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A new analysis of the 720 keV gross resonance in the neutron-induced fission cross section of 2*°Th
has been made. While confirming some of the main conclusions of earlier analyses (such as presence
of a double-parity rotational band, suggesting an underlying vibrational mode in a tertiary well of the
fission barrier), the new analysis explores additional features of the vibrational model, as well as em-
ploying new fission product angular distribution data and treating already available data in a different
way. The new model and least squares analysis indicate strong evidence for Coriolis coupling of the
K :% single-particle state and its coupled rotational motion with a K :% single-particle state and
rotational band, probably lying at 930 keV neutron energy. There is also strong evidence that the op-
posite parity band in the 720 keV gross resonance, which is brought down by the reflection asym-
metry in the tertiary potential energy well, is attenuated by a factor of about 3—5 by the fact that

reflection asymmetry is not a property expected of the potential energy surface at the inner barrier
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ances

containing the well.

I. INTRODUCTION

The occurrence of gross resonances in the fission cross
sections of many of the lower-charge actinide nuclides is a
striking phenomenon.! These resonances, which are
much larger in their energy scale than the dense fine-
structure resonances found in slow neutron fission cross
sections, are generally attributed to the complexity of the
potential energy of the nucleus as a function of its defor-
mation. Originally, it was supposed! that they were due
to simple vibrational modes quasibound in the secondary
well of a double-humped fission barrier as theoretically
calculated? for a broad range of actinide nuclei. The de-
veloping theory suggested, however, that even for thorium
and neighboring nuclides the secondary well would
remain so deep>* that such simple vibrational modes
would be damped and hence spread over denser and more
complex states associated with the secondary well defor-
mation. However, refined calculations* of the potential
energy surface indicated that for these particular nuclides
a shallow tertiary well could exist in the fission barrier
and this could be responsible for a virtually undamped vi-
brational mode causing the gross resonance phenomenon.

The information that they can thus possibly give on the
behavior of nuclear potential energy as a function of ex-
tended deformation has led to a great deal of analysis of
these vibrational resonances (as the gross fission reso-
nances are commonly called), but the states responsible
for such resonances are not merely vibrational in charac-
ter, in the sense of oscillating in the direction of the prin-
cipal path towards fission (elongation), but have other in-
trinsic and collective properties associated with them.
One of the collective properties is rotation of the elongat-
ed nucleus, and identification of the members of the rota-
tional band built on the vibrational state can yield the mo-
ment of inertia, giving a measure of the mean elongation
of the nucleus in its quasistationary state at some
significant point of the fission path. The effective moment
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of inertia can, in turn, be modified by the intrinsic particle
properties of the responsible state. For neutron-induced
fission of an even target nucleus such as 2*°Th the intrin-
sic state could be a single-particle neutron Nilsson orbital;
the properties of this are clearly strongly influenced by the
mean state of deformation, especially in its energy, both
absolute and relative to other single-particle states coupled
to the same vibrational mode. Another collective proper-
ty that can be of great significance is reflection asym-
metric vibration; calculations of the potential energy sur-
face indicate that a tertiary well in the fission barrier
would, in fact, be split in the reflection asymmetry direc-
tion,*> giving rise to nearly degenerate states of opposite
reflection quantum number and, hence, parity.

Thus, a vibrational resonance in a fission cross section
may be due to a quite complex superposition of states,
some of which may appear as separate peaks if condi-
tions are right. Otherwise, the determination of the
properties of the complex of states will depend on mea-
surement of other properties, such as the angular distri-
bution of fission products, which is controlled by the an-
gular momentum of the members of the rotational
bands. This was the basis for the first attempts [for
230Th(n,f)] to elucidate the complexity of structure'®
the assumption being in this original work that the vi-
brational mode was associated with a secondary well,
with no reflection asymmetric near-degeneracy, and was
coupled to one single-particle state with a superposed ro-
tational band. Later, very high energy resolution mea-
surements revealed some substructure in the gross reso-
nance of the 2°Th cross section.” This was later ana-
lyzed'"!? in conjunction with new angular distribution
data,® 1'% on the assumption that two rotational bands
existed, built on near-degenerate states of opposite parity
due to reflection asymmetry of the tertiary well.

