PHYSICAL REVIEW C 67, 014607 (2003

Theoretical evaluations of the fission cross section of the 77 eV isomer &°U
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We have developed models of the fission barfimrrier heights and transition state specthat reproduce
reasonably well the measured fission cross sectioff®f from a neutron energy of from 1 keV to 2 MeV.
From these models we have calculated the fission cross section of the 77 eV isoffies ofer the same
energy range. We find that the ratio of the isomer cross section to that of the ground state lies between about
0.45 and 0.55 at low neutron energies. The cross sections become approximately equal above 1 MeV. The ratio
of the neutron capture cross section to the fission cross section for the isomer is predicted to be about a factor
of 3 larger for the isomer than for the ground state?&tJ at keV neutron energies. We have also calculated
the cross section for the population of the isomer by inelastic neutron scattering fréffhground state. We
find that the isomer is strongly populated, and #y=1 MeV the (n,n’y) cross section leading to the
population of the isomer is of the order of 0.5 b. Thus, neutron reaction network calculations involving the
uranium isotopes in a high neutron fluence are likely to be affected by the 77 eV isorfidtJoiWith these
same models the fission cross sectiong8t) and 22U can be reproduced approximately using only minor
adjustments to the barrier heights. With the significant lowering of the outer barrier that is expected the general
behavior of the fission cross section TfPu can also be reproduced.
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[. INTRODUCTION The task involves the assessment of the main features of
the double-humped fission barriésarrier heights and pen-

In environments of very high neutron flux the ultimate etrability parametejsfrom available data relating to the fis-
yields from the chains of nuclear reactions depend not onlgion of the compound nucleu®U. These parameters are
on the cross sections of nuclei in their ground states but als¢omewhat dependent on models of the transition states at the
to a lesser or greater degree, on the cross sections of excit@rrier peaks. Therefore, a range of models was considered,
states. In stars at high temperatures, the states involved willdjustments made to obtain reasonable agreement with the
depend on the Boltzmann distribution of excitation while in measured fission cross section U, and calculations
more transient situations, such as nuclear explosions, th@ade of the corresponding cross section of the isomeric
longer-lived isomeric states will play key roles. Long-lived state. For the models investigated, the fission cross section of
isomers are difficult to populate electromagnetically in a hotthe isomer is calculated to be substantially lowley about
dense plasma. However, they can be populated strongly vi20%) than that of the ground state over a significant part of
neutron capture and, if the neutron energies are high enougte neutron energy rangé&om 0 to~ 0.5 MeV). This work
by inelastic neutron scattering. An especially interesting exis described in Sec. Il.
ample is that of?>U, which has an isomer at only 77 eV~ Using analysis of the same kinds of data as for the ura-
excitation with a half-life of 26 m. The thermal neutron fis- Nium isotope, barrier parameters were established for plau-
sion cross section of this isomer has been meadurednd  sible models of the barrier transition states of the compound
found to be about twice the value of the nucleus in its grounchucleus **®Pu, and from these parameters the fission cross
state. This has led to the speculation that the cross sectigkection of?**Pu was calculated. This was found to agree well
may also be higher for fast neutrons, thus enhancing thwith the measured cross section. Similar calculations were
fission yield in a transient, extremely high neutron flux. carried out for the cross sections 86U and #*"U. These
Equally, a lower cross section would diminish the yield. odd-mass neighbors of*®U are expected to have similar
Since there is no method available at present to measure ti@rrier properties, whilé*'U, like 2%u, has the same spin
fast neutron cross section of the isomer, a theoretical evaliand parity as the*U isomer. These studies help give con-
ation is required to answer this question. fidence that we have a sound understanding of the barrier

The purpose of this paper is to perform detailed calculaand transition state systematics of this whole group of nuclei.
tions of the fission cross sections for the ground state andihis work is described in Sec. lI.
isomeric state of*®U. The ground state o¥**U has spin and

parity 7/2°, while the isomer is 1/2. The latter is the same !l MODELS AND CALCULATIONS OF THE FISSION
as the ground state 8#%u, which has a gross fission barrier CROSS SECTION OF #*
height(relative to the neutron separation energgry similar A. General remarks

to that of 22®U. It is therefore pertinent as part of this inves-
tigation to determine the main physics distinguishing the
magnitude and energy dependence of the fission cross sec- At moderately high excitation energiésp to the order of
tions of 23U and 2*%Pu. 10 MeV) Hauser-Feshbach theofg] is used for calculating

1. Cross-section theory
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cross sections. In this, the cross section is separated into itsicleus passes over the barrier saddle point. Once the tran-
components of total angular momentum and parity, and eacsition states are established, by either experimental evidence
component is proportional to a spin-weighting factor multi- or hypothesis, the transmission coefficients for each barrier
plied by the ratio of the product of transmission coefficientscan be calculated, and from these we can calculate the over-
T for the entrance and exit channels and the sum over transill fission transmission coefficient.

