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out for lower momentum, p, ™150 MeV/c, in Ref.
10 is not affected by this mechanism. ln Ref. 7
another example is discussed where the domi-
nant pion-nucleon rescattering amplitude is slight-
ly modified by the double-pion-photoproduction
amplitude.
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Evidence for "Massive Transfer" in Heavy-Ion Reactions on Rare-Earth Targets
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Particle-y coincidence experiments have been performed to study heavy-ion-induced
reactions at 6—9 MeV/nucleon which lead to fast n particles. Experimental evidence is
presented that the ~ particles are emitted in a new class of reaction called "massive
transfer" which involves fusion of the remam~ng projectile mass. Such reactions are
shown to occur with large cross section. High-spin states in the residual nuclei are
populated, but side-feeding y-ray intensities are distinctly different from those observed
in (HI, xn y) reactions [HI is heavy ion] .

Heavy-ion reactions are classically divided in-
to distinct categories based on impact parameter.
Direct reactions occur in grazing collisions and
result in few-nucleon transfer. Smaller impact
parameter s produce deep-inelastic collisions

the probability of occurrence increasing rapid-
ly with higher projectile mass and energy. Such
collisions are characterized by dissipation of a
large amount of kinetic energy into internal exci-
tations and usually include mass flow between
target and projectile. The interaction times are
not long enough for equilibration to occur, how-
ever, and before a compound nucleus can be
formed, disruption of the system comes about.
For even smaller impact parameters complete
fusion does occur, followed by formation of a
compound nucleus.

It has long been known that in reactions induced
with heavy ions lighter than Ar an abundance of
light fragments (A ~4) are produced with energies
much higher than those expected from evapora-

tion. ' ' The angular distributions of these light
particles are strongly peaked in the forward di-
rection, suggesting that they originate in a di-
rect interaction. " In this Letter, we present
experimental evidence that these fast light par-
ticles are emitted in reactions which lead to fu-
sion of the remaining projectile mass and that
these reactions occur with rather large cross
section. These "ma, ssive transfer" reactions
form a, new class of reactions which form a bridge
between the complete fusion process and deep-
inelastic and direct processes.

To study this reaction we performed a series
of coincidence studies between y rays and "di-
rect" & particles. Several combinations of inci-
dent heavy ions and targets, as summarized in
Table I, were studied to provide a. sufficient
amount of data from which to draw conclusions.
The y-ray spectra are used to identify the specif-
ic residual nucleus produced in the massive trans-
fer reaction.
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FIG. l. y-ray spectrum in coincidence with 35-41-
MeV Q particles observed in the bombardment of 9Tb
with 75-MeV ' 8 ions. Labeled peaks are in '6 Er.
Asterisks mark '6'Er y rays. The particle spectra in
the inset are in coincidence with (a) any y ray, (b) ' Er
y rays. The Q. -particle gate optimizing observation of

Er transitions is also indicated. The particle ener-
gies in the inset have not been corrected for the effects
of a 48-mg/cm~ Al absorber.

Beams employed were "B, "C, "N, "F, and
"Ne with energies in the range 6-9 MeV/nucleon.
Self-supporting rare-earth metallic targets were
used ranging in thickness from 0.5-3 mg/cm'.
n particles were detected in two Si surface-bar-
rier detectors, each 1 mm&&3 cm' and positioned
9 cm from the tar get at + 19 to the beam direc-
tion. The total solid angle subtended was approxi-
mately 74 msr. The maximum energy loss by
protons in each detector was 12 MeV. Scattered
beam was removed by an Al absorber placed in
front of each detector. Coincidences were de-
manded between either Si detector and the y rays
observed with a 50-cm' Ge(Li) detector placed at
90 to the beam direction and 5 cm from the tar-
get.

A typical y-ray spectrum observed in coinci-
dence with n particles is shown in Fig. 1. The
data were obtained in the bombardment of "'Tb
with a, 75-MeV ' B beam. The range of a-parti-
cle energies gated (35-41 MeV) was chosen to
optimize the production of ' Er. This range was
determined by projecting the o. particles in coin-
cidence with the discrete lines in '"Er. This
spectrum, as well as the spectrum in coincidence
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with any y ray, is shown in the inset in Fig. 1.
The structure below 12 MeV in the total spec-
trum arises mainly from detection of protons.
The fact that spectrum (b) in the inset shows no

peak corresponding to protons indicates that the
nucleons are emitted as only an & particle and
not also as 2P2&.