While these later analyses have on the whole been very
successful and appear to confirm the general validity of
the tertiary well concept, some unsatisfactory features
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remain. These generally surround the angular distribu-
tion data, which are generally less satisfactorily fitted by
the models than are the cross-section data. Partly, this
has been due to the doubtful quality of much of the data,
discrepancies between data sets from various laboratories
having occurred, and also inconsistencies within sets, but
partly also because the analyses have not allowed
sufficiently for deviations from an ideal model, in which
the collective motion towards fission is considered to be
completely decoupled from intrinsic nucleonic motion and
other collective degrees of freedom. Models in which
single-particle nucleon motion is affected by the collective
motion'>'* suggest considerable modification of the fission
strengths of the vibrational resonances and some mixing
of the wave functions of the intrinsic wave functions asso-
ciated with them, thus affecting in marked degree the
channel structure of their fission widths.

In the present paper we consider two variants on previ-
ous model fitting, such as would arise from modification
of intrinsic and other degrees of freedom by their coupling
to the vibrational mode. The first of these is the oc-
currence of Coriolis coupling between single-particle states
with different quantum number, K, for projection of angu-
lar momentum along the axis of elongation; this will have
a modifying effect on the angular distribution of fission
products. The second variant is an effect on the relative
values of coupling and fission widths of the opposite pari-
ty components of the gross resonance. This is expected to
arise because the potential energy hill between the twin
reflection asymmetric routes to fission is calculated to be
much lower at the barrier deformation than at the tertiary
well, and hence significant near degeneracy of the opposite
parity states at fixed barrier elongation will not occur.

II. BASIC EXPRESSIONS
AND DATA-FITTING PROCEDURES

The fission cross section of an even target nucleus can
be written in the Hauser-Feshbach!® form

ondE)=3 oulE,J7)
J, T

2
=mk JEgJTnu")TﬂJ”)/Tu”) , (1)

where % is the de Broglie wavelength of the neutron (di-
vided by 2m), g; is the statistical spin weight for the un-
polarized interacting system having total angular
momentum J, T -
the entrance neutron channel with orbital angular
momentum [/ and hence parity m=(—1), T, is the
fission transmission coefficient for the compound nucleus
in total angular momentum and parity state J,m, and
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is the transmission coefficient for -

arctan

T(J,,) is the total transmission coefficient of this state.
This last quantity is the sum of the neutron and radia-
tive transmission coefficients for all open channels (this
sum being denoted by Tp and the fission transmis-
sion coefficient.

When an intermediate “vibrational” state is controlling
the transmission through the fission barrier, the transmis-
sion coefficient has the intermediate resonance form
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where E - is the resonance energy of a vibrational

state with total angular momentum and parity J7, and
I‘U(C'Jﬁ), FU(U,,) are the coupling and fission widths, re-
spectively; these sum to give the total vibrational reso-
nance width, I',. The coupling width governs the
strength of coupling of the vibrational mode to the fine
structure states of the compound nucleus, these being
the states excited in the first stage by absorption of the
projectile neutron. The coupling and fission width are
deemed to be governed in strength in the main by
penetration, respectively, through the inner (A4) and
outer (B ) potential barriers containing the well responsi-
ble for the vibrational mode; they are usually assumed to
have the Hill-Wheeler form'® of dependence on excita-
tion energy,

2nl
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where D ;= is the spacing of vibrational modes, V 4,Vp
are the potential heights of the inner and outer barriers,
and #w 4,fiwp parametrize the barrier penetrability
characteristics. At the simplest level it might be assumed
that D,, T',), and T',y5 are independent of angular
momentum and parity, for a given vibrational mode, but
at a more detailed level it is clear that V 4,V ,#w 4,%wp
in Eq. (3), and hence the vibrational coupling and fission
widths, can depend on J7 because of the rotational energy
and the mass reflection vibrational energy, and their varia-
tion with changing deformation through the barrier peaks.