mission coefficients for all channels. In its more sophisti- At excitation energies well above the barriers, the fission
cated form extra factors have to be included to account fotransmission coefficiefg has the Strutinsky statistical form
the statistical fluctuations of the partial widths of the under{5] that simply relates the overall transmission to the separate

lying compound nucleus levels: transmission coefficients for crossing the inner and outer bar-
riers, T, Tg, respectively:
2
A C(ES) geTc(e)CZ(o) Ter(0)Se(e).c(0) L .
Ocor=T : (1) P TatTe @

> Ter
c” The coefficientsT 5, Tg are given by the Bohr and Wheeler

o prescriptions of the sum of transition stafé3, each multi-
Labelsc(e) refer to the entrance channelin its different  plied by a barrier penetrability factor:

possible spin combinations; (0) to the outgoing channel’

in spin combination®, \ is the de Broglie wavelength di- E 1

vided by 27, andS;e) ¢/ (o) is the fluctuation averaging fac- Ta= —

tor. Dresnef3] has derived a numerical integral that can be T 1texd(VatBra—B)ioa]
used for the evaluation d& in the general case when one

channel(or, in practice, a large group of channels such agand similarly forTg). In Eq. (3) the penetrability factor is
those accounting for radiative captuiie constant for indi-  the Hill-Wheeler formula[7] for a barrier with parabolic
vidual compound nucleus levels while for each of the reform equivalent to an inverted harmonic oscillator with cir-
maining channels the statistical distribution function overcylar frequencyw, E is the excitation energy/, is the inner
levels is a member of the> family. barrier height, and th&; , are the energies of the transition
For neutrons with energies up to about 1 MeV bombard-statesf above the inner barrier. A similar equation can be

ing very long-lived and well-studied actinide target nucleiyritten for the outer barrier. It is possible to define transmis-
such as?U, the transmission coefficients for the entrancesjon coefficients for individual transition states

neutron channel and individual inelastic channels can be cal-
culated with considerable confidence. Alternatively—and T.T

.. . A!B,f
this is the procedure adopted here—we can use the experi- f:m'
mental information ors-wave andp-wave neutron strength AT B
functions. The radiation widths are known with reasonabl ih thei . b .
accuracy in the slow neutron resonance region and can hE'€Se. With their appropriate quantum numbers, are Impor-

extrapolated using simple statistical models of the radiatiort@Nt for.ca_lculating Cross section'_s fc_)r more specific prope_rtie;
process. The chief difficulty in applying the Hauser- of the fission reaction, such as fission product angular distri-

Feshbach theory to the fissionable nuclei lies in the nature (}?utlons. . . .
the fission process. At lower energies the intermediate structure due to

It is well known that the fission barriers of the actinide COMPound-nucleus-type levelsiass-Il stategs)) associated
group of nuclides are double humped in their functional deWith the deformation of the secondary well between the inner

pendence on deformation. This contrasts with the singlélnd outer barrle.r pgaks must be. taken into account. By con-
hump or maximum in the potential energy given by the CeNtrating the fission strength into narrow energy regions

liquid-drop model of fission. A double-humped barrier hast€S€ lower the average fission probabili§f. Also the ef-

many consequences on the fission cross section as a resulthFt of Porter-Thomas fluctuations both in the fine-structure

the subtle interplay of the two maxima and makes analysis ocfompound—nuc!eus levelglass-| levels and.class—ll levels .
the data a complicated and not always unambiguous one. It [gust be _taken Into account. Thesg fluctuation effects are dis-
not only in the one variabl¢prolate” deformation towards cussed in Ref[10], where analytic and numerical results

elongation and divisionthat the potential energy departs ha\I/e ?}een establishitilfor a f_ew Iimiting_ cas;]es. b died
from the classical liquid-drop form. It is well established that N the present work fluctuation averaging has been studie

at the outer barrier of the fission path the nucleus is unstabl@lJCh more extensively. From_ the transm|§5|qn coeff'|0|ents
to octupole deformations and the saddle point here is atd%l/j’Tvi the mean _couplmg and fission  widths
mass-asymmetric shape. There is also strong, though indil 1) {T'i(n), respectively, of the class-Il levels are
rect, evidence that at the inner barrier the nucleus is unstabfRPtained:

to axial deformations. These different shapes affect the ener-

()

4

gies of the transition state@lso known as Bohr channels, (Fiie)) =D Tal2m,
after the introduction of the concept by Bdl]), the states
of collective and quasiparticle excitation in which the (T'yi(1))=Dy T2,
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whereD,, is the mean class-Il level spacing. Monte Carloalthough we have frequently used the more exact Monte

techniques have been used for selection of the paramete@arlo method for calculating the fission probability below

