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Compoung-Nucleus Decay via the Emission of Heavy Nuclei
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The production of He, Li, Be, Be, B, C, N, 0, and F has been studied in the reac-
tion 90-MeV He+ " 'Ag. Although the yields of the heavier elements are orders of mag-
nitude less than for He, the energy spectra, charge, and angular distributions indicate
that an equilibrium statistical process is responsible for the production of these heavy
nuclei in the backward hemisphere.

PACS numbers: 25.70.0h, 27.60.+ j

The typical compound-nucleus decay populates
two very distinct mass regions. Evaporation
produces nuclei with mgsses of four or less,
while fission produces nuclei close to one-half
the mass of the compound nucleus. The mass re-
gions populated are so different that the two de-
cay processes have been generally considered to
be also quite different, as indicated even by their
names. Such a dichotomy is stressed in the for-
malisms commonly used to calculate the decay
widths. Light-particle evaporation is treated by
applying the principle of detailed balance to con-
nect the compound nucleus with the residue nu-
cleus plus evaporated particle at infinite separa-
tion, whereas the transition-state formalism'
applied to the saddle point is used for fission de-
cay.

Recently, several authors have tried to recon-
cile these apparently different formalisms to
treat the different decay modes of the compound
nucleus. ' ' In particular, the model presented
in Ref. 3 describes, in a continuous way, the
transition from light-particle emission to fis-
sion. Such a treatment predicts that complex
nuclei intermediate in mass between n particles
and fission fragments ought to be emitted, albeit
with low probability, by the compound nucleus.
This theory al.so predicts changes in the shapes
of both the kinetic energy spectra and angular
distributions of the complex nuclei as their mass-
es increase from e particles toward fission
fragments. These predictions' are amenable to
experimental test; unfortunately, there is a. sur-
prising lack of experimental data from an equili-
brated compound system that can be compared
with the above unified treatments or with more
standard formalisms. "

Complex nuclei have been observed in high-
energy proton reactions. ' " However, their
origin cannot be easily or unequivocally traced

to a well-characterized compound nucleus be-
cause precompound processes dominate and mul-
tiple fragmentation of the target is possible.
Heavy-ion reactions at low bombarding ener-
gies" have been shown to produce equilibrated
compound nuclei (e.g. , ~A1} from which Li or
Be nuclei are emitted with low probability. At
bombarding energies above -8 MeV/nucleon, "
however, the products of interest are also pro-
duced by projectile breakup, thus complicating
the study of compound-nucleus decay.

In this Letter we present experimental evidence
for the statistical emission by compound nuclei of
complex nuclei as heavy as fluorine produced in
the reaction 90 MeV 'He+ ""Ag. The specific
choice of 'He as projectile was dictated by two
reasons. First, it is desirable to have a low-ve-
locity projectile to minimize preequilibrium loss-
es but massive enough to bring in sufficient ener-
gy. Second, the mass of the projectile should be
sufficiently smaller than those of the products of
interest to rule out the ambiguity of projectile
fragmentation or multinucleon transfer.

The 'He beam was produced by the Lawrence
Berkeley Laboratory 88-in. cyclotron. The
atomic number and the energy spectra of the in-
termediate-mass nuclei were measured in a set
of three standard gas-solid-state (300 p, m, d0
-1.2 msr) aE-E telescopes operated at a pres-
sure of 100 Torr. Alpha particles were detected
in a separate solid-state telescope (40 p, m, 5

mm, dQ = 0.35 msr). Angular distributions were
obtained from 20' to 170' in the laboratory. At
forward angles an intense low-energy peak was
observed in all light-ejectile spectra due to car-
bon buildup ( 2 p. g/cm') on the Ag target (2.03
mg/cm'}. Spectra obtained at each angle with a
carbon target were normalized and subtracted
from the spectra taken with the Ag target to cor-
rect for this contamination. This correction is
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large at forward and small at backward angles.
X-ray fluorescence studies of the target showed
no significant amounts of heavy-element impuri-
ties.

To determine the existence of an isotropicall. y
emitting source and its velocity, the laboratory
energy spectra were transformed into invariant
cross-section plots in velocity space which are
presented in Fig. 1. In this presentation the
velocity of the source is given by the vector that
is the center of arcs of constant invariant cross
section. The peak cross section for a heavy
nucleus, such as carbon, has a constant value
and occurs at the same c.m. velocity from 170'
to 40' (as indicated by the position of the X's
relative to the circular arc). At the most for-
ward angle the peak cross section occurs at a
slightly increased velocity. Similarly, the high-
er velocity region (the region near the arc with
the larger radius) shows no significant change in
the backward hemisphere, but does stretch out
at forward angles. For a light nucleus such as

a) Li

b) Be

Li, the peak of the cross sections occurs at a
constant c.m. velocity for a smaller backward-
angle region (170' to 120'). Forward of 120' the

peak increases both in cross section and in ve-
locity. The slope of the high-energy tail does
not change significantly for the most backward
three angles, but the intensity of the tail increas-
es as the scattering angle decreases. The 'Be
and B nuclei show a behavior intermediate be-
tween that of Li and C. In general, the heavier
products show patterns more consistent with the
emission from a single source.

Two conclusions can be drawn from these in-
variant cross-section plots. First, for all. ele-
ments there is an angular region in the backward
hemisphere where only a single component is ob-
served, which can be characterized by c.m. emis-
sion. This angular region increases and extends
to more forward angles as the ejectile mass in-
creases. Second, there is a component of non-
e.m. emissions that results in harder energy (or
velocity) spectra at forward angles.

