PHYSICAL REVIEW C

VOLUME 49, NUMBER 2

FEBRUARY 1994

Intermediate structure in the neutron-induced fission cross section of 23¢U
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Neutron-induced fission of ***U has been measured at the Los Alamos Neutron Scattering Center
with a white neutron source using a fast parallel plate ionization chamber at a flight path of ~ 56
m. In the resonance and the intermediate resonance region, very little of the previously reported
structure was detected. Only five resonance structures were observed. Additionally, the width of
the 5.45 eV resonance is approximately 100 times smaller than previously reported. An explanation
for the discrepancies between old data and data reported here is discussed. New fission widths for
resonances from 5.45 eV to 10.4 keV are reported. The new data are in agreement with theoretical

estimates.

PACS number(s): 25.85.Ec, 27.90.+b

I. INTRODUCTION

The nonfissile nuclides of the actinide group of ele-
ments commonly display intermediate structure in their
neutron-induced fission cross sections in the resonance
energy region [1,2]. This structure is usually narrow
and very pronounced, showing up clearly even when fis-
sion in most of the fine-structure resonances is unobserv-
able. The spacing of the intermediate resonances is about
two orders of magnitude greater than that of the fine-
structure resonances. The explanation [3,4] of the inter-
mediate structure is found in the double-humped fission
barrier of the actinides, which arises from the shell struc-
ture of deformed nuclei [5]. This allows the existence of a
group of quasistable states of the superdeformed nucleus
associated with the secondary potential well in the fission
barrier. These states (usually known as class-II states to
distinguish them from the class-I states of the normal
primary deformation) can have significant fission proba-
bility, are much less dense than their class-I counterparts
owing to the relative shallowness of the secondary well,
and are mixed only weakly with the class-I states because
of the barrier separating the two wells.

Although very few of these intermediate resonances
have been measured in adequate detail, the data we have
from observations on several isotopes of uranium, neptu-
nium, plutonium, americium, and curium are in qualita-
tively systematic agreement with other information that
has been obtained on the double-humped fission barrier
from other sources, such as spontaneously fissioning iso-

*Present address: Lawrence Livermore National Laboratory,
P.O. Box 808, Livermore, CA 94550.

0556-2813/94/49(2)/672(6)/$06.00 49

mers and fast-neutron-induced fission cross sections in
addition to theoretical calculations (for a review, see Ref.
[6]). The nucleus 232U is essentially fissile to slow neu-
trons; the several resonances measured over the energy
range of a few hundreds of eV above thermal neutron en-
ergy [7-9] have substantial fission widths, no obvious in-
termediate structure being discerned either among these
resolved resonances or in the more poorly resolved re-
gion up to 20 keV, thus indicating relatively strong mix-
ing between the class-I and class-II states. The nucleus
2347 has rather strong intermediate structure in its fis-
sion cross section, which has been measured up to several
tens of keV neutron energy [10]. These resonances are
rather broad, the lowest, at 580 eV, for example, encom-
passing tens of class-I levels, with a summed fission width
of over 100 meV. By contrast, the fission cross section of
2387 shows only weak and very narrow intermediate res-
onances [11,12], fission only being measurable in very few
fine-structure resonances within each group, the summed
fission widths being of the order of 1 meV. The class-II
resonance spacing is still very similar to that of 234U,
however, being of the order of 1 keV. Similar trends with
neutron number of the target nucleus have been observed
for the plutonium isotope sequence 238:240,242,244py . Ope
marked exception to this picture, until now, has been the
cross section of 236U.