(coupling widths, fission widths, and individual spacingé  the neutron separation energy in the analysisdop€) and

the individual class-1l levels from Porter-Thomas distribu- (t,pf) data for deduction of fission barrier heights.

tions and, using the selected class-Il coupling width values,

the coupling matrix elements with the class-I levéter 2. Fission barrier properties

which spacings and reduced neutron widths were also se- The oyerall systematics of the fission barrier parameters

lected using pseudorandom numberere drawn from zero- ¢ the actinides were established in a review by Bjornholm

mean Gaussian distributions. Solution of the elgenvalg%nd Lynn[10]. Since that work, variations on the detailed

problem then gave the parameters for the resonance fing, ameters of specific nuclides have been published by other

structure, from which the detailed cross section could b ihors, but our understanding of the broad trends remains

computed gnd averaged. ) unchanged. Inner barrier heightdenoted by,) vary little
Cqmparlson of these results with th? formLﬂ&based ON * over the range from Th to Cf for a given parity class. For the

a uniform picket fence model of the intermediate and fineyq, hie-even parity class the barrier height for the uranium

structure gives the fluctuation averaging factor. The uniformgqones and their neighbors is about 5.5 MeV. For even-odd

picket fence formula for the fission probability is (or odd-eveh and double-odd nuclides the inner barrier is

about 0.5 and 1 MeV higher, respectively. Outer barrier

Pr= 1 . (5 heights(denoted byVg) vary strongly with proton number.
{1+ R?+ 2Rcotq Tr(l“”(C)+F,|(f))/D|,]}1’2 For the uranium nuclides they are about the same as the inner
barriers, whereas for plutonium they are about 0.5 MeV
where lower. From a gross point of view the overall barrier heights
of the compound nuclet*®U and 2%Pu are very similar, as
R= i@+ i) P 6) are their neutron separation energies, leading to the simple
Cyiol'inDy expectation that the neutron-induced fission cross sections of

2% and #%u should be similar. In fact the different rela-
andT’; is the mean total width of the class-I levels. When thetjye heights of the inner and outer barriers lead to consider-
mean class-Il width is much less than the class-Il level spacaple differences in the cross sections of the two nuclides.
ing, Eq. (8) gives a fission probability up to an order of  The energies, total angular momenta, and paritesf
magnitude lower than the value deduced from the Hausefhe transition states are as important as the barrier heights in
Feshbach formula with the statistical expression, Bl.for  the fission process. These are largely extrapolated from the
the fission transmission coefficient. Inclusion of the ﬂuctua'nuc|ear spectroscopy known for the ground state deforma_
tion averaging factor can reduce the fission probability by Urjon. For double-even fissioning nuclides the lowest transi-
to another factor of 3 of more. _ tion state, at both barriers, is, of course, the “ground state” at

In the case of overlapping intermediate resonandes ( the barrier deformation, with excitation energy zero afd
case, however, when the intermediate structure is washed outo+ 4+ 6+ etc., with rotational moment of inertia in-
the class-Il level fluctuations should be taken into account iferred to be about twice, for the inner, and thrice, for the
the evaluation of the fission transmission coefficients of Eqsgyter barrier, of that of the ground state. Thus, the transition
(3) and (5). This is done here using the Dresner numericalstate energies are
integral technique applied to E¢). The individual transi-
tion state components ofg are governed by independent Ei=E,=1(1+1)42/23, (7)
Porter-Thomas distributions. Although the magnitudeT gf
is governed by the transition states across the inner barriewith respect to the barrier height. Above the “ground” tran-
its fluctuation properties are governed by the degree of ovessition state there is, in even nuclides, an energy gap, which
lap of the class-1I resonances. The frequency distribution igould be significantly larger than 1 MeV—that is, devoid of
assumed to be a member of the chi-squared family with quasiparticle excitations. In this energy gap, however, it is
degrees of freedom. The value of is evaluated from a expected that there will be collective vibrations each with its
picket-fence model of the class-Il states. For lafigethe  own rotational band. The beta vibrations are the best known
value of v is T /2. of these from nuclear spectroscopy, but being vibrations in