The energy spectra of the equilibrium compo-
nent in the c.m. system are shown in Fig. 2. The
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FIG. 1. Invariant cross-section plots (~ p d g/
dgdp') for representative ejectiles (I i, Be, B, and C).
The diameter of the dots is proportional to the logarithm
of the cross section and the x 's indicate the peak of

velocity distribution. The two large arcs are sections
of circles centered on the c.m. velocity (center arrow)
appropriate for complete fusion. 'The beam direction
(0 ) is indicated by the c.m. velocity vector.
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FIG. 2. Energy spectra in the c.m. system for various
ejectiles detected at 0 = 171'. Before correction for
carbon contamination the lower level threshold varied
from 4 to 12 MeV in the c.m. for I i to 0 ejectiles,
res pectivel. y.
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FlG. 3. Experimental {circles) and theoretical yields
vs ejectile atomic number {g).

mean energies of the spectra are Coulomb-like
and increase as the charge of the emitted nucleus
increases. The most interesting feature in the
energy spectra of the equilibrium component is
the evolution from a Maovel. lian shape for n par-
ticles (not shown) or Li ions through a more sym-
metric shape for B or C to a symmetric shape
for the heaviest nucl. ei, as predicted in Ref. 3.
This feature is observed for a range of 'He en-
ergy extending from 70 to 130 MeV. In previous
high-energy proton studies, ""an exponential.
tail was observed for all products. This tail,
produced by sources other than equilibrium emis-
sion from the center-of-mass system, masks
the shape of the equil. ibrium component. At for-
ward angles, our data also show the presence of
a nonequilibrium exponential tail.

The experimental yields of the equilibrium
component are shown in Fig. 3. To minimize
contributions from sources other than the com-
pound nucleus, we have plotted the yields onl. y
for the most backward angle (171 ). These yields
drop precipitously in going from Z = 2 to Z = 3,
after which they decrease more slowly. The one
exception is the enhanced Z = 6 yieM.

~ expf-Bz/Tz]. (2)

To calculate the theoretical. yields, the following
expression for the barrier was used:

Bz = U, + Uz+ Z, Zzez/d+ Up, o„-U
where U, is the experimental mass of the light
nucleus, U, and U, „are the droplet-model mass-
es of the residual. and compound nucleus, re-
spectively, and Up„, is the proximity potential.
The center-to-center distance d in the Coulomb
term was taken to be d = 1.225(A, '~'+ &,'~') + 2

fm. The addition of 2 fm was done to obtain
rough agreement with the energy spectra. The
temperature (Tz ) was evaluated using E Bz-
= aT~'. A compound-nucleus excitation energy
(E) of 102 MeV (the value for full. momentum
transfer) and a level density parameter (a) of
A/8 were assumed. The calculated yields [Eq.
(1)] for each isotope were multiplied by 21 + 1
(where I is the ground-state spin of the light
partner) and then summed. The theoretical
yields were calculated as a ratio I'z /I", and
have been normalized to the data at Z= 6 in Fig.
3.

The agreement between the data (circles) and
this simple equilibrium statistical calculation
(solid line) is exceptionally good for Z = 3-9.
The calculation underpredicts the e-particle
yield because it only takes into account first-
chance emission, whereas substantial amounts
of highe r-chance n emission occur. P recom-
pound emission is expected to leave the com-
pound nucl. eus with a broad excitation energy
distribution with a most probable value" of - 82
MeV. A calculation (dashed line) with this lower
excitation energy also reproduces the rel. ative
yields of the heavy products quite well but over-
predicts the yield of first-chance a. emission.
More detailed comparisons between the data
and theory require calculations that include pre-
compound emission; however, the substantial

Regardless of whether the transition-state ap-
proach or an evaporation formal. ism is employed
the yield from an equilibrium statistical emis-
sion process should be roughly proportional to a
factor exp[-Bz/Tz ], where Bz is the emission
barrier for nucleus Z and T~ is the tempera-
ture at the barrier. More quantitatively, the de-
cay width is given by4

I'z ~ Tz[E/(E-Bz)]'exp(2[g(E B )]&~z
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hemisphere.
In summary, we have observed the emission

of large nuclei (He to F) from the reaction 90-
MeV 'He+ ""Ag. At backward angles the ener-
gies are Coulomb-like. A single source with the
c.m. velocity is observed in the invariant cross-
section plots. As the charge of the emitted nu-

cleus increases, the yield decreases nearly ex-
ponentially, the angular distributions from 90' to
180' evolve from flat to backward peaked, and

the energy spectra evolve from Maxwellian to
Gaussian. These data demonstrate that the com-
plex nuclei observed at backward angl. es are from
an equilibrated compound nucleus.
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FIG. 4. Angular distributions in the c.m. system for
various ejectiles. The curves through the data points
are to guide the eye. Statistical error bars are only
shown when they exceed the size of the data points.

agreement covering five orders of magnitude de-
picted in Fig. 3 does indicate that an equilibrated
process is responsible for the emission of these
complex nuclei.

The angular distributions in the c.m. system
are shown in Fig. 4. From -100' to 180' the an-

gular distributions change from flat to backward
peaked as the product mass increases. Such an
increase in anisotropy with increasing particle
mass is wel. l understood from angul. ar momentum
considerations and discussed in some detail in
Ref. 3. These angular distributions, which for
the heaviest elements have a minimum at - 90',
are consistent with an equilibrium process for
the complex nuclei observed in the backward
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