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HIGH-RESOLLTIOXN FISSION CROSS SECTION OF '31Pa*
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a

A high-resclution fisrion cross section for lPa was peasured at

ORELA from= 0.1 to 1 Me\' and between 0.4 eV and 10 keV'. Tle data show
evidence for 1) fractionated vibrational atructures in the threshold
reglon of the fission cross section, and 2) narrow fi<s<'orn r.ronances

above 1.3 oV with an average fission width *°7 D= 8  ov,

f
:231

L Patn,f) cruss section O,% oV = 10 kel and 0,1 = 12 MV, measured

Tp helow 60 ev.]
Tntroduction

.
Previous measurcvments of the '31Pa(n.f) cross scction above

-y
100 kc?l" show considceral:le structure in the threshold region of the
n

fisslon cruss section. Thesc structures have been interpreted” as

vibrational states of known spin and parity trapped in the second

- ]

einizu= of the doulle-humped fission barrier of '5'Pa. However, since
these resonances occur at rather high excitation energy, thev mav he
fragmented into more complex states. To Investigate such a possihiliic.,
we have undertaken at ORFIA a high-resolution fission cross sectic..

231
measurement of Pa.

*ork supported In part by the U.S. Department of Fnerpy.
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Taking advantage of the high chemical purity of the ‘31Pn samples
(less than 0.1 ppm of fissile elements) a preliminary measurement in
the eV region was also carried cut. For the first time, narrow fission
resonances were observed above 1.: eV,

231

Besides the importance of Pa for basic fission studies, it is

also of interest in the field of reactor design in that it plavs a part
K|
in the unvanted generation of 232U in the 232Th/23'U breeder cycle.

Experimental Procedure

2131 . . ., 235, ..
The Paln.f) (ross seclion :f relative Lo Lhe JL [ission cross

section was measured usirg ncutrons produced by the Oak Ridge Electron
Lincar Accelerator (©RFLA) used as a pulsed source. Fission fragments
were detected by a pas scintillator located on a flight path perpendicular
to the c¢lectrun beam. Table | summarizes the experimental conditicons for
botii the hieh enersr (0.1 - Ln(MeV) € 12] and the low cnergy

[O - En(kcv) < 10) measurements.

Table 1. Experimental Conditions

0.1 < E (MeV) <12 | 0 < Ep(keV) < 10

Frequency (ilz) 800 450
Pulse width (ns) 6 -8 40
Power (kW) g -9 26
Average flight

path (m) 41.68 18.30
Filters none 0.5 mm of Cd.

Duration (h) 632 60




The fission detector consisted of a sealed cylindrical chanber
containing a mixture of 987 He and 2% Nz at STP. The chamber was
divided into 3 pairs of optically isolated cells. The (istance between
two corsecutive pairs was 12.5 cm. Each cell was viewed through two
circular quartz windows by two XP2020/Q photomultiplier tubes.

Each of the five 231Pa cells contained 53 mg of protactinium
oxide painted on both sides of a semicircular titanium foil (20 cm
in diameter and 12.5 um thick) to a density of approximately 0.3 mg/cmz.
The remaining cell contained 140 mg of uranium enriched to 93% in 235E.

Th: urauium was electroplated on both sides of a semicircular stainless-

2
stecl disk (250 um thick) to a density of 0.5 mg/cm™.

To define a valid fission c¢vent and to reduce alpha background and
noisc we require a coincidence between the pair of photomultiplier tubes
on each ccll., The fission events from each cell once digitized and
routed by an EGLGC TDC 100 clock were stored separately in the computer.
Both pulse-hlcight and time-of-flight information were recoided to pro-
vide a continuous monitor as a function of neutron encrgy of the fission
blas for each cell.

