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Observation of a Constant Average
Angular Momentum for Fusion at

Subbarrier Energies

R.G. Stokstad, D.E. DiGregoriot, K.T. Lesko, B.A. Harmon,
- E.B. Norman, J. Pouliot, and Y.D. Chan

Nuclear Science Division, Lawrence Berkeley Laboratory,

1 Cyclotron Road, Berkeley, CA 94720

ABSTRACT

The cross sections for the fusion reaction 128Te(120,3n)137Ce were

measured from ECm = 34.5 to 50 MeV by observing the decay of the

ground (J™ = 3/2%, t
137

12 = 9.0 h) and isomeric (11/27, 34.4 h) states in
Ce. The isomer ratio decreases rapidly from a value of ~ 34 at 47
MeV to an eésentially constant -value of ~ 1.5 below 38 MeV. This
confirms the predictidn of an'approximétely‘-constant value for the

average angular momentum for fusion of heavy ions at energies well

below the fusion barrier.

PACS numbers: 25.70.-2;25.70.Jj
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Measurements of fusion cross sections at energies near and below the fusion bar-
rier have shown how the coupiing of the entrance channel to structural and dynami-
cal degrees of freeaom (deformation, vibration, and nucleon transfer, for example)
enhances the fusion cross section [1,2]. The deduction of the moments of the distribu-
tion of angular momenta'leadihg to fusion through the measurement of ~-ray multi-
plicity or fission angular correlations has provided important additional information

on the fusion process. [3-6]

Dasso and Landowne [7] have pointed out an interesting consequence of the
quantum me_chanical nature of barrier penetration for the distribution of partial cross
sections o, . While the distribution shifts rapidly to lower Yalues of vlvas the bombard-
ing energy is decreased through the barrier region, the shape of the distribution is
predicted to become constaht at and below some bombarding energy E; = V-F.
Here, V, is ;ohe fusion barrier 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 distribution does not. In particular, the average angular momen-

tum, I , is given by , . o
T=(4/3) VR e/t (1)

where p-is the reduced mass; R, is the radius corresponding to the top of the barrier, |
and € is related to the curvature of the barrier. (Only in the limit of an infinitely
thick barrier, for which ¢ — 0, woﬁld-the cross section for heavy ion-fusion proceed
solely by s-wave capture.) Nolan et al., [8] havg also noted that o, 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 approximation for the Coulomb-plus-nuclear
potential. It neglects the change in the shape of the barrier caused by thé centrifugal
potential and the l/r‘ dependence of the Coulbmb potential at large values of." r.
Numérical calculations that treat the barrier penetration problem for the combined

nuclear, Coulomb and centrifugal potentials without these approximations indicate
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that T is given approximately by Eq. 1 but that T deéreases slowly with energy belovsé
E,. However, a marked decrease in the slope of T near E, is a general feature of all
predictions; and is associated with the onset of an exponential behavior of the pene-
trability at lower bombarding energies [9). Given the general nature of this predic-

tion, it is important 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 T is consistent with experiment for the subbarrier fusion of 12¢ with 1287,

We have selected an experimental technique that is different than those men-
tiohed above and used recently in the study of angular momentum in subbarrier
fusion reactions. Its features are ideally suited to this particular problem. By measur-
ing the ratio, R, of the cross section 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 channel [10,11] 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 1370e (see
Fig. 1) were populated by the reaction 128Te(lzC, 3n) using the beam from the LBL
88-Inch Cyclotron. Targets were made by evaporating metallic tellurium (150-200
,ug/cm2, 98.7 % 128Te) 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. Addi-
tional foils could be inserted after a catcher foil to further reduce the beam energy for

the next target.

After a bombardment of typically eight hours at intensities of < 250 ena, the x
and 7 radiation from the target/catcher foils was counted off-line for several days.
Several =~ 110 c¢m® high purity germanium detectors were used to collect 2048 or
4096 channel spectra in one-hour time bins. Data were accumulated and recorded for

subsequent analysis on an IBM PC/AT computer. Post irradiation measurements of
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the tellurium targets using proton-induced x-ray emission gave precise values for the
thicknesses and also verified that there was no loss of target material during the bom-
bardment. Checks that all the activity entered and was retained in ..~the
catcher/degrader foils wefe 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 measured energy loss
agreed well with that Qalculated from tabulated stopping powers and the measured
foil thicknesses. The absolute fusion cross sections and isomer ratios were determined
-by fitting the time dependence of the x-ray radioactivity following the bombardment
[12]. The characteristic decay curves for a small and a large isomer ratio are shown in
Fig. 1.

The cross sections for producing 137Ce and the associated isomer ratios are
shown in Fig. 2. Note that R decreases rapidly and is then approximately constant
for energies below 38 MeV. The approximate constancy of R indicates that the cross
sections for fusion proceeding through partial waves a) above, and b) below some crit-
ical value also have a constant, energy independent ratio. Assuming that the indivi-
dual partial cross sections vary smoothly with with energy, this result implies a con-
stant average ﬁngular, momentum for fusion. This conclusion is based on our general
knowledge of the role of angular momentum in the neutron and ~-ray decay of com-

pound nuclei, and not on the details of a particular statistical model calculation.

