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Observation of a Constant Average Angular Momentum for Fusion at Sub-Barrier Energies
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The cross sections for the fusion reaction ' sTe(' C, 3n) "7Ce were measured from E, =34.5 to 50
MeV by observing the decay of the ground (J"=—', +, t&p=9.0 h) and isomeric ( —", , 34.4 h) states in

Ce. The isomer ratio decreases rapidly from a value of =34 at 47 MeV to an essentially constant
value of =1.5 below 38 MeV. This confirms the prediction of an approximately constant value for the
average angular momentum for fusion of heavy ions at energies well below the fusion barrier.

PACS numbers: 25.70.Jj

where p is the reduced mass, Rb is the radius corre-
sponding to the top of the barrier, and e is related to the
curvature of the barrier and is given by

II' ' 1/2
O'V(Rb)

2tt p Qr
(2)

(Only in the limit of an infinitely thick barrier, for which

0, would the cross section for heavy-ion fusion
proceed solely by s-wave capture. ) Nolan et al. have
also noted that o.i is predicted to be independent of E at
energies below the barrier. The derivation of Eq. (1) is
based on the Hill-Wheeler inverted-parabola approxima-
tion for the Coulomb-plus-nuclear potential. It neglects
the change in the shape of the barrier caused by the cen-
trifugal potential and the 1/r dependence of the Coulomb

Measurements of fusion cross sections at energies near
and below the fusion barrier have shown how the cou-
pling of the entrance channel to structural and dynami-
cal degrees of freedom (deformation, vibration, and nu-
cleon transfer, for example) enhances the fusion cross
section. ' The deduction of the moments of the distri-
bution of angular momenta leading to fusion through the
measurement of y-ray multiplicity or fission angular
correlations has provided important additional informa-
tion on the fusion process.

Dasso and Landowne have pointed out an interesting
consequence of the quantum-mechanical nature of bar-
rier penetration for the distribution of partial-wave cross
sections crt. While the distribution shifts rapidly to lower
values of l as the bombarding energy is decreased
through the barrier region, the shape of the distribution
is predicted to become constant at and below some bom-
barding energy E, =Vp —F. Here, Vp is the fusion bar-
rier and F is a measure of the strength of the coupling to
other channels. While E, thus depends on the barrier
height and the coupling, the limiting shape of the distri-
bution does not. In particular, the average angular
momentum l is given by

potential at large values of r. Numerical calculations
that treat the barrier penetration problem for the com-
bined nuclear, Coulomb, and centrifugal potentials
without these approximations indicate that l is given ap-
proximately by Eq. (1) but that l decreases slowly with

energy below E, . However, a marked decrease in the
slope of l near E, is a general feature of all predictions,
and is associated with the onset of an exponential behav-
ior of the penetrability at lower bombarding energies.
Given the general nature of this prediction, it is impor-
tant to test it by experiment.

We report in this Letter the first observation of this
behavior of the average angular momentum at energies
well below the barrier. We also find that the predicted
value of l is consistent with experiment for the sub-
barrier fusion of ' C with ' Te.

We have selected an experimental technique that is
different than those mentioned above and used recently
in the study of angular momentum in sub-barrier fusion
reactions. Its features are ideally suited to this particu-
lar problem. By measuring the ratio R of the cross sec-
tion for population of a high-spin isomeric state to that
of a low-spin ground state, we obtain a measure of the
distribution of angular momentum in the entrance chan-
nel' "while, at the same time, through the observation
of delayed x rays, we are able to measure the small cross
sections at which the effect is predicted to occur. The
ground and isomeric states in Ce (see Fig. 1) were pop-
ulated by the reaction ' Te(' C, 3n) with use of the
beam from the LBL 88-In. cyclotron. Targets were
made by the evaporation of metallic tellurium (150-200
pg/cm, 98.7% ' Te) onto catcher foils of carbon and
gold, and were then arranged in a stack to permit data
collection at several energies in a single irradiation. Ad-
ditional foils could be inserted after a catcher foil to fur-
ther reduce the beam energy for the next target.

