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ANGULAR ANISOTROFY AND STRUCTURE OF THE FISSION BARRIER

by

K. D. Androsenko, S, B, Ermagambetov, A, V. Ignatiuk, N. S. Rabotnov,
G. N. Smirenkin, A, S. Soldatov, L. N. Usachev, D. L. Shpak,
S. P. Kapitsa, Iu. M., Tsipeniuk, and I. Kovach

ABSTRACT

Measurements of the angular distribution of fragments fro flssion
bxaneutrons f the target nuclei of Th, 238py,

Pu, and 1Am and by photons of 32Th 23 21*oPu and 2“ Pu
are reported. Investigations of the (n f) reaction were carried out on
the electrostatic generators of the Institute of Physies and Energetlics,
and investigations of photofission, on a microtron of the Institute of
Physical Problems of the Academy of Sciences of the USSR, at 12 MeV.
Most attention was paid to study of the near-threshold region of excita-
tion energies. The data obtalned do not fit the traditional description
of fission probability, but are satisfactorily explained by the two-hump
barrier concept. Questlions about the quasi-stationary nuclear states In
the second well, the structure of the barriers, the even-odd differences
of fission probability, and the energy gap of a nucleus with large de-

formations are discussed.

INTRODUCTION

The angular anisotropy of the distribution of
fission fragments results from the primary orien-
tation of the angular momentum,;i, of the nucleus
relative to the beam of borbarding particles and
the nonuniform distribution of the projections of
the momentum K on the exis of symmetry (direction
of splitting). The observed spectrum, £(X), de-
pends on the energy of excltation into the trans-
ition state E¥ = E = Ef and the method of excita-
tion determining & practiceble set of angular momen-
ta. The region of low E¥, where the nucleus is
cold and a few transition quantum states--fission
is of special

The appearance of a complex structure in

channels--participate in fissionl’2
interest.
the energy dependence of the angular dlstributions
of the fragments, W(8), near the threshold in the
cross section, Cos is assoclated with discrete
states in the spectrum of the lowest fission chan-
nels.
Studies of near-threshold fission of nuclel

disclosed a number of qualitative effects attesting

to the fruitfulness of the concept of the fission-
channel model. Study of even-even fissioning nue-
lei, an application in which the model using a
fission-channel spectrum analogous to the spectra
of excited equilibrium states leads to concrete re-
sults, is most Importent. The expected quantum
structure of the barrier has been observed during
study of photofission3
type.h’5

However, more detailed experiments and a de-

and reactions of the (d,pf)

tailed quantitative analysis of the energy depend-
ence of the angular anisotropy 6-10 showed the In-
completeness of the traditional description of nu-
Explanation of
a number of properties and phenomena that do not fit
the generally accepted N. Bohr-Wheeler-A, Bohr con-

cept, among them angular anisotropy, became possible

clear fission near the threshold.l’2

with reconsideration of the concepts of the shape of
In 1967 Strutinskiil
lated the potential energy of deformation of the nu-
cleus, taking into account shell effects. His

the fission barrier. calcu-



calculations show the significant divergence of the
shape of the fission barrier from the parsbola mo-
tivated by the liquid-drop model. According to
Strutinskii, the real fission barrier in the usual
unidimensional representation is a curve with two

maxima., The physical concepts of the new represen-

lem, Identification of the predominent fission
channels K" and reduction of the energy dependence
of the penetrsbility of the barriers P.n (En) were
accomplished, as usual, by empirical choice of those
quantum characteristics that would easure agreement

of the calculation

a0 ,(9,En) _, ,2
o 2z Z (2T+ 1) T:(En) P’“’(f," YR «Wrk (o) (1)

Tyk,m

T,! (en-Em)
l‘:‘j o

tations of the barrier shape and the quasi-station-
ary states in the well between the maximalz’l?’ are
the basis of the so-called two-hump fission barrier
model.,

This paper investigates questions about the
angular anisotropy and structure of the fission
barrier, Some recent measurements with monoener-
getic neutrons in electrostatic generators at the
Institute of Physics and Energetics end with pho-
tons from bremsstrahlung in the microtron of the
Institute of Physical Problems of the Academy of
Sciences of the USSR are included. Most of the
Jdata were obtained by track technology. A de-~
tailed description of the experiments and their re-
This re-
port aims to demonstrate the inadequacy of the

sults will be given in another report.

traditional description of angular anisotropy of
fission and to discuss the possibility of refining
it using the two-hump barrier model.