The Monte Carlo method for calculating the overall fluc- the prolate deformation variable, which becomes largely the
tuation averaging factor in the intermediate structure case iission degree of freedom, they do not enter into consider-
too time consuming to apply in a full calculation of the neu- ation of the transition states.
tron cross sections. However, we find that if we apply the Apart from the beta vibrations, there is strong spectro-
product of the separate fluctuation factors for the fissiorscopic evidence for gamma vibrations, which are vibrations
transmission coefficient, E¢5), and for the fine structure in about axial symmetry, with spin projection along the prolate
the Hauser-Feshbach formula to the intermediate structuréeformation symmetry axis and parky”’=2". The gamma-
fission probability, Eq(8), we obtain a quite good approxi- vibration energy is about 0.8 MeV in the actinides; its energy
mation to the Monte Carlo result. It is this approximation at the barrier deformations is unknown, and this is one of the
that we use in general in calculating neutron cross sectiongjuantities that is varied in the modeling process discussed
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below. In particular, if the nucleus is stable but soft to[10]. The level density constan@®, g are also expected to be
gamma deformation, then the gamma-vibration energyreater than at stable deformation by a factor dependent on
would be expected to be much lower than 0.8 MeV. Anotheithe symmetry of the barrier shapé3]. The fission cross
possibility is that the nucleus at the barrier is stable for asection at excitation energies considerably below the barrier
certain degree of nonaxial symmetry, in which case extra&nergy gaps is affected by these “continuum” transition
bands for rotation about the major deformation axis occurstates because of their high density and the Hill-Wheeler
These possibilities have to be considered especially for theunneling effect. The level density parameters can be ad-
inner barrier. justed in calculating the neutron-induced fission cross section
Odd-parity octupole vibrations have a special role amongip to about 2 MeV neutron energy.
the transition states; they provide the principal means for

odd-parity states of the compound nucleus to decay through B. Barrier parameters of 238U and calculated

fission. Nuclear spectroscopy provides evidence for two of fission cross sections

these. At the lower energy, generally about 0.5-0.8 MeV in

the actinides, is th&™=0" vibration, the “mass asymme- 1. Axially symmetric inner barrier model

try” vibration with rotational band members|”™ The 23%U(d,p) and 234U(t,p) reactions can reach excita-

=17,3",57, etc. It is assumed to lie at about the same entjon energies in the compound nucleus well below the neu-
ergy at the inner barrier, but probably much lower at thetron Separation energysgz 6.53 MeV for 236[_]) and thus
outer barrier where the saddle point has a mass-asymmetrian explore the fission probability well below the fission
shape[11], and the vibration is a low frequency reflection of parrier. These reactions give the most direct information on
the nuclear shape through the potential hill at zero octupol@arrier heights. Measurements of thi[§f) and ¢,pf) re-
deformation. The higher energy vibration, often known asactions have been made by Baekal. [14,15. Both these

the “bending” vibration, hasK™=1" with rotational band reactions excite compound-nucleus states with a wide range
memberd "=1",2",3", etc., and is usually found above 0.9 of total angular momenta. The results of the calculations of
MeV at normal deformation. In most of our detailed model-the relative cross sections for spin and parity are given in
ing, the mass asymmetry vibration is assumed to be at O.these references, and these have been used in our fits to the
MeV at the inner barrier and 0.1 MeV at the outer barrier,data. The error of measurement assessed in the above refer-
while the bending vibration is taken to be 0.8 MeV and 0.6ences includes a 20% systematic error in magnitude. There-

MeV, respectively. fore only the shape of the fission probability curve in the
o _ _ N region of the barrier gives useful information. In this energy
3. Statistical representatlons of barrier transition states region on|y Competition between fission and radiation has to

The collective states described above are those expect&§ considered. o _ _
in the energy gap before the appearance of the quasiparticle The assumption of stiff axial symmetry at the inner barrier
excitations that result from breaking the pairing energy. Thémplies a high energy for the gamma phonon band transition
energy gap is well known in the spectra at normal deformastates. We have assumed its value to b_e 0.8 MeV, .S|m|Iar Fo
tion and is a little greater than 1 MeV in the actinides. Abovethe observed value at normal deformation. With this transi-
this energy the levels are normally described by a statisticdion state model, it is found that the fission probability data
level density function. The simplest form that is used is aron the @d,pf) reaction are quite well reproduced with inner

exponential with constant temperature: and outer barrier parameters:
pA,B(EyJ):CA,B(2J+ 1)EXF[—J(J+ 1)/20_2] V,o=5.2 MeV, #Awp=1.05 MeV,
X exd (E—Vag)/ 0], (8) Vg=5.7 MeV, 7%wg=0.6 MeV.