Data Reduction

E, » 0.1 MeV. After background corrections, which were assumed

231 235,
essentially constant for the Pa and U time-of-flight (TOF)

spectra, the shape of the 231Pn(n,f) cross section was obta'ned using
tae 235U(n,f) cross section derived from ENDF/%-V, The 231?& fission
cross section was normalized between 0.9 and 1.1 MeVl to the data of

n
Sicre®. In this procedure it was assumed implicitly that the effi-

ciency of the detector was independent of ncutron energy.
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En €< 10 keV. Since the data recorded in this energy region can
provide only preliminary results, due to the limited available beam
time for this measurement, the simplest possible reduction procedure

was adopted. By assuming that the energy dependence of the neutron flux is

close U)llEn. cfv_E; 18 proportional to the 231Pa TOF spectrum. The
proportionality constant was detecrmirzd by the ratios of 231Pa/235U

counts at 230 and 380 keV and from the known fission cross section at 13.26 eV

ﬁar235U. As a check of the energy dependence of the neutroa flux, the
235U TOF spectrum was compared to onJS/E;t The two sets of data

agree to within a few percent between 0.4 and 100 eV.

The 231Pa(n,f) cross section is plotted in Fig. 1 from 0.1 to
12 MeV. The peaks and the strong fluctuations observed below 1 MeV
are superimposed on an underlying cross-section characteristic of a
neutron-induced threshold fission reaction whose threshold is located
around 750 keV. The second chance fission threshold occurs in the

vicinity of En = 6 MeV leading to a platcau value for o, of ~ 2 b.

f
Figure 2 displays a more detailed picture of o_ between 0.12

f

and 0.42 MeV. For comparison we have plotted the data of Sicre2
which were taken with a resolution of 5 keV, except for the 160-keV
data point which was taken with a resolution of 2 keV. The Sicre
data are systematically lower even though the present data were
normalized to his cross section in the 0.9- to 1l.1-MeV region. The
striking feature of this figure lies in the considerable amount of
fine structure in the cross section which has not been observed in
previous measurements. This is due to the substantial improvement

in the resolution of the present measurement. For instance, at 160

keV our resolution is 0.4 keV. As a result, the resonance at 156.7
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keV which has a FWHM of 2.9 keV is now completely resolved. However,
the base of this resonance cannot be described by the wings of a Breit-
Wigner function. This suggests the presence of additional structure
centered around the 157-keV peak. In addition, the good energy reso-
lution reveals the presence of other sharp resonances (at least two in
the vicinity of En = 370 keV) and separates into several components

the broad peaks located around En = 180 and 330 keV. Table II gives

a preliminary list of the peak energies of Of together with K" values

extracted from ref. 2.

TABLF 1I: Resonance Energies and
Corresponding K" Values

E, (keV) KT En(keV) KT
156.7 3t 304.5

173.3 312.1

182.3 319.5

187.4 . 328.6 0
193.8 0 336.7

281.9 371.2

300.6 375.7

Below 100 eV (see Fig. 3), a number of fission resonances are
observed for the first time except for the 4 resonances below 1.3 eV
already reported by Leonard 25_51.3 The resonance energies are in
very good agreement with those given by Simpson fﬁ_ﬂl? in their total

cross-section measurement. However, we observe additional resonances
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above 15 eV. Rather than being clustered around definite energies as
it has been observed in several subthkreshold cross set':!*.ions,s_a these
resonances seem to be vniformly distributed, at least below 100 eV.
Because of poor statistics at higher energies, it is not possible at
the present time to verify if this behavior is also valid in the keV
region. From the an values reported in ref. 9, the Ff values have
been calculated and are listed in Table III together with other
resonance parameters. A meanlngful average fission width <:Ff:>can be
obtained only for those resonances below 15 eV because resonances

were missed above this energy in the total cross section measurement.
The average fission width for those resonances below 15 eV is B ueV,
about 3 to 4 orders of magnitude lower than vhat 1s gencrally measured
for fissile nuclei. 1In the ene¢rgy region analyzed, [1.24 < En(eV) < 57.3]
no significant enhancement of Pf is noted. This is similar to the be-

havior of the fission widths for the fissile nuclel.