With these observed systematics, we would expect such
structure in the fission cross section of 236U to have prop-
erties midway between those of 234U and 238U. The most
detailed measurement of the fission cross section of 236U
made prior to the work we report here is that of Theobald
et al. [13], while Cramer and Bergen [14] made a more
extended survey of the cross section several keV beyond
this. In Ref. [13], most resonances up to 415 eV were
reported as having fission widths in the few tenths of
meV range, but no intermediate resonance effects were
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observed. The average fission cross section measurement
of Ref. [14] appears to be a factor of about 30 lower
than calculated from the resonance parameters of Ref.
[13] in the overlapping range, but again, no intermedi-
ate structure is apparent. Such a lack of intermediate
resonances would imply a very low or nonexistent inner
barrier between the primary and secondary wells in the
237U compound nucleus, in sharp contrast to the value
of 1 MeV or more (relative to the neutron separation en-
ergy) found for its neighbors. One explanation for the
previously observed data was that the 5.45-415 eV en-
ergy region consisted of the tail of an intermediate struc-
ture with maximum strength located at a higher energy.
A second explanation was that the 236U isotope showed
evidence for the (n,vyf) reaction [15]. The (n,vf) re-
action was first used to interpret the relatively narrow
distribution of the fission widths of low-energy neutron
resonances of 238Pu [16].

Because of the discrepancies in absolute cross-section
values found in the earlier work and the puzzling lack of
intermediate structure discussed above, we have under-
taken a new measurement of the neutron-induced fission
cross section of 236U,

II. EXPERIMENTAL PROCEDURE

The 2*¢U(n, f) experiment was performed at the Los
Alamos Neutron Scattering Center (LANSCE) spallation
neutron source. The LANSCE facility uses the 800 MeV
pulsed proton beam from the Los Alamos Meson Physics
Facility linac. The proton beam is compressed in a pro-
ton storage ring (PSR). The PSR delivered a current of
80 pA at 20 Hz. Extracted protons strike a split target
composed of two 10-cm-diam tungsten cylinders located
above and below the moderator and produce spallation
neutrons, which are moderated to produce a white neu-
tron source (~ 17 neutrons per incident proton), extend-
ing to energies above 100 keV. The neutron beam pulse
is 270 ns at the base of the triangle and 125 ns full width
at half maximum (FWHM) with 50 ms between beam
bursts. Neutron energy is measured by time of flight
over the distance between the neutron moderator and
the detectors. The distance between the moderator and
the 236U target was 56.18 m. The flight path was at an
angle of 90° with respect to the (vertical) incident proton
beam and at an angle of 15° with respect to the perpen-
dicular to the moderator. Further details of the neutron
source are described in a previous publication [17].

The fission reaction rate was measured in a fast parallel
plate ionization chamber holding multiple foils about 1
cm apart. Neutron-induced fission reactions are detected
through the ionization of the chamber gas by the recoil-
ing fission fragments. The gas used was 30% argon and
70% CH, at a pressure of 2.026 x 10° Pa (1520 mm Hg).
A fission fragment deposits large amounts of energy in
the chamber, and so the fission events are easily resolved
from the background alpha particles. It is important to
note that this fission chamber allows direct measurement
of fission fragments. Previous measurements did not di-
rectly detect fission fragments [13,14]; the importance of

this difference is discussed in the following section.

Oxide fission targets of 23°U and 236U were 10.16
cm in diameter deposited on steel foils. The neutron
beam is larger than the diameter of the deposits. Data
were taken simultaneously from two 236U deposits, two
235U deposits, and one °B deposit. The two 236U de-
posits weighed 17800 and 22060 pg (219.56 and 272.10
pg/cm?). The 235U targets were included because the
fission widths of 23U were calculated relative to the in-
tegrated fission cross section of 23°U from 7.8 to 11 eV.
The 1°B target was included to continuously monitor the
shape of the neutron energy spectrum of the beam. The
236 deposits had impurities of 0.3% of 235U and 0.9% of
2337. The masses of the 235U and 236U targets, as well as
the 233U contaminant mass, were determined by alpha
counting. Results of mass spectroscopic analyses were
used to identify the 235U contamination in the 236U de-
posits since the alpha particles associated with the 235U
could not be resolved from other groups for the 238U de-
posits used in this experiment. The measurement of the
235U(n, f) reaction in this experiment allowed a direct
subtraction of the 235U fission resonances from the 236U
fission resonance data. In contrast with 23°U, the res-
onance structure from the small amount of 233U in the
2367 samples did not cause confusion with identification
of the 236U resonances. This was confirmed by an investi-
gation of the available resonance data for 236U and 233U
and also by direct comparison with recent measurements
of the 233U fission cross section over this same energy
range [18]. Therefore the presence of 233U impurity in
the 236U fission targets did not require a direct subtrac-
tion of 233U fission resonances from the 236U data.