The fission cross section of Eq. (1) will reflect the
Lorentzian form of the fission transmission coefficient of
Eq. (2), but the width of each angular momentum and

parity component will be greater than T,
(C'=T, o+ Cyp); it is, in fact,
172
GL!(J”):(FU(J”)+ rv(c,J“')I-‘v(f,J”)/Tp(Jﬁ)) : ()

Experimental resolution of a simple rectangular form of
width 2R can now be taken into account very easily:

E—-R , (5)
GU(J”')
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where

UCN(J”)Z‘ITngJT

n(J7) " (6)

By means of Eq. (5), a moderate degree of experimental
resolution can thus be included analytically in the fitting

procedures. The total resolution-broadened fission cross
section is
Ontexpt E) =, Onexpt( E,JT) . 7

J7

Equations (5) and (6) can be further developed to de-
scribe the functional dependence of the cross section on
angle of emission O of the fission products with respect to
the projectile beam axis. In the simplest case it is as-
sumed that the fissioning nucleus is in a pure K quantum
number state as it passes through the outer barrier. The
angular distribution functions are related to the sym-
metric top wave functions diix(6), so we have
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n
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X cos
where M is the projection of J on the projectile beam axis.
For an even target nucleus the angular behavior of the
function 3., Wkum(0) is illustrated graphically for low
values of K and low to moderate values of J in Ref. 17.

The data that are available on the 2°Th neutron-
induced fission reaction comprise the fission cross section
(integrated over solid angle) measured with high energy
resolution,’ the relative angular variations of the fission
cross section measured with somewhat coarser energy
resolution, and two measurements of the cross section at
specific angles (100° and 125°) measured with the same
(nominally high) energy resolution.!® Of the many mea-
surements on relative angular variation of the fission
product yields, we have chosen the latest very careful
measurement'® as the most definitive, and have used the
d(20°)/0(70°) ratios in the neutron energy range
690-750 keV for the fitting procedure. To these and the
cross sections referenced above, we have used a straight-
forward least squares fitting procedure to attempt to
deduce a range of parameters governing the vibrational
mode properties of Eq. (2). The remaining parameters
required for Egs. (1)-(3) and hence Egs. (7) and (8) are
the entrance neutron channel transmission coefficients
T r and total particle and radiative transmission
coefficients Tp( sm The radiative transmission coefficient
part of the latter is small and can be estimated with
good accuracy from radiation width data and simple
models.!> The neutron transmission coefficients can be
calculated by extrapolation from observed values of neu-
tron strength functions, or from optical model calcula-
tions'® with parameters fitted to a wide range of elastic
and inelastic neutron scattering data at MeV energies.

The two approaches yield similar values of Tpl = and

ocn(J7) within 20%. Over the range of energy con-
sidered in the fitting process, the chosen set of transmis-
sion coefficient parameters has been taken to be indepen-
dent of energy.

The intermediate state responsible for the vibrational
resonance in the cross section is assumed to have the
character of a single-particle neutron state with K quan-
tum number 1 (this is established by the forward peaked
coupled angular distribution of the fission products) and
parity 7, to a rotational state to give total angular
momentum J. The vibrational state energies of Eq. (2)
are then related by the rotational energy displacements,
giving

E =E, k)

ﬁZ
29
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+ |[J(J+1)—K(K+1)
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where J is the effective moment of inertia of the rotational
band and a is the decoupling parameter introduced by the
Coriolis force for K= states (see, e.g., Ref. 20). If this
intermediate state were based on a vibrational mode in a
secondary well with no mass reflection asymmetry, this
postulated band should be sufficient to give an adequate fit
to the cross-section data in the absence of any perturba-
tion effects from another single-particle state. In fact, as
has been demonstrated by Blons et al.,!! such a postulate
is inadequate to fit the detailed data on 2*°Th(n,f) now
available.