where p(E,J) is the density of transition states with zero The energy variation of thet(pf) data is also quite well
angular momentum and single parity at excitation endfgy reproduced by these parameters although the magnitude
and total angular momentudy o is a spin dispersion con- above the barrier is not in agreement. In this respect the
stant andd is the temperature parameter. The subscdp®  (d,pf) and {,pf) data seem inconsistent.
label the inner and outer barriers, respectively. At excitation Using these barrier parameters and the model of indi-
energies of several MeV a Fermi-géedependent particle vidual transition states described above, the statistical level
form is more appropriate. For such a composite model Gildensity parameters can be adjusted to obtain reasonable
bert and Camerofil2] have given tables of parameters thatagreement between calculation and the measured fission
fit the level density data. For the actinides these parametersoss section of*®U up to about 1.2 MeV. This is about the
have been readjusted in R¢LO]. It is found that the tem- value of the energy gap in the target nucl€ddJ, and the
perature parameter is about 0.5 MeV. Spin dispersion corindividual levels up to this energy seem to be quite com-
stants are in the range of approximately 5—6. pletely known, thus accounting almost fully for the expected
For a statistical representation of the transition stategnelastic scattering. Adjusted parameters for the barrier “con-
above the energy gap at the barrier deformations, theory suggnuum?” states are
gests that the energy gaps are somewhat higher and the tem-
peratures somewhat lower than those at stable deformation C,=0.20 MeV 1, Cz=0.05 MeV 1,
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Oa= 05=0.42 MeV, 10y ! '
------------ Model 1
with an energy gap of 1.65 MeV above the inner barrier and \ _ mg::g
1.03 MeV above the outer barrier. B RN —— Model 4

For neutron energies above 1.2 MeV we also need to de-
scribe the states of the residual nucleus for inelastic scatter-
ing by means of a level density formula. If we retain the 2z
above parameters for the barrier state density, we obtain, by_§
least squares fitting, o

6

4
Cr=0.194+0.045 Me\fl, 0r=0.54+0.05 MeV.

This is a considerably lower density than recommended in 2r
Ref. [12}—namely,Cg=0.9 MeV !, 6z=0.5 MeV. If we
are to retain the parameters of REL0], we must assume

that the barrier densities change at 2.5 MeV and 2.0 MeV %01 0010 e 1000
above the inner and outer barriers, respectively. Then the Neutron Energy (MeV)

new barrier density parameters for this higher energy region

are FIG. 1. The fission cross section of tféU ground state for

models 1, 2, and 3.
Cao=0.76 MeV'!, Cg=0.19 MeV !, _ . .

2 MeV. The ratio of the fission cross section calculated for
the isomer to the calculated cross section for the ground state

Oa=05=0.40 MeV. is shown in Fig. 2.

The ground state spin and parity 8¥U arel "=7/2". At
low energies(up to a few tens of keYs-wave neutron ab-
sorption is predominant. Compound-nucleus states of spin The degree of axial asymmetry of a rigid rotator is ex-
and parity J7=3",4" are formed. Transition states with Pressed by the conventionalparameter, in whichy=0 de-
these quantum numbers are fully open for both barriers at thécribes a prolate spheroid and=30° describes the maxi-
neutron separation energy. At neutron energies of 50 keynum axial asymmetry. This model assumgs=11°, a
p-wave neutron absorption has become comparable witfnoderate degree of axial asymmetry. With the ground state
swave absorption. The resulting compound-nucleus state@tational band inertial constant taken %%23=3.33 keV
with J7 ranging from 2 to 5* access transition states that (giving the first 2" rotational state at=20 keV) the first
are fully open over the inner barrier and the even spins ar@,3",4", etc., band(which can be thought of approxi-
fully open over the outer barrier while the odd spins aremately as a gamma rotational barmtcurs at about 250 keV,
about half open there. The waves (exciting J™ ranging  While a 47,5767, etc., band“2 gamma” rotationa) starts
from 1~ to 67) become significant, but not dominant, at at about 1 MeV[19]. Apart from higher bands involving
about 0.5 MeV neutron energy. The corresponding transitiogombinations with the gamma bands, other transition states
states are essentially fully open. By contrast the 77 eV isoare similar to those in model 1.
mer has spin™=1/2". Thes-wave compound-nucleus states

2. Axially asymmetric inner barrier: Rigid rotator,y=11°

have J”=07",1", the latter carrying three-quarters of the 120 ' '
compound-nucleus formation cross section. THe=0"
transition state is open at the neutron separation energy for 100 -

both barriers, but the more important Istate (a bending
plus mass asymmetry combinatjas about 0.3 MeV higher
at the inner barrier and perhaps about equal to the neutrons 4 |
separation energy at the outer barrier. For this reason the low g
energy fission cross section of the isomer is calculated to be |
considerably lower than that of the ground state. piveave
neutron absorption excites compound-nucleus states with

J7™=07,1 and 2". The lowest O transition is not believed o ﬁggﬁ:;
to exist within the energy gafwhich is at approximately 7 0.40 | —— Model 4
MeV excitation for both barrie)s Fission of the 0 com-
pound states (1/12th of the compound-nucleus formation

secti

0.60 [/

Cross

——- Model 1

cross sectionis thus suppressed at low neutron energies. 0.20 ' '
o : 0.0 0.5 1.0
The fission cross section calculated for the ground state E, (MeV)
from this barrier model, which we call model 1, is shown in !
Fig. 1, where the experimental ddtt6—1§ are also plotted. FIG. 2. Ratio of calculated cross section for the 77 eV isomer of

It is in fair agreement with the experimental data up to nearly?*U to that of the ground state.
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The 22%U(d, pf) fission probability data are quite well re- 10 - . -
produced with inner and outer barrier parameters:

V,=5.53 MeV, fiws=1.05 MeV,

Vg=5.53 MeV, fwg=0.6 MeV.