A time signal generated by the passage of a proton
pulse from the LAMPF accelerator through a time pick-
off unit was used to start a time digitizer which is capable
of recording multiple events per start. This time digitizer
was stopped by an event from any one of the fission or
10B(n, @) detectors. Data were collected in a sequence of
8 h runs on a Microvax III computer using the XSYS data
acquisition system. The energy scale for the 236U(n, f)
measurements was established from transmission mea-
surements of resonances in iron and aluminum and from
resonances in the 235U fission cross section.

III. DISCUSSION

In the measurements reported here, we obtain results
for the fission cross section of 236U that are lower than
reported in Ref. [14] and much lower than those of Ref.
[13]. Indeed, of the 16 resonances below 415 eV, for which
fission was stated to be observed in Ref. [13], only in
the lowest, at 5.45 eV, do we observe fission, and our
measured fission width is only 1.3 peV, to be compared
with 0.29 meV reported in Ref. [13].

How does one account for this serious discrepancy be-
tween the previous measurements and our new data?
We report a significantly smaller number of resonance
groups, and in addition, our measured fission widths are
approximately two orders of magnitude smaller than pre-
viously reported. We attribute the difference between
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our data and previously published work to two sources.
The first source of the discrepancies is illustrated in Fig.
1. Figure 1(a) shows resonance data for 236U before the
0.3% of 235U contaminant has been subtracted, and Fig.
1(b) shows resonance data for 2*U. This spectrum shows
counts versus channel number, and the higher-energy res-
onances corresponding to shorter flight times appear at
the lower channel numbers. It is clear that subtraction
of the 235U contaminant is necessary in the analysis of
the 236U fission resonance structure. The 23U sample
used in Ref. [14] had a 0.15% 23°U contaminant, still a
significant amount of impurity. It is extremely important
to note that the data in Ref. [14] were never corrected
for this 23°U impurity. The 236U resonances are small
enough that there is no structure in the Cramer data that
can be unequivocally shown to have arisen from 236U fis-
sion [14].

The second source which results in the large difference
between the fission widths we report and those of Ref.
[13] is at least partially a result of the detection of capture
~ rays in that experiment. The fission widths of the reso-
nances were determined in Ref. [13] using a system based
on the detection of fission neutrons. A neutron-neutron
coincidence was taken to be the signature for a fission
event. The detection of capture v rays was significantly
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FIG. 1. Fission resonances of (a) 23U before subtraction
of the 2**U (0.3% contamination) and (b) 23*U. Spectra range
from 4 to 11000 eV and are shown as counts versus channel
number; the low-energy peaks appear at high channels.

reduced by pulse shape discrimination. The sensitivity to
capture ’s of this detector was determined with several
actinides (not including 23¢U) to be less than 0.13% of the
fission sensitivity. If the fission widths of the resonances
had been comparable to their capture widths, then this
level of discrimination would have been sufficient for an
accurate measurement of the fission widths. However,
for very weak subthreshold fission resonances with fis-
sion widths in the peV range, the detection of capture v
rays can be comparable to or greater than the detection
of fission neutrons. 23%U was not one of the actinides
used in the determination of the relative sensitivity to
capture v rays for the work in Ref. [13]. A number of ef-
fects which may be different for 236U compared with the
actinides used in the relative sensitivity measurements
need to be considered: fission neutron spectra, fission
neutron multiplicity, neutron capture spectra, capture -
ray multiplicity, and binding energy. These differences
can be exacerbated due to the coincidence required and
the energy biases placed on each detector. The sensi-
tivity which was determined may not be appropriate for
2367J. Also, the large uncertainty in the normalization
procedure must be included. These effects may suggest
that essentially all the response referred to as fission in
Ref. [13] was really due to capture v rays. The rela-
tively narrow distribution of the apparent fission widths
observed in Ref. [13] would therefore simply be a reflec-
tion of the near constancy of the radiation widths from

level to level. Data from the present measurements for
the 5.45 eV resonance are shown in Fig. 2.

