the unaltered orner et al. pa-
rameters, nor differ very much from that ob-
tained by using the parameters of Becchetti eE al.'
We may therefore say that the conclusion we de-
rive below is rather insensitive to the choice
among optical potential parameters which are
currently accepted.

In constructing the form factor(s) to be used in
the DWBA and/or CCBA calculations, ' ' the wave
functions of '"Nd and '"Nd were constructed in



VOLUME 34, NUMBER 2 PHYSICAL REVIEW LETTERS 13 JANUARY 1975

exactly the same manner as they were in Ref. 2

and by Udagawa, Tamura, and Izumoto. ' The
overlap of these two wave functions gives the
wave function of the two extra neutrons in '"Nd.
A corresponding wave function for the two extra
neutrons in "C can be obtained by using the re-
sults of Cohen and Kurath" and after transform-
ing each of these two-neutron wave functions into
the center of mass and relative parts, only the
term that involved the relative motion which had
no node and 'S coupling was retained. The radial
part of the corresponding c.m. part was then
smoothly connected to the appropriate tail that
corresponded to a Woods-Saxon potential with a
radius parameter ra=1.2 fm and a diffuseness a
=0.65 fm.

The cross sections for the 0~ and 2,+ final
states were obtained by performing exact finite-
range (EFR)-CCBA calculations, in which 0' and
2'Nd sta, tes were coupled in both incident and fin-
al channels, with P, = 0.125 and 0.096 for "4Nd and
'~Nd, respectively. As is seen in Fig. 2 good
simultaneous fits to both bell-shaped 0~+ and
flattened 2,' angular distributions are obtained.
A corresponding EFR-DWBA cross section is
also given by a dotted line for the 2,+ state, which
is seen to have a completely different shape from
the experimental angular distribution. The DWBA
0~' cross section, which is also given by a dotted
line, will be discussed later.

It is worth emphasizing that not only the angu-
lar distribution, but also the relative magnitude
of the EFR-CCBA 0~' and 2,' cross sections were
obtained correctly. It is worth noting further
that the CCBA 2,' cross section (solid line) was
obtained as a result of destructive interference
between the one-step DWBA process and the two-
step processes, 0,'('"Nd) -0,'('"Nd) - 2,'('"Nd)
and 0,+("4Nd)-2 +('44Nd)-2, +('~Nd). The 2,'
cross section given by a broken line was obtained
by considering only these two-step processes.
The very anomalous angular distribution results
from this interference. Such a result is rather
similar to what was experienced in the corre-
sponding (P, t) work, where the contributions of
the two-step and the one-step processes were
comparable to one another and their strong inter-
ference made the 2,+ angular distribution also
anomalous. '

A similar EFR-CCBA calculation was made
considering a 0,+-3, coupling in '"Nd, and the
resultant 3, cross section, shown in Fig. 2,
agrees rather well with the experimental angular
distribution to the group at 2.08 MeV. The pre-

dieted magnitude obtained with p, =0.106 is,
however, too small by a factor of N= 2.7. Since
the experiment includes the 3, , 4,', and 0,',
cross sections, however, we do not attach much
significance to this comparison. .

The calculation of the 0,' and 2,' cross sec-
tions was made in terms of EFR-DWBA, assum-
ing that the excitation takes place only via pair-
ing vibrational components in these states which
have monopole and quadrupole nature, respective-
ly." As is expected the resultant cross sections
(Fig. 2) are basically bell shaped, and agree sat-
isfactorily with experimental angular distribu-
tions. The relative normalization factors N
=0.92 and N=0. 85, respectively, for these two
states are sufficiently close to unity, indicating
that the wave functions we used to describe these
two states are basically correct.

It should be finally noted that, both experimen-
tally and theoretically, the peak of the bell-
shaped angular distribution for the 0,' state ap-
pears at 45'. On the other hand, the experimen-
tal peak for the 0,' state appears at 43', i.e., a
shift by 2' to forward angle takes place, and our
CCBA calculations explain this. The correspond-
ing DWBA cross section, however, has the peak
at 45' (in agreement with that for the 0,' state)
and the angular distribution (dotted line) fits the
experiment rather poorly. The origin of the shift
of 2' of the peak position in going from DWBA to
CCBA is the destructive interference in the lat-
ter between the two-step 0,+('44Nd)-2, '('4'Nd)
-0,+(' Nd) amplitude and the one-step 0,'('"Nd)

0,+("Nd) amplitude. This destructive interfer-
ence is stronger (weaker) for partial waves whose
orbital angular momentum l is smaller (larger)
than the grazing angular momentum /~. Thus,
the effective value of l, for CCBA is larger than
tha, t for DWBA which results in the shift of the
peak position to a smaller angle.

ln summary, (i) the mechanism of the reaction
'4'Nd("C, "C) is quite analogous to that of the
reaction '"Nd(P, t); (ii) the comparison of the
transitions to the two types of 2' states gives a
definite evidence for the importance of two-step
processes'"; (iii) since the direct transfer sig-
nature for this system is a clear bell-shaped an-
gular distribution, the anomalous nature of the
2, excitation is much more conspicuous than
that observed in the (p, t) case"; (iv) the cou-
pling effect can be significant in predicting the
correct angular distribution, in particular the
peak position, even when the angular distribution
has a simple bell shape. This was exemplified
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in Our 0~' cross section.
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Observation of the Yrast and Statistical Cascades in (Heavy-ion, xnan) Reactions
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The energy spectra and angular distributions of the yrast and statistical cascades in
'44'442Yb have been obtained from measurements of the reactions 44~'4'Sm(440, 3n} and
448 444sm('sO, 4n) . An average of about six yrast and six statistical y rays occur in the
4n reaction. The data suggest that the yrast p rays are mostly stretched E2.

In recent years the study of discrete lines from
low-lying states of final-product nuclei formed
in (heavy-ion, xny) reactions has led to new and
valuable information on nuclear states of high
angular momentum. ' However little effort has
been devoted to the study of the y-ray cascade
resulting from the decay of the highly excited
states. Because of the high level density in this
region these y rays cannot be resolved and they
form a continuum.

The present view of the continuum decay' is
briefly outlined below. States of high angular
momentum (~ 20k) lying below about 1 neutron
binding energy above the yrast line are expected
to decay to states within a region of a few hun-
dred keV above the line, mainly by a few dipole
transitions, carrying away on the average little
angular momentum but considerable energy.
These transitions may have an energy distribu-

tion related to a statistical evaporation spectrum.
States in the yrast region are forced to decay
along this region mainly by stretched transitions
to states of lower spin and energy until the ground-
state band (gsb) is reached. Decay then proceeds
through the gsb. The time of -10 psec between
the initial formation of the compound nucleus and
entry to the gsb' implies that the states in the
intersection region must be heavily admixed and
that the transitions in the yrast region must be
mainly E1, M1, or E2 and must have little dis-
persion in energy. The theoretical work of
Stephens and Simon' suggests that the transitions
should be mainly E2. Little direct experimental
evidence has been presented to support this mod-
el although recently Tj(((m et al. ' and der Mateo-
sian, Kistner, and Sunyar reported measure-
ments which determine the average numbers of
continuum y rays for several cases without sep-