The detailed theoretical calculations of the potential en-
ergy surface across the broad outer peak of the double-
humped fission barrier of thorium nuclides indicate that
the shallow tertiary well appearing in this peak is itself in
the mass asymmetry degree of freedom, and a potential
hill of several MeV lies between the two opposite metasta-
ble pear shapes, as illustrated in Fig. 1. The mode of
mass symmetry vibration from one shape to its reflection
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FIG. 1. The reflection asymmetric second fission barrier and
tertiary wells as calculated by ;\berg et al. (Ref. 5). The defor-
mation parameters are related to the coefficients of the Legendre
polynomial expansion of the stretched coordinates of the de-
formed harmonic oscillator system (Ref. 23), €;,€4 being princi-
pally a measure of elongation with some necking, and e€3,€s
describing reflection asymmetry (pear shapes). The secondary
well is at the extreme left of the diagram.
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must then be considered in the wave function of the inter-
mediate state. The zero-point vibration in this mode is as-
sumed already to be coupled into the basic rotational
band of Eq. (2), but the one-phonon state will be almost
degenerate with the zero-phonon state, because of the high
potential hill. This second state has opposite parity,
T, = —1s, from that of the first, and the Coriolis decou-
pling parameter has opposite sign.?>!> Hence, the second
rotational band has energies

E E,x)+AE,

v I
ﬁZ
— 1)—K(K
+57 [JU+D=K(K+1)

—8x1pa (=1 TI2I+ L) LA

The fission and coupling widths of the two intermediate
states are assumed to be the same in first approximation.

With these assumptions on the structure of the inter-
mediate state, we can fit the data to determine the quanti-
ties Ty, Doty Evik)y #2729, a, and AE,. In doing this
we have to take account of possible systematic errors or
discrepancies among the data. The chief of these are like-
ly to be overall normalization errors between the total
fission cross-section data of Blons e al.” and the angle-
specific fission cross sections of Veeser and Muir.'® Blons
et al.'' avoided this question by fitting the ratio of the
Veeser and Muir data at the two angles, i.e.,
0,{125°) /0 ,{100°). We have not done this because (a) it
could lead to loss of useful information, and (b) it could
introduce additional errors if the energy scales of the two
angle measurements are not in exact agreement with each
other or that of the total fission cross section. We have
therefore introduced as additional free parameters normal-
ization constants, Cys5 and C g0 (to multiply into the cal-
culated cross section for each angular measurement of
Ref. 10), and two energy shifts, €5 and €99, which are
deducted from the energy E in calculating the respective
angular cross sections. (The Veeser-Muir data have al-
ready been shifted down by 6 keV, as suggested by Blons
et al.'! in order to align them approximately with the en-
ergy scale of the data of Ref. 7.)

A typical fit based on a typical set of parameters recom-
mended by Blons ez al.!! is shown in Fig. 2. The basic
parameters E, k), #°/29, and a have been held fixed at

E,x,=714.9 keV, #/29=1.75 keV ,
a=0.3, AE,=—9.48 keV .

The fission and coupling widths were allowed to vary and
their “best” values were found to be