Using these barrier parameters and the model of individualg
transition states described above to calculate the neutron fis_c-‘g 1
sion cross section up to 1.2 MeV, the statistical level densityg
parameters can be adjusted as in model 1 to obtain

Ca=0.34+0.07 MeV'!, Cg=0.07+0.02 MeV 1,

Op=05=0.475-0.03 MeV,

with an energy gap of 1.25 MeV above the inner barrier and L o L L
1.15 MeV above the outer barrier. Above 1.2 MeV neutron  0.001 0.01 0.1 1
energy, the residual nucleus level density is described with Neutron Energy (MeV)

parameters Cr=0.212+0.05 MeV, 6z=0.566+0.04 MeV .
relative to the barrier state density. FIG. 3. The capture cross section of tA®U ground state for

. . model 4. As can be seen from Fig. 8, the capture cross section for
The ef‘fect.of r.nOdel 2 onthe 77 ev.lsomer Is to lower th(.athe isomer is predicted to be significantly larger than that for the
s-wave contribution to the cross section even more than 'rbround state below 0.5 MeV.
model 1. The fission cross sections calculated with this bar- ) '

rier model are also given in Figs. 1 and 2.

lower the estimates of the gamma vibrational energy. We

assume for our calculations with this model that the gamma

phonon energy is 0.25 MeV and that these vibrations are
The ground state rotational band inertial constant is agaiharmonic. The rotational inertial constant is assumed to be

taken ash2/23=3.33 keV. The higher bands, based oh 2 3.33 keV for all bands.

and 4" states, deviate more from the rotational form, but the ~ Again, the ?*®U(d,pf) fission probability data can be re-

rotational relations can be used approximately with an inerproduced with inner and outer barrier parameters as in model

tial constant of 5.9 keV. The lower band starts at 0.06 MeV2.

and the higher band at 0.2 MeV. There is also a “3 gamma” Using these barrier parameters and this model of indi-

band starting with)”=6" at 0.4 MeV. vidual transition states, the statistical level density param-
The 2%U(d,pf) fission probability data are reproduced eters can be adjusted as in previous models to obtain

with the same inner and outer barrier parameters as in model

3. Axially asymmetric inner barrier: Rigid rotator,y=30°

2. Using these barrier parameters and the model of individual Ca=0.34 MeV'', Cg=0.07 MeV

transition states described above, the statistical level density

parameters can be adjusted to obtain agreement between the O0p=05=0.47 MeV,

model 3 calculation and the neutron fission cross section up

to 1.2 MeV to obtain with an energy gap of 1.1 MeV above the inner barrier and
1.15 MeV above the outer barrier. The residual nucleus level

Ca=0.34 MeV'!, Czg=0.07 MeV density parameters Ck=0.19+0.05 MeV !, 65=0.546
+0.05 MeV relative to the barrier state dendig0—22.
0p=05=0.46 MeV, The fission cross section calculated with this barrier

] ] ] model is shown in Fig. 1, while the ratio of the isomer cross
with an energy gap of 1.32 MeV above the inner barrier andection to the ground state cross section is shown in Fig. 2.

1.22 MeV above the outer barrier. Above 1.2 MeV the pa-  Graphs of the cross sections of the competing reactions
rameters of tlhe residual nucleus level density @e=0.22  gre given in Figs. 3 and 4 for models 3 and 4, respectively.
+0.05 MeV'7, 6r=0.504-0.05 MeV relative to the bar- Al cross sections have been corrected for theyf’) and
rier statg dgnsny. _ ] . _ (n,vf) reactions. Some calculatiofisased on model)ave

The fission cross sections calculated with this barrieryiso peen made of the cross section for populating the isomer
model are shown in Figs. 1 and 2. The low energy fission;om the ground state by thex(n’y) reaction. Different re-

cross section for the ground state is higher than in model 25,ts are obtained depending on the assumption that
but the ratio of the isomer and ground state cross sections i%—quantum-number selection rules apply to the cascading

about the same. gamma transitions or not. However, in all cases the isomer is

predicted to be strongly populated via the1f’ y) reaction

on the 2%, and the cross section leading to the isomer at
The assumption that the nucleus at its inner barrier prolateeutron energies-1 MeV is of the order of 0.5 b. These

deformation is soft to axially asymmetric distortions will results are shown in Tables | and II.

