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Anomalous Behavior of the Proton-Induced Fission Cross Sections of 23°U and 233U
at Extreme Sub-barrier Energies
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The proton-induced fission cross sections for 2**U and 2*®U targets have been measured for E, =1-4
MeV for the first time. Compared with the measurements at higher energies, the present results indicate
a pronounced change in the slope of the excitation function below 4 MeV such that standard optical-
model estimates fall far short of the observed cross sections. No plausible explanation in terms of fission
of either the target or the compound nucleus can be found.

PACS numbers: 25.85.Ge

In recent years considerable attention has been fo-
cused on the behavior of heavy-ion reaction cross sec-
tions in the sub-barrier region where significant enhance-
ment over predictions which use a static barrier has been
observed.! On the other hand, for very light projectiles
on heavy targets, such an enhancement is not expected.
Experimental measurements of the proton-induced fis-
sion cross sections of 2*U and 23U in the sub-barrier re-
gion published so far do lie within the limits set by stan-
dard optical-model calculations.?”> To investigate this
aspect at still lower proton energies, we have used a tech-
nique which enables measurement of very low (sub-
nanobarn) fission cross sections.

As shown schematically in Fig. 1, a uranium target,
bombarded by a collimated proton beam from a Van de
Graaff accelerator, was fronted by an annular Lexan
polycarbonnate detector of thickness 120 um (labeled
A). This solid-state track recorder (SSTR) registered
back-angle fission fragments from proton-induced fission
as well as background fission events (i.e., neutron-
induced fission, spontaneous fission, etc.) from the target.
The geometrical detection efficiency of the detector was
about 35%. The beam was stopped in 2-mm-thick
aluminum, immediately after which, a second uranium
target faced another SSTR (B) in an identical geometry.
Therefore fission events seen by SSTR B were expected
to give a reasonably accurate measure of the background
fission events in SSTR A. The assembly also served as a
Faraday cup to measure the total number of protons seen
by the target. A negative potential was applied on the
collimator to suppress ionization electrons. The assem-
bly was cooled by contact with a copper cold finger
dipped in liquid nitrogen. The cooling was required to
prevent heating of the SSTR’s and a possible annealing
of fission tracks. For the same reason it was necessary to
limit the beam current during the course of the experi-
ment to 1 pA.

Both of the SSTR’s were etched by a standard pro-
cedure® and scanned under a microscope. The fission
tracks, through their characteristic length, shape, and

dip angle, could be easily distinguished from any other
surface irregularities. It was this ability of the SSTR to
record fission tracks distinctly without being affected by
the presence of a very high rate of incidence (> 103
sec 1) of scattered protons which enabled measurement
of fission cross sections at the subnanobarn level.

The results of these measurements are detailed in
Table I. In every case the background rate of the proton
target as measured by SSTR B is found to be very small
compared to the total fission rate measured by SSTR A.

Possible sources of background contribution to the
fission counts in SSTR A are as follow: (a) Fission
caused in the target by neutrons. (b) Fissionlike tracks
produced in SSTR A because of the high rate of in-
cidence of scattered protons. (c) Fission caused in
fissionable impurities located in the vicinity of SSTR A
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FIG. 1. Schematic diagram of the experimental arrange-
ment for proton-induced-fission cross-section measurements.

7

TO CURRENT INTEGRATOR

1520 © 1987 The American Physical Society



VOLUME 58, NUMBER 15

PHYSICAL REVIEW LETTERS

13 APRIL 1987

TABLE I. Numerical data obtained in the experiment from which the proton-induced-
fission cross sections (o) were calculated. E, is the beam energy, Na and Np are the numbers
of fission tracks counted in detectors A and B, respectively, and NV, is the total number of pro-
tons seen by the target. The numbers in parentheses are the counts estimated from fission
caused by neutrons produced through (p,n) reactions in impurities in the aluminum stopper.