Fv(f):10.9 keV, FU(C)IO.SI keV

(or vice versa). The neutron transmission coefficients were
the optical model values of Ref. 19. The fits are not near-
ly as good as those found by Blons et al. ' We make four
comments. First, we have used a strict Lorentzian formu-
la, Eq. (2), for the fission transmission with only a modest
amount of barrier penetration variation, Eq. (3) with
fiwy4=1 MeV. Blons et al. used a transmission
coefficient calculated for a specific shape of barrier of
smoothly joining parabolas parametrized by well-depth,
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FIG. 2. Simple fit to 2*°Th(n,f) data, based on the model of
near-degenerate opposite parity rotational bands with rotational
parameters postulated by Blons et al. (Ref. 11). Panel (a) is the
fit to the cross-section data of Ref. 7. Panel (b) is the fit to the
ratio of fission product angular differential cross sections at 20°
and 70° from Ref. 17. Panel (c) shows the fits to fission product
angular differential cross sections of Ref. 10 at 125° (solid
squares and curve) and 100° (open circles and dashed curve).
The normalization constants Cis,Cio0 Were taken equal at a
value of 0.715, as were the energy shifts €12s,€100 at 1.6 keV. The
open circles in (b) are data of doubtful validity.
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phonon energy, barrier heights, and penetrability charac-
teristics. One of the last, #iw 4, is determined as 0.2 MeV,
which seems to be an extremely small value from a physi-
cal point of view. Such a small value will cause much
greater variation of the barrier penetration factor with
changing energy and effects considerable variation in the
resonance widths of the rotational states. Second, Blons
et al. rely considerably on the ratio of the 125° and 100°
cross-section data of Muir and Veeser. Our comparison
[Fig. 2(c)] is with the fission cross-section data themselves,
and indicates a possible relative energy shift of the two
sets, which would invalidate the ratio fit. Third, Blons et
al. fit 0,0°)/0,{(90°) ratio data from the measurements
of Refs. 8 and 9. Our comparison [Fig. 2(b)] is with the
more recent o,{20°)/0,(70°) data of James er al.,'® which
has a quite different behavior. Finally, Blons et al. allow
modest differences (~20%) between the moments of iner-
tia of the two rotational bands, a departure from the ideal
model.

III. MODIFICATION OF THE INTERMEDIATE STATE
BY CORIOLIS COUPLING

In general, the intermediate state responsible for a vi-
brational resonance effect in the fission cross section will
be describable as pure transmission through a barrier con-
taining a potential well. The variation of intrinsic state
properties (single-particle, rotational, mass-asymmetry vi-
bration) with elongation will give rise to mixing of both
intrinsic state properties and phonons as the nucleus oscil-
lates in shape in the fission path. The effect of such mix-
ing on intrinsic states of specifically single-particle charac-
ter was studied in Ref. 14, in which it was noted that both
fission and coupling widths could depart significantly
from their expected ‘‘pure transmission” values, and

_

furthermore that Coriolis interaction could allow
significant mixing into the fission width of channel com-
ponents with different K quantum number from that of
the principal component of the intermediate state.

In this paper, we treat this Coriolis effect as simple per-
turbation. The Coriolis coupling matrix element between
two intermediate levels of the same total angular momen-
tum J but axis projection K’ differing by one unit is (see,
e.g., Ref. 20)

Veor=(J, K+1| —(#/29)21-3) | J,K )

=— |(J=K)J+K+1)|? 4 , (12a)

where

Ax=#/2I,)(K+1]j |K) , (12b)

j1 being the single-particle angular momentum operator
perpendicular to the cylindrical symmetry axis of the sys-
tem and J, the unperturbed value of the moment of iner-
tia (see Sec. V). If the state of different K’ is far enough
removed in energy from the intermediate state under
study, the admixture of the intruder state in intensity
terms is

(J—K)J+K+1) A4}

I(J)= >
(EU(K)‘EU'(K—%H)
=(J—K)J+K+1)B, , (13a)
where
B, = A} /(E,x)—Epk +1)’ (13b)

The fission width of the intermediate state becomes
therefore

Cogn=[1-B.(J—K)J+K+ DI, )+B(J =KW +K+1D 55 k41
=Lygs6)—BAJI+1D—=KK+DUTys 5 60— Toisrx+1) (14)

similarly,

Coie.n=Tycox)—B I +1)—K(K+DITyr0—Tvicrk+n) - (15)