I. EXPERIMENTAL RESULTS AND CONSEQUENCES
A, Fission of 232’1‘h (n,f) near the Threshold
The results of measurements of the fission
cross section, cf,l and anguler distributions of
the fragments, W(0), are given in Figs. 1 and 2,
The curves in Fig., 2, W(8) = 2o %nPon (as8),
where P, (s 9) are Legendre polynomials,are calcu~
lated by the least-squares method. Date on the an-
gular enisotropy W(0°)/W(90°) are shown in the in-
sert to Fig. 1, where they are compared with the re-
sults of other measurements.8’15’16 The sngular dis-
tributions measured by different tmt;horels’l6 agree
less well than do the date on the angular anlsotropy.
Obtaining detailed information on cf and
dcr(e) ~ W(®) for a chennel enalysis was & prob-
a6

In Eq. (1) we neglected the
widths relative to the

with experiment.
fission [ o and radiation r v
~
e,jim 3
vavelength of the neutron, ’l“c are the optica.‘:t'rco-
efficlents of penetrability of the neutrons,
I = (1), The index m shows the levels of the
target nucleus, and Y'rk takes into account the de-
pendence of the penetrability of the fission barri-
er on the total angular momentum, T, in accordance
with the usual assumption that the difference in
P for different T reduces_to a subtraction of the

s
neutron width [ n Tg; (En-Em) . X is the

and

Tar 2
energy of rotation Frot = -E—F— CT(T +4) -K(K+4)}

from the energy concentrated in the fission de~
grees of freedom (we assumed that 7(2/2F = b keV).

The classical channel analysis scheme2 con-
sists in finding the height of the barrier Ek"
the parameter of curvature hw, , related to P]m(En)
by the well-known Hill-Wheeler relation for a para-
bolic barrier,

and

P, (m) = [l+exp(2rrEf:;h;En-Bk)] . @

where Bn is the binding energy of the neutron.

Such calculations have been carried out for
the reactions 3o (n,i&‘)16 and 23hU (n,f),ls but
they do not describe the shape of Gf(En) in detafil
because Eq. (2) depends monotonically on En and ig-
nores the resonance phenomena noted in Refs. 6 and
T. Our analysis was made using Vorotnikov's pro-
posed method, in which no limitations are imposed
on the energy dependence of PKn(En)'

Note the more important results of the analysis.

1. For all En’ we could obtaln agreement of
the calculation of W(8) with experiment within the
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Fig. 1. Fission cross section of 232Th as a function of

neutron energy
@-Ref. 14,

cross sections

Insert:
D-Ref, 8,

1limit of experimentel error using only two or three
combinations of the dominating states K". The main
qualitative feature of the observed K" spectrum is
the sbrupt cheange, in the narrow energy interval
En ~ 0.1 to 0.2 MeV, of the role of the individual
states (introduction and disappearance), which at-
tests to en irregular "resonance" behavior of

PKn(En) , 1n disegreement with Wheeler.’

2, Anbiguity characterizes the identification
of even the dominant fission channels. Determin-
atlon of the parity of the K = ¥ states, which
meke a significant contribution at all energles
studied, was not successful; it is difficult to
distinguish the states K" = 3/2° end 5/2” ena 5/2*
and 7/27, respectively. Therefore, in Fig. 3 we
show variations of the analytical results for

angular isotropy.
&,90

O - data from the Table of neutron

@ - this paper,

- Ref. 15.

K" , and In each case in separate re-

gions of En show the possible pairs of PKrr that a-

gree gbout equally with experiment, (broken and
solid lines).