E, Np ar®

Target? (MeV) Na Np (10'%) (nb)

3’y 0.5 0 (0) 0 (0) 30.0 S

1.0 7 (0) 0 (0) 6.2 0.3

1.5 22 (0) 0 (0) 6.2 0.9

2.0 55 @3) 4(2) 6.5 1.8

2.5 79 (18) 4(13) 6.4 2.7

3.0 215 (35) 19 (26) 6.3 7.0

3.5 201 (26) 18 (19) 3.1 13.2

4.0 1171 (78) 103 (62) 6.2 38.7

Masked 2.5 3 2 5.0 s

238y 0.5 0 (0) 0 (0) 17.8 cee

1.0 13 (0) 0 (0) 5.9 0.5

1.5 35 (0) 1 (0) 7.7 1.0

2.0 25 (0) 6 (0) 8.4 0.3

2.5 23 (0) 3(0) 10.5 0.3

3.0 54 (2) 5(2) 5.0 2.0

3.5 32 (10) 7(7) 3.7 1.1

4.0 369 (28) 16 (24) 5.0 24.7

4.3 596 (27) 18 (20) 2.8 72.3
209B;j 2.5 0 12¢ 4.9
2T 2.0 1 0 5.8
3.0 2 0 6.5

aThe 238U targets were of natural uranium while 235U targets had 94% enrichment. Thickness of target
facing SSTR A was about 460 ug cm ~2 for 233U, 380 ug cm ~2 for 238U, and 680 ug cm ~ 2 for 232Th,
g g
Thickness of target facing SSTR B was about 420 ug cm ~2 for 235U, 250 ug cm ~2 for 238U, and 280
g Hg
cm ~2 for 232Th. Thickness of 2°°Bi was about 2.5 mg cm ~2. All targets were | cm in diameter.
YFission cross sections were calculated from total fissions, Np, and target thickness. Total fissions is N

corrected for fission background (obtained through Np) and detection solid angle.
°This count is for background 238U target facing SSTR B.

by neutrons or through spontaneous fission. (d) Spon-
taneous fission in the target and the natural background
of fission tracks in the detector. We shall now discuss
how contributions from these various sources of back-
ground were assessed.

Fission events may be induced in the targets by neu-
trons from (p,n) reactions in the trace-level impurities
encountered by the proton beam either upstream or in
the aluminum stopper. The background at a position
well removed from the area where the beam stopped was
measured by our locating a target-detector sandwich at
position C indicated in Fig. 1. The track count here was
found to be near zero for both 23°U and %3%U, an indica-
tion that the source of background was the region
traversed by the beam in the aluminum stopper. To esti-
mate the number of fission tracks recorded in the detec-
tors from these neutrons, it was necessary to have a
quantitative estimate of various impurities in the stopper.
Impurity levels of elements with Z > 21 could be es-
timated by use of the x-ray fluorescence technique. The

significant elements were Fe, Mn, Cu, and Zn with con-
centrations of 250, 20, 10, and 40 ppm, respectively. By
means of spectroscopic techniques impurity levels of very
light elements were also determined. Lithium, which has
a very high (p,n) cross section, was found to be present
at the 5-ppm level. As can be seen from Table I the
counts in SSTR B are well accounted for by the calcula-
tions which take into account the (p,n) cross sections of
the various impurities, the energy and angular distribu-
tion of the neutrons, and the (n,f) cross sections of 23°U
and 23%U. The calculated background contribution in
SSTR A from neutron-induced fission is very small rela-
tive to the observed number of tracks in every case.

To determine whether scattered protons incident on
the SSTR A could form tracks similar to fission tracks,
an irradiation was carried out with a bismuth target fac-
ing SSTR A and the background 23U target facing
SSTR B. No fission tracks were observed in SSTR A
(Table 1) although the total number of incident protons
was comparable to those used in the uranium runs. The
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counts in SSTR B indicate the same level of neutron
background to be present in this experiment also. There-
fore the absence of counts in SSTR A rules out the pos-
sibility of uranium impurities in the material close to the
detectors being responsible for any of the detected fission
tracks in the uranium runs either because of neutron-
induced fission or because of spontaneous fission.

To determine the contribution from spontaneous
fission and the natural background of fission tracks in the
detector, SSTR samples were exposed to the targets in
the experimental setup without the beam on for several
hours and counted after processing. No fission tracks
were observed in any of them.