The cross section for specific direction of emission of fission products becomes

ao’nf,expt( 0)

30 =3 Unf‘expt(E,J”){[l—BC(J—K)(J+K+ DW, k(O 0.6/ Lo
J,m
+B.(J—=K)J+K+DT 5 k10 Wik +100) /Ty )} - (16)
r

A fit to the data that takes account of Coriolis cou-
pling through the use of Eqgs. (14)-(16) is shown in Fig.
3. This is based on the parameters derived from the
starting point of Blons et al. as shown in Fig. 2. The
fission cross-section curves are not shown in Fig. 3 be-
cause they are barely distinguishable from those shown
in Fig. 2. If it is assumed that the widths of the ‘“‘con-
taminating” K 4+ 1 rotational band are the same as those
of the K band, a “best fit”” value for B, =0.015 is found.
It can be seen that this gives a better overall agreement

with the o(20°)/0(70°) data [Fig. 3(a)], but there is lit-
tle visible improvement to the o(100°) and o(125°) data.
The normalization constant for the latter has been raised
by 5%.

The introduction of Coriolis coupling could also be
applicable to a single-parity rotational band fit based on
the concept of the secondary well as the source of the vi-
brational resonance. Indeed, the steady reduction of
strength of the rotational band members with increasing J
found necessary by James et al.® to fit the data using the
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FIG. 3. Same as Fig. 2, but with admixture of the K'=K +1
band due to Coriolis coupling. Only the ¢(20°)/0(70°) data and
fit are shown.

single band hypothesis could be attributed to Coriolis cou-
pling. An attempted fit for an even-parity band is shown
in Fig. 4. The parameters of the fitted curves are

E,k)=709.2 keV ,
#/29=1.41 keV ,
a=-0.9,
Tun=14.7 keV
(or vice versa) ,
yio)=1.47 keV
Cio0=C125=0.76 ,
€100=—3.2 keV ,
€12s=—1.9 keV ,
B.=0.044 ,

(rv(f,K)_Fv'(f,K+l))/Fu(f,K)
:(FU(C,K)-—FU'(C,K+1))/FU(C,K)=O‘9 (assumed) .

Attempts to fit the data with an odd-parity band were
much poorer.

IV. REDUCED FISSION STRENGTH
OF THE ONE-PHONON MASS
ASYMMETRY VIBRATION STATE

Study of the potential energy surface (Fig. 1) for the
fissioning nucleus in the thorium region shows that while
the tertiary wells of opposite reflection asymmetric shape
are separated by a high potential hill, giving rise to near
degeneracy of opposite parity bands associated with a sin-
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FIG. 4. Attempted fit to ?*°Th(n,f) data with a single parity
band allowing for Coriolis interaction.
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TABLE I. Parameters for fits with reduced degeneracy for reflection asymmetry vibration and Coriolis interaction. Curves are
those of Fig. 6.

E, #/29 AE, Fu i) Fv o) ru —(f) Fu_(c)

(keV) (keV) a (keV) (keV) (keV) (keV) (keV) B,
Fit I (solid curve) 706.8+0.2 1.14+£0.07 —0.70%+0.14 14.9+0.4 8.4+0.3 0.81+0.03 10.5+0.8 0.24+0.02 0.019+0.002
Fit II (dashed curve) 706.8 1.16 —0.67 14.0 8.1 0.81 12.6 0.36 0.046

gle vibrational and single-particle state, at the inner bar-
rier into these wells the mass asymmetry feature is very
weak. At fixed inner barrier deformation, therefore, the
degeneracy between the two opposite parity bands will be
removed and there could be considerable differences in
their amplitudes of vibrational motion at the inner barrier,
and hence in their coupling widths through this barrier.
Similar behavior, but probably much less marked, could
occur at the outer barrier, thus affecting the fission width.

In our final set of studies of models based on the terti-
ary well concept of the vibrational mode, we have there-
fore allowed for differing coupling and fission widths for
the opposite parity rotational bands.