Apart from the 5.45 eV resonance, we observe fission
in four groups of resonances, at 1280, 2960, 6300, and
10400 eV. Figure 3 shows these four fission groups as
well as a possible fifth fission resonance at 9600 eV. This
last resonance had so few counts that it was not analyzed.
We resolve the group at 1280 eV into three separate fine-
structure resonances. The 1280 eV group, discussed in
detail below, is shown in Fig. 4. The structure at 2960 eV
is probably a single fine-structure resonance, while those
at 6300 and 10400 eV could be either single resonances
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FIG. 2. The ?*®U(n, f) cross section near the 5.45 eV reso-
nance. Data in this figure have been grouped into bins 0.002
eV wide.
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FIG. 3. The ?*®U(n, f) cross section from 1 to 12 keV. Data
indicate four resonances at 1.280, 1.2688, 6.300, and 10.400
keV. A possible fifth resonance is seen at 9.6 keV.

or narrow clusters of resonances.

The measurement of the area of a fission resonance
is related to its fission width I'y by the integral of the
Breit-Wigner formula for fission, which is

/ade =mool's/2, (1)

where
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FIG. 4. The 2*%U(n, f) cross section at 1280 eV.
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In the above equations, I' is the total width, I', is the
neutron width, Ej is the resonance energy, and A is the
mass of the nucleus.

After correcting for the difference in flight path lengths
for the 235U and 236U targets, the 226U fission widths for
each resonance peak are experimentally determined by

FysNys
dE = oysdE
/af [/AEI v ] [FUﬁNUS] [

where the counts for a particular 236U fission resonance
at energy E in the energy interval AEII is Cyg(agm),
the counts in the boron detector is Cg(agr) or C(aE1I),
and the counts in the 235U detector in the AFET range is
Cus(apr). The energy range AFEI is from 7.8 to 11 eV
where the integrated 23*U(n, f) cross section [oysdE
equals 246.5 eV b and is known to 1% accuracy [19,20].
This provides a normalization for the measurements in
this work. Dead-time corrections in Eq. (3) essentially
cancel out. The ratio Fys/Fye, which is the ratio for
235U to 236U of corrections for lost fission fragments
which are below the bias or lost in the deposits, is as-
sumed to equal 1. The quantity Nys/Nys is the ratio of
235U atoms to 236U atoms in the respective fission tar-
gets. In the above expression, op is the °B(n,a) cross
section. The ratio of the counts in the boron detector
to the integrated boron cross sections for each energy
range, Cp(ari)/ [agn9BAE and Cpagn/ [ag oBdE,
provides the energy dependence of the neutron spectrum
[20]. For the 5.45 and 1291.7 eV levels, fission widths
are calculated using experimentally determined radiation
widths [15]. The remaining levels do not have experimen-
tally determined radiation widths, and so an unweighted
average of radiation widths given in Ref. [15] was used to

JaEn UBdE] { (Cue(aem)/Cr(aEm)) }
fAEI opdE ’

(Cus(akn/Cr(aEr))

calculate the fission widths. The average radiation width
is 24 meV. A summary of resonance energies and the cor-
responding fission widths is given in Table 1. The energies
for the 1268.8, 1281.7, 1291.7, and 2958.9 eV resonances
in Table I were adopted from the energy scale of Carraro
and Brusegan [21].

The spacings of the three resonances near 1280 eV are
10.0+1.1 and 14.3+1.2 eV. These uncertainties are a re-
sult of statistical uncertainties in the determination of
the positions of the peaks. Assuming that a single class-
II state (carrying fission width amplitude, but negligible
neutron width) is mixing with nearby class-I states (car-
rying neutron width amplitude and negligible fission),
one of these spacings, or their sum, ought to correspond
with at least one pair of resonances (not necessarily near-
est neighbors) in the total cross section of 226U which has
been measured by Carraro and Brusegan [21]. We believe
that there is less than half a percent error on our abso-
lute energy scale at these energies. The spacing test then
leads to the following choice for the resonance positions:

channel number 3608, E = 1291.7 eV

(on energy scale of Ref. [21]) ,
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TABLE I. Resonance energies and corresponding fission
widths.