+ 1=

=3 and 3

The indefiniteness of the parameter
k2/2F can also cause errors. However, the identi-
fication of K (but not the ebsolute value of PKn)
is insensitive to lack of detailed information sbout
the levels of the target nucleus above 1.2 MeV.

3. The fact that the main result of the analy-
sis--the presence of resonances of PKn(En) with a
width of ~ 0.1 MeV--1s not affected by the indef-
inite ldentification of quantum characteristics of
the channels is fortunate. The irregularities of
O'f(En) near 1.1 and 1.6 MeV are related to the res-
onances P; and P3 /2n, respectively; the tradition-
al explanation by the competition of the neutron




Fig. 2. Angular distributions of fragments of 232‘1‘h fission by neutrons.

width2 is unsuiteble in these cases. The value of
P, (0) obtained by exponential extrapolation to
En = 0 diverges strongly from the penetrebility
calculated by the cross section of the fission of

232’1‘h by thermal neutrons.l9 The latter exceeds the

extrapolated valuelh by more than a factor of one
This fact shows that the irregular change

in the penetrability of the barrier is preserved in

thousand.,

the deep subbarrier excitation region. A clearer
picture of the resonance effects on P(E) is given by
Gokhberg et al.2®

B. Fission of 230y, 23Ty, 238p, 2ho, 2h2,

2l+lAm by Neutrons

and
Measurement of the angular distributions of
the flesion fragments of 230U, 2*%y  and 2py yee
mainly in the near-threshold region of neutron ener-
gles; tor 23Tp, 2Ppy ena Han, 1t ves at the
threshold of the (n,nf) reaction, The coefficlent
of angular anisotropy A = W(0°)/W(90°) - 1 for five
target nuclel is shown in Fig. 4. For three of
238 . 240, ~ 2
them, Pu (=~ 85%), Pu (= 93%), and
(~ 95%), the measurement accuracy in the subthresh-

i

old region vas limited by isotoplc impurities,

A general property of the nucleil investigated
is the almost total lack of channel effects in the
angular distribution of fraegments. The angular dis-
tributions for isotopes of neptunium, plutonium, and
americium for all energies, including subthreshold,
are well. described by the simple expression

w(e)
CO)

=l+AmwSo . (3)

The conformity of the anisotropic part of W(8)
to the quadratic dependence on cos 8 for sufficlent
excitations is usually thought to indicate a sta-
tistical aistribution of K,2T

f(K) ~ exp -(—2-) . (8)
2K
0
For a description of W(8), in this case the re-
lation of the statistical theory,
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2) positive, b) negative (see text),

PSinae

W(8) ~ Sin~3 8 / 2 e Io(x)ax
[o]

= sin™3 o « ¢(ps1n%), (5)

2
18 widely used for small P = 12

25

anisotropy, which converts to Eq. (3). For the nu-
clei considered, A< 0.2,

Nonetheless, the conformity of the experimen-
tel data on W(8) to Eq. (3) in the (n,f) reaction
cannot,without additional enalysis, be considered en
adequate indication of the distribution of Eq. (%).
In fact, Eq. (3) 1s fulfilled with any spectrum of
the channels for low energles, Ens 0.5 MeV, when
waves with £ < 1 dominate the cross section of the
Only the contrib-
ution of higher angular momenta leads to deviations

s lee., & small

formation of a compound nucleus,

from Eq. (3).

Let us satisfy ourselves from the example of
238Pu (n,f) that the experimental anguler distri-
butions of the fragments cannot be explained by en-
listing & small number of K" states. This reaction
is also interesting in that a channel enalysis car-
ried out for it by Vorotnikov et al.a leads to &
contradictory conclusion. According to Vorotnikov
et al., the fission of 238Pu by neutrons has a
threshold at E ~ 0.8 to 1.0 MeV and proceeds to
1.5 MeV primarily through two types of K states,
4" and 3/27, In Fig. 5 our experimentel distri-
butions are compared with a calculation made by the
scheme used above in the analysis of the 232'lh
(n,£) reaction. Other simple combinations of K'
show still greater divergence from experiment.