We have first attempted a fit with no Coriolis interac- | 1 ] 1 |
tion. The results are shown in Fig. 5. In Fig. 5(a) the fit 2890 700 710 720 730 740 750
to the total fission cross section is obviously very good.

The 0(20°)/0(70°) calculated ratio [Fig. 5(b)] is rather too NEUTRON ENERGY (keV)
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high over much of the energy range, but is generally a lit- 3.0 r ] ] :
tle better than that of Fig. 2(a) (equally weighted opposite (b)
parity bands). The fit to the o(100°) and o0(125°) data r 1
also appear qualitatively as good as those of Fig. 2(c).
The parameters for the fits of Fig. 5 are
>
E,=706.8 keV, #/27=1.134 KeV , §
a=—0.664, AE,=14.36 keV , S
=
L +p=80keV, I' . =0.75keV, ;
<
L -p=111keV, ' _ =0.28keV, g’
C100=0.78, C125 =0.76 ) E
61()():—3.3 keV, 6125:——2.7 keV .
There is a factor of 3 between the magnitudes of the r 1
coupling widths of even and odd parity bands. The 10 A | | |
smaller factor of difference (in an opposite sense) between 690 700 710 720 730 740

the fission widths is probably not statistically significant.
Even better fits are obtainable if Coriolis interaction is
included. Figure 6 shows some examples. In Figs. 6(a) 120
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and 6(b) the dashed curves are based on the assumption S-g Py
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that & z
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shown in Table I. tion is included.
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FIG. 6. Generalized fits to 2**Th(n,f) data. Coriolis interac-
tion is included in addition to the possibility of breakdown of
reflection asymmetry degeneracy at the barriers. Parameters
are shown in Table I. The normalization constants for the
curves of (¢) are Cp0=0.764, C;;5=0.736, and the energy
shifts are €;00= — 3.1 keV, €;35= —2.1 keV. The dotted-dashed
curve of (b) is for the first case of Table I, but with B. reduced
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V. DISCUSSION AND CONCLUSION

We have shown that greatly improved fits to what we
regard as the soundest of available cross-section data on
the 2*°Th neutron-induced fission reaction in the region
of the 250 keV vibrational resonance can be obtained if
allowance is made for Coriolis interaction with nearby
vibrational states with K =2, and for reduced strength
of the non-normal parity band in the reflection asym-
metric tertiary well model. Indeed, Coriolis interaction
alone allows greatly improved fits for a single parity ro-
tational band; such fits are almost as good as those based
on a two-band model of Blons et al., which in our pro-
cedure has turned out to be disappointingly poor, possi-
bly because we allow no mechanism that produces vary-
ing resonance widths among the different spin members
of a given band. However, even though our single parity
model is improved by Coriolis interaction, we feel that it
is not nearly good enough to allow renewed credence
that the secondary well in the fission barrier could be the
source of the vibrational resonance.

Of course, the generalized two-band models offer a
great many more degrees of freedom for fitting, and there-
fore we would naturally expect much improved fits. Nev-
ertheless, the extra parameters have a sound physical
basis, and we have retained certain constraints such as
equal moment of inertia, equal magnitude for the K=1
decoupling parameter, and equal strength for the Coriolis
interaction of the two bands. It is clearly important to es-
tablish that the values determined for the new degrees of
freedom have a reasonable physical magnitude.