E)‘n (eV)“ Ff (meV)b
5.45 0.0013+0.0001
1268.8 0.82+0.03¢
1281.7 7.745.0°
1291.7 0.93+0.11
2958.9 1.4+0.6°
6300 10.84+6.54
10 400 4.6+2.65¢

*Errors in resonance energies are less than 0.5%.

PErrors in I'y are primarily due to the error in the reported
value for Iy in Ref. [15].

°T's is calculated using I'y = 24 + 4 meV. This value of I, is
an unweighted average of radiation widths for ***U given in
Ref. [15].

dSince no information on the value of gl', is available, T’y
is calculated assuming gI',, = 100 £ 40 meV. An alternate
calculation made assuming that gI'n equals 500 meV gave
I'y = 9.1 +3.0 meV for the 6300 eV resonance and 3.9+1.4
meV for the 10400 eV resonance.

channel number 3622, F = 1281.7 eV |

channel number 3642, E = 1268.8 eV |

which has spacings of 10.0+1.1 and 12.94+1.2 eV.

Using the neutron widths of Ref. [21] and radiation
widths as described above and accepting that the third
level is indeed the 1268.8 eV resonance, we find fission
widths of 0.93, 7.7, and 0.82 meV, respectively, for the
three listed resonances. The sum of these, 9.45 meV,
is essentially the fission width of the underlying class-II
level in a weak mixing interpretation of the intermedi-
ate resonance (see Sec. III5c of Ref. [6]). In this pic-
ture, the 1281.7 eV resonance contains more than 80%
of the class-II state. The squared coupling matrix el-
ements (Aj|H¢|Ai1)? (where H. is the coupling term in
the Hamiltonian explicitly separating deformation and
intrinsic degrees of freedom) for the other two levels are
9.8 and 14.4 eV2. The mean-squared coupling matrix el-
ement is 12 eV?; the error on this is large owing to the
expected Porter-Thomas fluctuations of the squared ma-
trix elements. After expressing this as a mixing “width”
for the intermediate resonance,

Tiy(e) = 2m (A1l He|Am)? /Dy (4)

(where Dy = 15 eV [21] is the mean spacing of the class-I
levels), we can apply the usual statistical assumption and
the Hill-Wheeler barrier penetrability formula

2nT'11(c)/ D1t = Negt,a/[1 + exp(2nVa /hw 4)] (5)

to obtain the inner barrier height V4. The numerical
values we employ in this procedure are, for the mean
spacing of class-II levels, Dy; = 2.6 keV (from our data),
for the effective number of transition states at the in-

ner barrier, Neg 4 = 2.4, and for the inner barrier pen-
etrability parameter, w4 = 0.8 MeV [6]. The result is
V4 = 0.67 MeV, about 0.5 MeV lower than the value
deduced from analysis of the fast neutron fission cross
section [6]. From the class-II fission width, the value of
the outer barrier height deduced using the formula anal-
ogous to (5) is Vg ~ 0.88 MeV (with Aiwg = 0.52 MeV
[6]). This is close to the value found in Ref. [6].

An alternative interpretation is that a very broad class-
II level, with fission width of the order of Dy or more, un-
derlies all three resonances and the mixing is extremely
weak. While the magnitude of the coupling matrix el-
ements then deduced from the resonance fission widths
becomes consistent with an inner barrier height consider-
ably greater than 1 MeV, the outer barrier sinks to about
0.25 MeV, which is even more inconsistent with the fast
neutron fission analysis of Ref. [6].