After a bombardment of typically 8 h at intensities of
~ 250 nA (electric), the x and y radiation from the
target-catcher foils were counted off-line for several
days. Several = 110-cm high-purity germanium detec-
tors were used to collect 2048 or 4096 channel spectra in

1989 The American Physical Society 399



VOLUME 62, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1989

47.0 MeV
R = 34.1

~ 104=

0

q4 4 h11/2 254

99.2 %

.3%
11
0

103

102
—40

—20

37.5 MeV
R= 1.5

1000 2000 3000
Time (min)

FIG. 1. The time dependence of the summed Ce and La K x
rays obtained at E, =37.5 and 47 MeV. The curves are fits
with the data and result in the indicated values for the isomer
ratio.

1-h time bins. Data were accumulated and recorded for
subsequent analysis on an IBM PC/AT computer. Post
irradiation measurements of the tellurium targets using
proton-induced x-ray emission gave precise values for the
thicknesses and also verified that there was no loss of tar-
get material during the bombardment. Checks that all
the activity entered and was retained in the catcher-
degrader foils were also made. The average energy loss
and straggling for projectiles passing through the stack
was measured by detecting beam particles with a silicon
detector at 0, with and without the stack. The mea-
sured energy loss agreed well with that calculated from
tabulated stopping powers and the measured foil thick-
nesses. The absolute fusion cross sections and isomer ra-
tios were determined by fitting the time dependence of
the x-ray radioactivity following the bombardment. '

The characteristic decay curves for a small and a large
isomer ratio are shown in Fig. l.

The cross sections for producing ' Ce and the associ-
ated isomer ratios are shown in Fig. 2. These cross sec-
tions do not agree with those reported twenty years ago
by Kiefer and Street. " While the isomer ratios agree
fairly well at the lowest energies studied by these au-
thors, our values become systematically larger with in-
creasing bombarding energy. These discrepancies may
have their origins in Kiefer's and Street's use of NaI
detectors (with their relatively poor energy resolution)
and in imprecisely known beam energies.

Note that R decreases rapidly and is then approxi-
mately constant for energies below 38 MeV. The ap-
proximate constancy of R indicates that the cross sec-
tions for fusion proceeding through partial waves (i)
above, and (ii) below some critical value also have a con-
stant, energy independent ratio. With the assumption
that the individual partial-wave cross sections vary
smoothly with energy, this result implies a constant aver-
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FIG. 2. (a) The experimental cross sections for the reaction
'28Te(' C,3n)" Ce. The vertical error bars include statistical
and systematic errors. The horizontal bars represent the
diAerence in the beam energy at the entrance and exit of the
target combined with an estimate of the variation in beam en-
ergy due to straggling. The full curve is a calculation of the to-
tal fusion cross section as described in the text. The dashed
curve shows the prediction for the 3n cross section, obtained
with use of the predicted xn distributions. (b) The experimen-
tal isomer ratio. The vertical error bars are standard devia-
tions. The full curve is a prediction based on the angular
momentum distribution predicted by cCFUS and a statistical-
decay calculation made with the code pACE. The predicted
average angular momentum is indicated for selected bombard-
ing energies.

age angular momentum for fusion. This conclusion is
based on our general knowledge of the role of angular
momentum in the neutron and y-ray decay of compound
nuclei, and not on the details of a particular statistical-
model calculation.