To take the Coriolis interaction first, we start by
pointing out that there is clear evidence for a K >3
state® in the fission cross section at neutron energy
E,~950 keV, about 230 keV higher than the K =1 res-
onance under study. Its coupling and fission width, at
its resonance energy, are somewhat larger than those of
the K =1 state, but at the energy of the latter they will
be similar or smaller. Without a priori knowledge of the
Nilsson orbitals involved, a precise estimate of the
Coriolis coupling matrix element cannot be given, but if
we accept estimates for the actinides at their normal
(ground state) deformation,?? we would expect a value of
the order of 7.5 for the quantity (K +1|j, | K) of Eq.
(12b). Using #2/2.J,~2.5 keV as a reasonable estimate
for the unperturbed value of the rotational constant for a
nucleus at the outer barrier deformation, we then obtain
B.=~0.007 as an estimate for the order of magnitude we
expect for this quantity, to be compared with fitted
values ranging from about 0.019 to 0.04 for the two-
band models. We note that a value of B.~0.007 would
give a better fit to the fission product angular distribu-
tion data in the region E,=~720-740 keV, although it
would raise it slightly above the data at lower energies.
In fact, if B, is held at 0.007 in the fitting process, and
the fission width difference of the K and K’ states is al-
lowed to vary, just as acceptable an angular distribution
is obtained; this is also shown in Fig. 6(b), the K’ fission
width being found to be about 3 times greater than that
of the K + 1 state. The value of B.=0.044 determined
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for the single band model (Fig. 4) is clearly untenable.
The effective moment of inertia J and decoupling pa-
rameter a for the rotational band are also modified from

J

2
E;=Eg +%[J(J+l)—K(K+1)+a,,(—)”1/2(J+%)]+(J~K)(J+K+1)<K [j1|K+1)?

giving

# # . .| # 1

= 1+ (K K+1 ,

27 =29, |\TKI] 0% 5 Ex —Ex o1
(18)

a=a,/[1+(K |j |K+1)2#/29,)/(Ex —Ex :1)] .
(19)

A value of B.=~0.015 with #2/27=1.15 keV from the
data analysis would imply that #2/27, =5 keV, a value
that is much too high; again, a value of B, =0.007 would
appear to be much more acceptable physically. This
would lead to a value of a = —0.27.

The determination of the values of J, and @, with
some degree of confidence is important for our
knowledge of nuclear structure at extreme deformations.
Clearly, we need to know the strength of the Coriolis in-
teraction with some accuracy, and we do not believe we
have yet attained the degree of accuracy required. The
elucidation of this quantity rests principally on the
fission product angular distribution data, and the pub-
lished values of these in the literature now show a great
deal of scatter and systematic deviation from one set to
another. Among other problems, there is a persistent
tendancy for a narrow group of high points in the for-
ward to sideways angle ratios to occur. Although these
are generally on the low energy side of the vibrational
resonance, there is no precise agreement on their loca-
tion among the various data sets. Their existence badly

the unperturbed value J, by the Coriolis interaction with
the K=3 band. The relative shift in energy of the

members of the K = band implies that

w |
29,

1
Ex —Eg ;)

(17)

f

requires confirmation or otherwise. If the effect is real,
it will be difficult to explain within the present class of
models. But the main problem remains the deviation of
the data at energies above the resonance. These are the
energies at which the Coriolis interaction will show its
greatest effect.

To judge the physical significance of the reduced
strength of the non-normal parity band, we have made a
model calculation to judge this effect. This is an exten-
sion of the particle-vibration coupling model described in
Ref. 14. In addition to the dependence of single-particle
energy on deformation, we have included an energy term
to represent the energy of the first reflection-asymmetric
vibration mode. This energy is described by the sum of a
quadratic and cubic term in elongation deformation about
the tertiary minimum; these have coefficients related so
that the energy of the reflection-asymmetry mode is posi-
tive at the inner barrier and remains roughly zero from
the center of the tertiary well to the outer barrier. We
find that if the energy of the reflection-asymmetry mode is
of the order of 2—-3 meV at the inner barrier, there is
significant reduction in the coupling width, by a factor of
3-4, while the increase in eigenvalue of the fully mixed
state is only of the order of 30 keV. This is qualitatively
consistent with the results of our analysis of the 2*°Th
fission data, and leads us to conclude that the reduced
strength of the non-normal parity band is a real physical
effect.
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