It is possible to be more quantitative by making a detailed examination of the
relationship of the isomer ratio to the angular momentum distribution in the 140
compound nucleus and the subsequent changes caused by the evaporation of three
neutrons 2lmd the « rays preceding the population of the ground state or isomer. The
partial cross sections were calculated with the simplified coupied channels computer

code CCFUS of Dasso and Landowne [13], which employs the parabolic barrier

approximation. Known electromagnetic coupling matrix elements in the projectile and
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target nuclei were included, and the parameters describing the nuclear-plus-Coulomb
potential were scaled from those determined for %0 + Sm [14]. The statistical decay
of the compound nucleus was calculated using the computer code PACE [15], which
included E1 and E2 ~-ray decay in competition with neutron emission. The input
parameters used in this calculation were taken from [16] and are those that-reproduce
the measured x-n distributions for the fusion of 0 with the isotopes of Sm [16,17].
Known states in 137Ce below 2 MeV having spins of 1/2, 3/2, and 5/2, as well as the
band built on the isomeric level were included in the calculation [18]. Since states
having spins of 7/2 and 9/2 must also be present below 2 MeV, they were inserted in
the level scheme at random energies according to an estimated density. The results of
these calculations indicate that the 3n channel exhausts > 80% of the fusion cross

section between Ecxﬁ = 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 predictions agree well with the experimental data from the
barrier energy down to about 35 MeV. (Comparison with numerical calculations sug-
gests that the steeper slope of the experimental data at the very lowest energies
represents the breakdown of the parabolic apprdximation for the the barrier.) How-
ever, this calculation does overestimate the 3n experimental cross section for 2¢ +
1287¢ in the above-barrier region. To check this we have also made a similar célcula—
tion for the %0 + Sn total fusion cross sections, which have been measured by
Jacobs et al. [19], and also find an overestimate. This leads us to conclude that it is

the theoretical value for the total cross section that is high rather than the statistical

model calculation of the 3n-to-total ratio being too low.

The isomer ratios predicted byvthe same calculation are compared to the experi-
mental results also in Fig. 2. The values of { in the entrance channel are indicated.
The agreement is very good and shows that the prediction of a constant angular

momentum distribution at low energies is quantitatively consistent with the
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experimental data. The effects of angular momentum fractionation, i.e., the different
x-n channels being populated by different Fdistributions, are automatically taken into
account by the statistical model calculation, and can be shown to be relatively small

in the region from 36 to 43 MeV.

The extent to which the data require that the average angular momentum be a
constant is illustrated in Fig. 3. The I‘esvults of two types of prediction are shown
here, along with the experimental isomer ratios. The horizontal bars give the isomer
ratio produced by decay of a compound nucleus having the unique indicated angular
momentum. The dashed line is the isomer ratio resulting from a triangular, sharp-
cutoff distribution with a total fusion cross section given by the prediction shown in
Fig. 2a). The solid curve is the same calculation shéwn- in Fig. 2b) These calculations
demonstrate that the experiment would have revealed smaller’ and continually
decreasing isomer ratios had the average angular momentum continued to decline at

energies below 38 MeV.

In conclusion, the measurement of the isomer ratio can be a sensitive technique
for probing the distribution of‘angular momenta in the entrance channel that lead to
fusion. The nearly constant value f(;r R at low energies confirms the prediction of an
approximately constant value of T at energies sufficiently far below the fusion barrier.
By using a statistical model to relate the angular 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 are well reproduced by a barrier penetration calculation. Thus, the cross

sections and average angular momenta are self-consistent.
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Figure Captions

Fig. 1. The time dependence of the summed Ce and La K x-rays obtained at Ecm =
37.5 and 47 MeV. The curves are fits to the data and result in the indicated values

for the isomer ratio.

Fig. 2. a) The experimental cross sections for the reaction 128Te(12C,3n)137Ce. The
vertical error bars include statistical and systematic errors. The horizontal bars
represent the difference in the beam energy at the entrance and exit of the target
combined with an estimaﬁe of the variation in beam energy due to straggling. The
full curve is a calculation of the total fusion cross section as described in the text.
The dashed line shows the prediction for the 3n cross section, bbtained using the
predicted x-n distributions. b) The experimental isomer ratio. The vertical error bars
are standard deviations. The full curve is a prediction based on the angular momen-
tum distribution predicted by CCFUS and a statistical decay calculation made with
the code PACE. The predicted average angular momentum is indicated for selected
bombarding energies.

Fig. 3. The sensitivity of the calculated isomer ratio to the angular momentum in the
compound nucleus. The isomer ratio given by a unique angular momentum (horizon-
tal bar), a sharp cutoff distribution as described in the text (dashed curve), and the

same calculation shown in Fig. 2b (solid curve).
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