A clear demonstration of the participation of
many states in the fission of heavy nuclei near the
threshold was obtained in a study of the 230U (n,f)
reaction.9 The coefficient of angular anisotropy
agrees with Lamphere's data  and reaches 0.6, In
this case Eq. (3) is not satisfactory, and to check

5
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the hypothesis of Eq. (%), one must use Eq. (5).
The most Ilnteresting part of the experimental data
is summarized in Fig. 6, using

CON (ps10)¥2 (6)

¢ (pSin©e)

which, according to Britt et al. ,5 depends on the
single parameter X = psmze. The right-hand part of
Eq. (6), as is shown in Fig. 6, for P < 1 depends
linearly on X with good agreement., Thus , fission of
2385 (a,£) 0.5 to 0.7 MeV below the threshold oceurs
as if a significant number of channels took part in
it.

The sharp change in character and energy de-
pendence of the enguler distribution of fragments

with a small increase of nucleons in the region
where the properties of equilibrium nuclei change
little is surprising. The A, Bohr model® imposes
no limitations of A and Z on the realization of
channel effects for nuclel with the same parity of
nunber of nucleons.

Also interesting is the nonmonotonic energy de-
pendence of the angulsr anisotropy for significant
excitations, where the correct statistlcal descrip-
tion is certain., The energy-dependent Kﬁ (E»),
determined from the data on the angular anisotropy
in Fig. 4, for compound nuclei, odd-odd 238Np and
odd 239Pu, are compared in Fig, T with the analogous

%%y, f1sston-
ing in the reactions 2391’11 (a ,pf)l"5 and 239?11

(n,f).28’29 The excitation energy in the first two
cases was calculated as the difference En -E ne?
where E nf is the neutron energy at which the thresh-

old in the fission cross section is observed,

dependence for the even-even nucleus 2k

The presence of a staggered structure in the
path of Kg(E*) for 21&01,“ has been interpreted in
Ref. 4 and a‘numbe:r of subsequent pa.pertss’29 as the
consequence of a pairing energy gap 2 Af in the
spectrum of internal excitations. Using the esti=-

mate of the Jump Kg,

8 = 2 ¢S NN +2)

» 3 , (1)
associated with the rupture of a palr of nucleons,
Britt et al. obtained Af 2z~ 1.3 MeV for the trans-
ition state, exceeding by almst a factor of two
the equilibrium value Ay~ 0.7 MeV. In Eq. (1)

< K2p>, equal to % for one unpaired particle, was
estimated as the average over all the single-parti-
cle levels of the last unfilled shell with a total
quantum number N = 7 to 8. Analysis of the energy
dependence K(ZJ(E*) in a w;der reglon of excitations
up to 30 MeV led Griffin~ to conclude that the
critical energy, E*crit’ of the phase transition
from & superconducting state to a Fermi-gas state is
about 19 MeV, vwhich also corresponds to the anomal-
ously high value Af ~ 1.2 MeV,

Subsequently, the interpretation of the stag-
gered shape of the dependence Kﬁ(E*) for low excl-
tations and the reliability of the determination of
Bo, B¥ i and < Ki) became suspect.30’3l A re-
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view of Griffint's ana.lysisza led Smirenkin et &1.31

to the considerebly lower values, E*crit = 9,5 *
3 MeV and Ar = 0,77 t 0.15 MeV, close to the squili-

brium value, Kﬁ, as follows from Fig., 7, for
E¥—-0 (238Np and 2391’1:.) converges to { XK~ > 5,

not ~10, as predicted by Eq. (7) (see also Ref.
29). From Fig. 7 we see that a factor of 2 decrease
in < P D with the significant spread of different
data on K<2) for 2M)Pu leads to a large uncertainty in
determination of Af’ Finally, a staggered structure
of l%(E*) for 238Np and 239?11, each having a spec-
trum of transition states without an energy gap, ne-
gates the possibility of determining Ar from the
value of the Jump &, Eq. (7).