It is possible to be more quantitative by making a de-
tailed examination of the relationship of the isomer ratio
to the angular momentum distribution in the ' Ce com-
pound nucleus and the subsequent changes caused by the
evaporation of three neutrons and the y rays preceding
the population of the ground state or isomer. The
partial-wave cross sections were calculated with the
simplified coupled-channels computer code CCFUS of
Dasso and Landowne, ' which employs the parabolic-
barrier approximation. Known electromagnetic coupling
matrix elements in the projectile and target nuclei were
included, and the parameters describing the nuclear-
plus-Coulomb potential (Vb =39.8 MeV, Rt, =10.57 fm,
@=0.7 MeV) were obtained by scaling the values deter-
mined experimentally for ' 0+Sm. ' The statistical de-
cay of the compound nucleus was calculated with use of
the computer code PACE, which included El and E2
y-ray decay in competition with neutron emission. The
input parameters used in this calculation were taken
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from Ref. 16 and are those that reproduce the measured
xn distributions for the fusion of ' 0 with the isotopes of
Sm. ' ' Known states in ' Ce below 2 MeV having
spins of —,', —', , and —', , as well as the band built on the
isomeric level were included in the calculation. ' Since
states having spins of —', and —', must also be present
below 2 MeV, they were inserted in the level scheme at
random energies according to an estimated density.
Above 2 MeV, the rigid-body moments of inertia calcu-
lated by Sierk, ' and the level-density formula of Gilbert
and Cameron were used. The results of these calcula-
tions indicate that the 3n channel exhausts ~ 80% of the
fusion cross section between E, =36 and 43 MeV,
which covers most of the region of interest.

The predicted total fusion cross sections and those for
the 3n channel alone are shown in Fig. 2. These predic-
tions agree well with the experimental data from the bar-
rier energy down to about 35 MeV. (Comparison with
numerical calculations suggests that the steeper slope of
the experimental data at the very lowest energies repre-
sents the breakdown of the parabolic approximation for
the barrier. ) However, this calculation does overesti-
mate the 3n experimental cross section for ' C+ ' Te in
the above-barrier region. To check this we have also
made a similar calculation for the ' 0+Su total fusion
cross sections, which have been measured by Jacobs et
al. ,

' and also find an overestimate. This leads us to con-
clude that the theoretical value for the total cross section
is high rather than the statistical-model calculation of
the 3n-to-total ratio being too low.

The isomer ratios predicted by the same calculation
are compared to the experimental results also in Fig. 2.
The values of l in the entrance channel are indicated.
The agreement is very good and shows that the predic-
tion of an approximately constant angular momentum
distribution at low energies is quantitatively consistent
with the experimental data. The eA'ects of angular
momentum fractionation, i.e., the diff'erent xn channels
being populated by diA'erent distributions, are automati-
cally taken into account by the statistical-model calcula-
tion, and can be shown to be relatively small in the re-
gion from 36 to 43 MeV. We have also studied the sen-
sitivity of the predicted isomer ratio to changes in the pa-
rameters defining the statistical model. The reduction of
the moment of inertia by a factor of 0.7 reduces the pre-
dicted isomer ratio by a factor of 0.8 in the plateau re-
gion. Smaller moments of inertia would be inconsistent
with the value determined by the known states in ' Ce
with spins from '2' to '2' . ' Changes over reasonable
ranges for y transition strengths and the level-density pa-
rameter produce changes in R of typically 10% or less.

The sensitivity of the isomer ratio to the angular
momentum in the entrance channel is illustrated in Fig.
3. The results of three types of predictions are shown
here, along with the experimental isomer ratios. The
horizontal bars give the isomer ratio produced by decay
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FIG. 3. The sensitivity of the calculated isomer ratio to the
angular momentum in the compound nucleus. The isomer ra-
tio is given by a unique angular momentum (horizontal bar), a
sharp-cutoff distribution as described in the text (dashed
curve), and the same calculation shown in Fig. 2(b) (solid
curve).

of a compound nucleus having the unique indicated an-
gular momentum. The dashed line is the isomer ratio re-
sulting from a triangular, sharp-cutoA'distribution with a
total fusion cross section given by the prediction shown
in Fig. 2(a). The solid curve is the same calculation
shown in Fig. 2(b).

In conclusion, the measurement of the isomer ratio
can be a sensitive technique for probing the average an-
gular momentum in the entrance channel that leads to
fusion. The nearly constant value for R at low energies
confirms the prediction of an approximately constant
value of l at energies sufficiently far below the fusion
barrier. By using a statistical model to relate the angu-
lar momentum distribution in the entrance channel to
the isomer ratio (and to calculate the relative yields of
the 2n, 3n, and 4n channels) we find that the energy
dependence below the barrier for both o(E) and R is
well reproduced by a barrier penetration calculation.
Thus, in this energy region, the cross sections and aver-
age angular mornenta are self-consistent.
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