Discussion
Sicre2 concludes from his fission fragment angular distrubution

measurements on 231Pa thet the resonance at 156.7 keV is a pure vibra-
tional state having K" - 3+. However, our data suggest that this reso-
nance iR fragmen:ied. A possible explanation for this fragmentation mey
be due to a rotational band built on this vibrational state. The reso-
nances of this band would have J" > 31 and therefore be formed with

£ # 3 neutrons leading to peak crnss sections on the order of a few mb.
This 1is consistent with the magnitude of the structure observed in the

talls of the 156.7-keV peak. Hcwever, the spacing of members of such

a rntational band is on the order of 20 keV if we assume h2/21§ 2 to
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240Pu10 a 231'233Th11'12

3 keV as reported for nd . Thin spacing is
much larger than the energy span of the underlying structure. A spacing
of a few keV would require a moment of inert:laI incompatible with a
stable shape of the nucleus.

To interpret the particular shape of this resonance we propose
the following picture in the framework of the calculations of Moller

a1.13'14

ct This resc-.ance could represent a vibrational state trap-

ped in the shallow csymmetrically deformed third minimum of the triple-

232?&. The additional observed structure

humped fission barrier of
would come from coupling between this vibrational state (Class-1I1 state)
and several less deformed and more complex states (Class II states)
that exhibit an average spacing <:DI£> of a few keV, The gross struc-
tures observed by Sicre2 at approximately 180 and 330 keV were inter-
preted in terms of Kﬂ = 0+ and 0 rotational band respentively.
We observe moie structure than can be accounted for by just two simpie
rotationasr bands. As in the case of the 156.7-keV resonance, this
additional structure may be due to the fragmentation of the members of
the rotatic..'l bands.

Since ve adopt the model of an asymmetrically deformed third
minimum, one should expect to find vibrational states of both parities
ags it can be verified by a WKB calculation.ls We speculate that the
resonance located at 173.3 keV could be a possible candidate ‘or a
K" = 3~ vibrational state. Indeed, 1) the peak cross section has the
correct magnitude to be formed with £ = 2 neutrons and 2) its separation
from the 37 state (16.6 keV below) is comparable to what has been reported

12 231

by Blons et al ~ for Th and calculated by Moller et ulla for this mass

~eglon,



We also would like to point out that the fission widths of the
narrow resonances observed in the eV region are consistent with the
shape of the barrier calculated by Moller and Hownrdl4 for 232Pa.
Including axial asyrmetry (gamma deformation) in their calculations
lowers the first maximum below the neutron separation energy Sn in
232Pa. In addition, since the third minimum is shallow and the neutron-
induced fission threshold is "~ 750 keV above Sn' a nucleus undergoing
fission in the eV region only will be sensitive to the overall shape
of the outer two barriers. If we approximate the shape of the outer
barriers by a simple parabola with curvature hw tken we calculated
an hw = 0.5 MeV when using 8 peV for the average fission width <Tf>h
This value of the curvature for the outer barrier is in fairly good

agreement with tha. reported by Back gg_gé}6 for odd-odd actinides.

Conclusion
This measurement has revealed a considerable amount of fine structure

in the threshold region of the neutron-induced fission cross section of
231?3. We speculate that some of the newly observed structure may be

due to coupling between vibrational states of the third well to more
complex states of the second well of the fission barrier. A more ac-
curate knowledge of the fission mechanism for this nucleus would require

a high-resolution measurement of 1) the fission fragment anisotropies
between 0.1 and 0./ MeV and 2) the fission cross section in the keV

reglon to look for possible intermediate structure. In addition, other

23152 ¢d,pY)

experiments such as study of the Yy rays emitted from the
reaction below Sn would provide a sensitive probe for determining the

depth of the first and the second minima of che fission barrier.
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