Rejection of the hypothesis of an anamalous en-

Dependence of pe.rameger
Np,

1(2 on excitation energy E¥ for
02395y, and 240py

. On lower
Ref. 28, & - Ref. 29.

energy gap value necessitates reevaluating the physi-
cal nature of even-odd differences for fission bar-
riers. In meny papers, particularly those devoted
to systematization of experimentel data on the pe-
riods of spontaneoue fission and the height of the
barriers, the differences in even and odd nuclei
are related to the difference in the energy surfaces
in the transition end equilibrium states; i.e.,

Af - AO' Examples of such systematlzationasa are
given in Fig. 8. There the values of E, vere deter-
mined for even-even fissioning nuclei from a chennel
analysis of the angular anisotropy of the fission in
(a,pr) ana (v,r) reactions’ 0 (see Table I), and
for odd and odd~odd nuclei, from the threshold obe
served in the cross sections of fission by neutrons.
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with deformation of the nucleus, but remains open
1f one essumes that Af ~ Ao. 232
C. Photofission of the Even-Even Nuclei Th,

2§BUJ 2‘38&, 21(0Pu, and 2&%1.

Measurements were carried out on the internal
tungsten target of a high-current microtron in the
range of limiting energies of the bremsstrshlung
spectrum of Y-quanta of me = 5 to 8 MeV, With
excitation by photons of these energies, even-even
nuclei are formed only in the T" = 1~ ena 2%
states, as a result of dipole and quadrupole ab-
The total angular distri-
bution of the fragments, tbherefore, usually has the
form

sorption, respectively.

we) = + asmz 6 + C Sin® 20. (8)

If, eccording to A. Bohr's m/pothesis,l the
fission thresholds for the Tﬂ, K states satisfy
the relations Eg(17,1) > E,(17,0) >E,(27,0), then
qualitatively the energy dependence of the angular
distributions of the fragments must reduce to the
ratios

b/a =

) 2+
PA.0) - B073) g emad X, BELO) (9)
P(1°,1) 51T pam,0)

Y

The distance between the two branches of the depen-
dence of rn/rf on (Ef - Bn) can be estimated statis-
tically as Af + AO' According to Fig. 8b it is
~ 2 MeV, Both this value and the splitting of Ef
shown in Fig. 8a correspond to assumption of a sig-
nificant difference Af = b,y Of 0.5 to 0.7 MeV on
the average. Hovever, this wide-spread explanation
of even-odd differences in Ef is contredictory, be-
cause, using the hypothesis of a significant differ-
ence in Af and A, one would have to cbserve a
Af - Ao splitting in the date of Figs. 8a and 8b for
odd and odd-odd nuclei, and this split does not oc-
cur (see Ref, 32),

Thus, the question of the nature of even-odd
differences in the fission barrier cannot be solved

by the hypothesis of increase in the energy gsp

which increase with decreasing excitation energy.
This corresponds to observation (Fig. 9). For high
energies, both ratios are small, 12>*e_ca\]1'z_ae

P(17,0) - P(17,1) << P(17,1) and ay /aY 1, vut In

‘the subbarrier region b/a reaches 100

(232'm, By = 5.4 MeV), and ¢/b >3 (2"°pu, By ™
5 Mev).

However, a qualitative explanation is diffi-
cult, The ratio of penetrabilities of two barrlers
of different height and peak curvature usually de-
pends monotonically on the energy end has a maxi-
mum at the energy coinciding with the peak of the
lower barrier., The total photofission cross section

near the threshold, o e , below

£~y P(17,0) + Pc
the neutron binding energy where
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PARAMETERS OF THE FISSION BARRIER FROM DATA ON THE (Y,f) REACTION