4. Axially soft inner barrier
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10' , , , TABLE II. Calculated cross sections for inelastic scattering
from the ground state leading to population of the isomer and the
ground state. The assumption is made that there is conifletix-

10" ing.
Neutron energy a(n,n’ y—is) a(n,n’ y—is)
107 (MeV) (b (b)
=
k] 0.1 0.21 0.14
© 10" 0.3 0.60 0.38
0.5 0.77 0.41
0.7 0.88 0.49
107 0.9 0.89 0.48
11 0.88 0.50
, 1.3 0.83 0.53
10 0.001 0.;)1 011 1 L5 0.80 0.57
Neutron Energy (MeV) 17 0.78 0.60

FIG. 4. The total inelastic cross section3PU. The dotted line

shows the predicted cross section for population of the isomer by
the (n.n’) reaction. deduced for the?*®U(n,f) models C,=0.34 MeV 1,

Cg =0.157 MeV %, 6,= g = 0.45 MeV, Cg= 0.23 = 0.05
MeV ™1, §g=0.465+.05 MeV relative to the barrier state

Ill. CALCULATIONS OF THE CROSS SECTIONS density, we calculate neutron fission cross sections in good
OF RELATED ACTINIDES agreement with the daf23,24. We show the comparison in
Fig. 5.

A. Neutron-induced fission cross section of3U

In this calculation we consider only model 4 of Sec. Il.
The spin and parity of the target nucleus is 5/and the
neutron separation energy of the compound nucleus is 6.84
MeV. Fitting to the 223U(d, pf) fission probability data sug-
gests

B. Neutron-induced fission cross section of3’U

Again we consider only model 4 of Sec. Il. Like the iso-
meric state of?>*U the spin and parity of the target nucleus
are 1/2 and the barrier transition states governing the fis-

_ _ sion cross section should therefore be very similar with the
Va=5.83 MeV, fiw,=1.05 MeV, two nuclides differing by only two neutrons. However, the
neutron separation energy of the compound nucleus is lower:
6.15 MeV. Fitting to the?*®(t,pf) fission probability data
suggests

Vg=5.83 MeV, fwg=0.7 MeV.

Using these barrier parameters and transition state model 4,
and barrier state density parameters that are close to those 12 ' ' '

TABLE I. Calculated cross sections for inelastic scattering from 10
the ground state leading to population of the isomer and the ground
state(the ground state cross section includes the compound elastic
scattering. The assumption is made that all states below 2 MeV in 8

235 have goodK-numbers. 2
I
S 6
Neutron energy o(n,n’ y—is) o(n,n’—gd) =
(MeV) (b) (b) ©
4
0.1 0.21 0.14
0.3 0.44 0.54
0.5 0.46 0.71 2
0.7 0.47 0.90
0.9 0.43 0.94 0 i "} ") 1
11 0.42 0.95 Neutron Energy (MeV)
13 0.54 0.83
1.5 0.71 0.66 FIG. 5. The fission cross section U using the barrier pa-
1.7 0.83 0.55 rameters and transitions states of model 4. The spin and parity of

the target nucleus are 572
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237 « e 239 % %
n+ U Fission n +  Pu Fission

8 v X T T T T T

[ 5]
T
L

Cross Section (barns)

Cross section (barns)
—
- wm
T
L

0.5

n P 1l i n S s
0.001 0.01 0.1 1 10
E, (MeV)

0.001 0.01 0.1 1

E, (MeV)
srieN] FIG. 7. The calculated fission cross section’®u compared

FIG. 6. The fission cross section 81U. The data of Ref[25] with the experimental data. The solid curve has been calculated

are reduced by a factor 0.63 to agree with critical assembly meaf_rom model 4, while the dashed curve has been calculated with the
surement of the ratio of3"U and 23U fission cross section£6]. barrier energy gaps increased by 0.1 MeV.

Vao=5.73 MeV, fiwoa=1.05 MeV, Va=563 MeV, #0,=1.05 MeV,
Vg=5.83 MeV, #wg=0.7 MeV. Vg=5.13 MeV, #wg=0.7 MeV.