In assessing whether or not there is a real problem
in reconciling the rather low value of the inner barrier
that comes from our analysis compared with the result
obtained from the fast neutron fission cross-section mea-
surements, we must bear in mind that the data from
just one narrow intermediate resonance is a notoriously
poor statistical sample. Porter-Thomas fluctuations af-
fect not only the magnitude of the class-II fission and
coupling widths, but also the matrix elements connect-
ing to individual class-I levels. Furthermore, in this very
weak coupling regime the total fission cross-section area
of the intermediate resonance is very strongly affected
by the Poissonian distribution of the separation between
the class-II state and its nearest class-I neighbor. Al-
though the intermediate resonances at higher energy do
not give us the important direct information on disso-
lution of the class-II state into the fine-structure reso-
nances, their overall sizes can give some indication of the
typicality of the 1280 eV group. The integrated cross sec-
tions for each group are given in Table II. We note that
AxuvExu = [dE osy/E is comparable between the
group at 1280 eV and those at higher energies. We also
note that although we have taken the class-II level spac-
ing Dip as 2 keV (mainly from the single spacing between
the lowest groups), there are larger gaps at the higher
energies, suggesting either very weak intermediate reso-
nances or a larger class-II mean spacing than that used
in our analysis.

Some quantitative assessment of the coupling strength
can be obtained from the three higher groups by using
the formula (see Sec. VI of Ref. [6]) for the average area,

TABLE II. Resonance energies, integrated cross sections,

and integrated cross section/,/résonance energy for each
group.

Exn Axnn Axit/vExn
(eV) (beV)® (beV?3/?)
1280 5.8 208
2959 1.1 59
6 300 5.7 452
10400 1.5 153

*Axn = fade is calculated from Eq. (3).
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A = 202 X2 He|(Ty(n)/D1)Cra(s) (1/Tu + 1/T1) , - (6)

under the assumption of very weak mixing of narrow
class-II levels with the class-I states. From the average
of the three groups, we obtain, for the mean modulus of
the coupling matrix elements,

[He| ~1eV. (7

With this value, Eqs. (4) and (5) lead to an inner
barrier height V4 of about 1 MeV. Although this is in
much closer agreement with the fast neutron fission cross-
section analysis, its comparison with the “microscopic”
analysis of the 1280 eV group stresses the large statisti-
cal uncertainties inherent in the detailed coupling of the
levels.

IV. SUMMARY

We have measured the neutron-induced fission cross
section of 236U in the neutron energy region from about 1
eV to more than 10 keV, using the LANSCE pulsed neu-
tron source facility. Fission particles were detected and
counted directly using ionization chamber techniques.
The fission cross section in this energy region was found
to be much smaller than had previously been reported.
We explain this as being due either to the detection of
fission products from 23°U impurity (which has a much
greater fission cross section than 23¢U) or to detection
systems that do not discriminate well enough against cap-
ture gamma rays.

Unlike the earlier measurements, we find that only
a few resonances have a significant fission component.
These are mostly in well-separated groups characteristic
of intermediate structure. Within the double-humped

fission barrier interpretation of intermediate structure
in fission cross sections, we find that the lowest-energy
group, at 1280 eV, which has resolvable fine structure,
appears to be anomalously strong in relation to the pa-
rameters of the fission barrier that have been deduced
from the fast neutron fission cross section above about 0.5
MeV neutron energy. The anomalous strength appears to
arise mainly from the coupling between the class-I state
(fine-structure levels) and this particular class-II (inter-
mediate) state of the superdeformed nucleus between the
inner and outer humps of the fission barrier; the fission
width of the class-II state has about the value that would
be expected from the previously known height of the
outer barrier. However, the integrated fission strengths
of the higher-energy groups at 2960, 6300, and 10400 eV
are much more consistent with the fission barrier analysis
of the fast neutron cross-section data. The discrepancy
for the coupling width of the 1280 eV group is probably
due to Porter-Thomas fluctuations.

Although the 5.45 €V resonance has a measurable fis-
sion width, it does not appear to be very close to a
class-II state. The value of its fission width, 1.3 ueV,
is small enough that it could be associated with a (prob-
ably bound) class-II state some tens or a few hundred eV
distant.

We have thus resolved a long-standing problem in the
nuclear structure of the actinides, namely, the apparent
absence of intermediate structure associated with the su-
perdeformed phase of the 237U compound nucleus. We
have shown that such intermediate structure does exist
for this nuclide, although at a much weaker fission cross-
section level than had been previously sought, and the
characteristics of this structure are reasonably consistent
with the systematic trends of the fission barrier parame-
ters as determined from other experimental evidence on
the actinide nuclei.
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