The cross sections for these reactions have not
been measured absolutely. However, an estimate
can be made from analyzing the singles y-ray
spectrum, since the same Ge(Li) detector records
both the (Hi, xn) and (Hl, o.'xn) products. For
example, in the bombardment of '"Tb with 75-
MeV "B, the cross section for the production of
the ' ' Yb products is collectively taken to be
1 b. With this assumption the yields of "' "'Er
indicate a combined cross section of about 300 mb
for the massive transfer reactions which produce
fast & particles. For the remaining systems we
have studied, a similar analysis gives cross sec-
tion estimates in the 100-300-mb range. These
numbers are qualitatively in agreement with the
values given by Britt and Quinton, ' who reported
the cross sections for the production of direct &

particles to be in the 150-850-mb range for the
bombardment of Au and Bi targets with 7-10-
MeV/nucleon "C, "N, and "0projectiles. This
seems to suggest that a large fraction of the ob-
served fast o. particles originate in massive
transfer reactions.

The observed yrast transitions in the residual
nuclei and their relative intensities are summar-
ized in Table I. In some systems states as high
as 20+ are observed. A surprising feature of
these data is the constancy of the intensity for
y rays originating from states as high as the 10
yrast state. This constancy has already been
noted in a single case, ' namely, for the "'Yb y
rays in coincidence with fast & particles observed
in bombardment of '"Tb w'ith 95-MeV "N ions.

In ordinary (Hl, xny) reactions the intensity de-
creases as the spin increases, an indication of
side feeding. The side-feeding intensities for the
systems studied are shown in Fig. 2 and are ob-
tained from the differences between the observed
intensities of successive transitions in the yrast
band. To exclude experimental uncertainties
smoothed curves are used in this procedure. The
constancy of observed transition intensity is em-
phasized by the absence of side feeding to the low-
er spins. In some cases the side-feeding function
is a high, narrow peak, as in the case of "'Er
transitions observed in the '"Tb+ 75-MeV "B
system. This means that side feeding occurs
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FIG. 2. Side-feeding intensities in yrast bands of
residual nuclei formed in massive transfer reactions.
The circled numbers refer to the number of the reac-
tion in Table I. The intensities are normalized in the
same way as Table I. The dashed curve is the side
feeding observed in the reaction '5~Tb('OB, Gn y)' Yb
at 70 MeV.

principally to one or two yrast levels and, con-
sequently, the higher-spin yrast states are not
easily seen. It should be noted that the side feed-
ing in the residual nucleus "'Yb produced in three
different reactions is essentially the same, in-
dicating the dominance of nuclear structure.

The side feeding occurring in ordinary (Hi, xny)
is also contrasted with that observed in the (HI,
nxny) massived transfer reaction in Fig. 2. The
dahsed line corresponds to the side feeding for
the reaction '"Tb("B,5ny)"'Yb at 70 MeV. This
is compared with the data obtained in the mas-
sive transfer of "Bwhich occurs in the system
'"Tb+115-MeV "N. The "Bwhich fuses in the
latter case also carries an energy of about 70
MeV in the lab, since the separation energy of an
n particle from "N is 11.6 MeV and the most
favorable + energy for producing '"Yb is 33 MeV.
The shapes of the side-feeding functions are very
different, with the ordinary (Hi, xn) results show-
ing considerable side feeding to the low-spin
states. This suggests that while a ' B fuses in
both cases, the most nearly head-on collisions
are not contributing to the massive transfer proc-
ess. If the massive transfer reactions localize
the angular momentum distribution at high l val-
ues, thus acting as a filter for impact param-
eters, they might serve as a highly selective
probe of nuclei at high angular momentum.

A model for a massive transfer reaction recent-
ly proposed by Kishimoto and Kubo seems con-
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sistent with the experimental data. ' In this model
the o. particle is emitted in a direct process with-
out ever being absorbed by the target nucleus.
The reaction occurs only over a small range of
impact parameters. The remainder of the inci-
dent heavy ion fuses with the target. Smaller im-
pact parameter s would lead to complete fusion,
while larger ones would result in the transfer of
only a few nucleons. Thus the angular momentum
distribution of the residual nuclei is very local-
ized at high l values. Since low angular momen-
tum transfers do not contribute, the lack of side
feeding to the lower-spin states is naturally ex-
plained.