Using these barrier parameters and transition state model ¥Sing these barrier parameters and transition state model 4,
we calculate neutron fission cross sections that are in fai/e calculate neutron fission cross sections that are in fairly
agreement with the rather sparse data; these are limited to%0d agreement with the daf@4,27. The comparison is
single one-pulse time-of-flight measurement on the PomShown in Fig. 7. The dashed curve has been calculated with
mard sho{25] and a ratio measurement relative to i@y~ the same barrier state densities as in model 4 of the
o Lo e 23

fission cross section in a critical assemp6]. We use this - U(n.f) case. For the bold curve the energy gaps at the
ratio as a normalization factor on the differential data. TheParriers have been raised by 0.1 MeV. The low energy fission
comparison between calculation and adjusted data is showff0SS Section is considerably lower than that of the ground
in Fig. 6. The single point at 1.5 keV neutron energy isState of 22U (even though the fast neutron cross section is

extrapolated from the resonance information measured ifonsiderably higherbecause of the high energy of the 1
Ref.[25]. The generally lower trend of the calculation com- transition state at the inner barrier. Above 0.1 MeV where the
pared with the data suggests that the barrier heights are tdyWave absorption predominates, the cross section is higher
high. However, to achieve agreement with the data in thdhan that of 2*U because of the considerably lower outer
range from 100 keV to 1 MeV calculations show that thebarrier.

barriers would have to be reduced by about 200 keV, which

is incompatible with the analysis of the pf) and resonance I[V. CONCLUSIONS

ter data. . — .
parameter data We have derived double-humped fission barrier param-

eters and transition state spectra of the compound nucleus
238 that are consistent with the known physics of the fission
Again we consider only model 4 of Sec. Il. Like the iso- process and agree with data on the fission probability extend-
mer of 22U, the spin and parity of*®Pu are 1/2 and the ing into the sub-barrier energy region and with the neutron
relevant barrier transition states should be similar, as is théission cross section of the ground state?8lJ. With these
neutron separation energy of the compound nucleus: 6.5fission barrier properties we have calculated the fission cross
MeV. However, the known general systematic trends of thesection of the 77 eV isomer df°U. The key transition state
double-humped fission barrier heights suggest that while thi this calculation is thed"=1" state. Both theoretical and
inner barrier height will be similar to that of the uranium experimental evidence suggest that this is at a high energy,
nuclides we have studied above, the outer barrier may bespecially at the inner barrier. This is the most important
about 0.5 MeV lower. This is confirmed by fitting to the transition state fos-wave neutron induced fission and, there-
23%u(d,pf) fission probability data, which agrees with fore, causes a considerable lowering of the low energy part

C. Neutron-induced fission cross section of**Pu
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of the cross section relative to the ground state cross section Predicted Ratio of Capture to Fission Cross-Sections
(~45%—-55% in the models studied’he isomer cross sec- 2 ' '

tion does not reach near equality with the ground state cross
section until the neutron energy is well above 0.5 MeV.

The two cross sections then remain nearly equal until at least 1.5
2 MeV.

The predicted ratio of the neutron capture cross section to
the fission cross section for the isomer is particularly strik-
ing. For model 3, for example, this ratio is predicted to be a
factor of about 3.4(2.5 times larger than for the?>U
ground state at 1 keV10 keV). Figure 8 shows these pre-
dicted ratios, and the isomer capture to fission ratio remains 05
larger up to a neutron energy of about 0.5 MeV. As discussed
earlier and shown in Tables | and I, the isomer is strongly

ground state

—-===- 77 eV isomer

o(n,y)/o(n,f)

populated by inelastic neutron scattering on tA&J ground 0 . s

state. Thus, neutron reaction network calculations involving o 025 05 fizs

the uranium isotopes in a high neutron fluence are likely to £, MeV)

be affected by the 77 eV isomer 6. FIG. 8. The calculated ratio of the neutron capture cross section

The high value of the thermal neutron fission cross secto the fission cross section for the isomer and ground stafé™of
tion of the 2°U isomer is not necessarily in conflict with the The ratio of these cross sections is 3.4 times larger from the isomer
main conclusions of this paper. The thermal neutron fissiorat 1 keV and 2.5 times larger at 10 keV.
cross section has a very stochastic nature. It depends on
guantities such as the proximity of the nearest resonance
level (this has a roughly exponential dependence about a
mean value related to the mean level spagitige neutron measured cross sections f6t°U, 2°U, and 2*®Pu. Some
width of this level(Porter-Thomas distributionand its fis-  minor adjustments in barrier heights have to be made for the
sion width (Porter-Thomas distribution or chi-squared distri- two uranium isotopesto agree with the sub-barrier fission
bution with a low degree of freedomThe resonance level probability data. The agreement fof>'U is most significant,
responsible for the neutron fission cross section probably hasecause this has, like th&®U isomer, spin and parity™
total angular momentum and parity Qwhich implies thatit =1/2+. For the ?>®Pu case the outer barrier has to be re-
could have a large fission width duced by about 0.5 MeV to obtain agreement with the sub-
With one of these modelgnodel 4, which is intermedi- barrier data, but with this change and the same transition
ate in properties among the set studied, the calculations aftate model all the major differences between the fission
the fission cross sections are in good agreement with theross sections of>U and 23%Pu can be explained.
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