It was noted during scanning that most of the tracks in
SSTR A were oriented in a radial manner, indicating
that they arose from the beam spot on the target. As an
experimental check on the ratio of the contributions in
the two detectors due to fissions not directly associated
with the incident protons, irradiations were carried out
after masking of the central portion of the targets (frac-
tion of area masked ==25%) with aluminum foil of
thickness 6.7 mg cm ~2. This mask stopped fission frag-
ments arising from the beam-spot area and allowed
fission events from the unexposed portions of the targets
to be detected. Analysis of the results, after taking into
account target strengths, showed that background fission
rates in the two targets are similar and very small com-
pared to the fission rate in the proton target in the nor-
mal (unmasked) runs.

In Table I we also give the results of a few low-energy
fission measurements done with 232Th targets. Although
these represent new measurements, they were done more
in the spirit of doing a control for the uranium-target
measurements. The cross sections obtained for 23*Th are
far below those obtained for the uranium targets in the
same energy region although the background-producing
aspects are very similar in the two measurements.

The data of the uranium runs were analyzed by our
ascribing all background counts to fission caused by neu-
trons produced in the aluminum stopper. The relevant
data for these calculations are given in Table I. The
present results for 23°U and 238U, together with those of
others*> at higher energies, are shown in Fig. 2. The er-
rors shown were obtained by our compounding the sta-
tistical error with an estimated 20% error due to uncer-
tainties in detection efficiency, number of incident pro-
tons, and target strength. The present measurements at
4 MeV agree with the extrapolated trends of the mea-
surements of Boyce er al.> and Kononov, Poletaev, and
D’yachenko.4 However, for lower energies there is a
pronounced change in the trend of the excitation func-
tion so that the measured cross sections vary rather slow-
ly with energy. From measurements at 0.5 MeV it ap-
pears that below 1 MeV the cross section again falls rap-
idly. No other measurements of fission cross sections at
these energies have been reported.
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FIG. 2. Proton-induced-fission cross sections for 2*U and
28y targets measured by Boyce er al. (Ref. 5) (triangles),
Kononov, Poletaev, and D’yachenko (Ref. 4) (crosses), and the
present authors (points with error bars). The continuous curve
represents the reaction cross section calculated from an optical
model with parameters given in the text.

For comparison, we have carried out optical-model
calculations of the reaction cross section with the follow-
ing set of parameters’: Coulomb radius parameter =1.3
fm, imaginary potential strength=5.0 MeV, radius pa-
rameter of imaginary potential =1.355 fm, diffuseness
parameter of imaginary potential =0.635 fm, real poten-
tial strength =50 MeV, radius parameter of real poten-
tial=1.355 fm, and diffuseness parameter of real poten-
tial =0.635 fm. It is clear that the calculated values can-
not account for the observed large change in slope below
4 MeV for both 23U and 2*®U targets. Calculations
were also performed with (a) surface-peaked imaginary
potential, (b) energy-dependent potentials, and (c) varia-
tions of the shape parameters within prescribed limits.®°
None of these variations could account for the large ob-
served cross sections in the region below 4 MeV.

The classical distance of closest approach is so large
(about 132 fm for E, =1 MeV) that only Coulomb exci-
tation of very low-lying levels in the target is likely to
take place. It is observed that the slope of the measured
cross section below 4 MeV is in qualitative agreement
with the slope of the Coulomb excitation function for
low-lying levels of the target nucleus.'® However, these
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states will be faced by a formidable fission barrier and
will not have the penetration probability required to ex-
plain the observed cross sections. Moreover, an estimate
of the cross section for target-state fission from an ex-
trapolation of the low-energy photofission data'! of 23¥U
gives values which are orders of magnitude lower than
the experimentally observed cross sections.

If the observed fission cross section below 4 MeV is
due to fission following compound-nucleus formation, the
process would have to be seen as a resonant capture of
the incident proton. Because of the absence of similar
structure in the excitation function at higher energies,
the data do not support a picture of compound-nuclear
resonance. The possibility of some sort of shape reso-
nance is difficult to visualize in the present system at the
extreme sub-barrier energies involved. It is also worth
noting here that, unlike the uranium case, the measured
low-energy fission cross sections for 23*Th are in line
with their optical-model estimates.

The present observation of unexpectedly large proton-
induced-fission cross sections for 2*U and 2%U at ex-
treme sub-barrier energies has no ready explanation and
therefore is of special theoretical interest. More insight
can be gained if measurements of the cross sections for
fission and other reaction channels in the extreme sub-
barrier region for a range of heavy targets and light pro-
jectiles are systematically carried out. Some of this work
has already been initiated by us.
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