We stimate the angular momentum L resulting
from the capture of a massive fragment by the
classical expression

L = (R/5 )[2p.(E,~ -Es —EI, —V]'

where p is the reduced mass of the transferred
fragment, E,.~ is the projectile energy in the
center-of-mass system, E & is the energy required
to separate the a particle or other light fragment
from the projectile, E is its kinetic energy, V

is the potential barrier, and R, the strong ab-
sorption radius, is taken to be' 1.07(A, ' '+A. ,' ')
+3 fm. The most probable value of && is deter-
mined experimentally. The corresponding value
of L, is called I,. The values calculated in this
way are given in Table I and differ considerably
in some cases from the highest observed spin.

The differences cannot be attributed to the angu-
lar momentum carried away by the evaporated
neutrons and statistica, l y rays. The latter are
usually assumed to be dipole and to produce on
the average little net change in the angula, r mo-
mentum, while evaporation calculations per-
formed by us using the code GROGI2 indicate that
the net loss in angular momentum is about one
unit per evaporated neutron. This implies that
a series of unresolved stretched quadrupole tran-
sitions may be required to account for most of the
angula, r momentum imbalance. In the usual pic-
ture, these would occur in a series of rotational
bands which run parallel to the yrast line. It
should be noted, however, that the observed y-
ray intensities remain constant to approximately
the same spin value (-85) in the various sys-
tems independent of projectile or its energy. In
addition, the yrast band in '"Yb, which was ob-
served in massive transfer reactions with '4N,
"F, and "Ne ions on various targets, is ob-
served to lowest spin in the "Ne reaction, even
though I-, is highest for that reaction. More sur-

prising are the data obtained by increasing the
"Ne energy to 151 MeV. The highest spin ob-
served in the residual nucleus is actually lower
(121) despite the apparently large increase in in-
put angular momentum. These observations
seem to suggest that the extra angula. r momentum
is being dissipated prior to or just after the sta-
tistical cascade, that the succeeding cascade
paths remain essentially the same, and that the
entry into the yrast band therefore occurs at
about the same place.

As noted earlier, massive transfer reactions
involving o. -particle emission occur only for pro-
jectiles lighter than Ar. This implies that pro-
jectile structure plays an important role in the
reaction. Although they are not n-particle nu-
clei, "B, "N, and "F must have a large n-parti-
cle component in their structure.

To summarize, we provide experimental evi-
dence in support of a new type of reaction called
massive transfer. The cross sections for such
reactions leading to fast e particles are found to
be very large. The side-feeding intensities in
the residual nuclei are different from those ob-
served in ordinary (Hl, xny) reactions, suggest-
ing that the smallest impact parameters do not
contribute to massive transfer.

The authors would like to thank T. Kishimoto,
K.-I. Kubo, K. Nagatani, and M. Ishiha, ra, for
many useful discussions and suggestions regard-
ing this work. This work was supported in part
by the Robert A. Welch Foundation and the U. S.
Department of Energy under Contract No. EY-76-
S-05-4322.

H. C, Britt and A. R. Quinton, Phys. Rev. 124, 877
(1961).

J. Galin, B. Gatty, D. Guerreau, C. Rousset, U. C.
Schlotthauer-Voos, and X. Tarrago, Phys. Rev. C 9,
1126 (1974).

T. Inamura, M. Ishihara, T. I"ukuda, and T. Shimo-
da, Phys. Lett. 68B, 51 (1977).

K.-I. Kubo and T. Kishimoto, Bull. Phys. Soc. 23,
16 (1978); T. Kishimoto, K.-I. Kubo, and K. G. Nair,
Texas A 5 M Cyclotron Institute Annual Report (1977),
p. 58; T. Kishimoto, K.-I, Kubo, and K. G. Nair, in
I'roceedings of the International Conference on ¹clear
St~ctuxe, Tokyo, Japan, 2977, edited by the Organ-
izing Committee (International Academic Printing Co.
Ltd. , Tokyo, 1977), and to be published.

J. R. Huizenga, J. R. Birkelund, and %. Johnson,
in Proceedings of the Symposium on Macroscopic Fea-
tures of Heavy-Ion Collisions, Argonne, Illinois, 1976,
edited by D. G. Kovar, ANL Report No. ANL-PHY-
76-2 (unpublished), p. 1.

95