TABLE I

E?;’O ! E};'° T, (S E};’°) 5AB

Nucleus © (Mev) (MeV) (MeV) (ev)
232m 5.7 6.0 6.0 o®)
* <5.0 5.l 5.8 o
2385y (5.2 5.4 6.1 0.7
240p, ¢ 5.0 5.1 6.0 0.9
2ham {5.0 5.2 6.1 0.9

¥ The values of the characteristic given should be considered
estimates with an accuracy of ~ 0,2 MeV.
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Pcw= 2-?7-” &1, mst be equalized with the photo-

fission cross section g and emerge into a platesu
for P(17,1)<{ P(17,0)=Pe (1, t.e., for the energy
of the observed threshold Tt’ vhich is somewhat
lover than E (17,0).3% This is shown schematically
in Fig. 10a,

At the top of Fig. 11 we show the direct ex-
perimental results in the form of a dependence of
the fragment ylelds Yi(E Y, = Y) corresponding to
the different components in the angular distribu-
tion, Eq. (8), on the limiting energy of the brems-
strahlung spectrum. Using this curve, we determined
the energy dependences of the partisl components of
the photofission cross sections aﬁ(mﬂ = cr) by
conversion to monochromatic Y-quanta (Fig, 11,
middle). The corresponding energy dependences of
b/e, c/b, and o, are given at the bottom of Fig. 1l.

The following fact 1s paradoxical coansidering
the simple concepts just stated: the energy at
which anisotropy, the ratio b/a, is greatest for
plutonium isotopes is almost 1 MeV below the ob-

served threshold Tp whereas according to the gen-
erally accepted description this point mst be
higher then T, (Fig. 10a). Quantitatively, the
"divergence is very sharp: vwhere b/a is greatest,
the photofission cross section must approximately
co&ncide with its values at the plateau and

ci, but, in fact, it is & hundred times less, When
data only on the ylelds Y, and b/a end c/b are con-
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Fig. 10. Dependences of anisotropy and photo-
fission cross section for singie -
(2) and double-humped (b) barriers

depicted schematically.

sidered as a function of Em, this fact is not so
obvious, but we noted it earlier as difficult to
explain by traditional representations, and offered
two hypotheses ,3’3)4' in accordance with which the
threshold observed in the angular anisotropy

” However differ-
entiation of Yi(me) showed that this threshold is
less than 'l‘f, and the difference exceeds the limits
of any uncertainties.

II. INTERPRETATION
The importent results of the interpretation of
the experimental date are as follows,

A, In the energy dependence of the penetra-

El ~ Tf, and not greater than Tr.

bility of the barrier, deviations from an exponen-
tial monotonic path are seen in the form of reso-
nances. The locations of the resonances PKﬂ cor=-
responding to various quantum characteristics X" do
not coincide.

B, With increased nucleons in & narrow region
of masses of fissioning nuclei, the channel effects
near the threshold observed in the cross section
disappear, blending into the subthreshold energy
region,

C. A number of arguments arise egainst the
hypothesis of a significant difference in the en-
ergy gap in the transition and equilibrium states.
However, rejectlon of this hypothesis does not help
explain even-odd differences in the fission barri-
ers,

The scope of phenomena that do not fit the
traditional fission plcture is significently wider,
and exceeds the framework of problems assoclated
with the snguler anisotropy of dispersion of frag-
ments (spontaneously fissioning isomers, grouping
of resonances of the cross section of fission by
slow neutrons). The two-hump barrier model is very
fruitful for explaining them. 2213 According to
Strutinskii end Bjornholm,lz the transition state
in the second well (between moxima A end B) is sim-
ilar to the ususl compound state of 2 nucleus of e-
If there is large probability of
dissipation of the energy of the collective move=~

quilibrium shape.

ment into nucleon degrees of freedom, the nucleus,
before splitting, will twice undergo transition of
the internal energy into deformation energy. In
this sense, the fission reaction can be considered
This qualitatively new propers
ty is also a source of the effects considered.

a two-step process.,

1
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The presence of quasi-stationary levels in the
second well leads to a penetrability of the barrier
vhich, unlike the monotonic function, Eq. (2), near
the levels is changed by the resonance shapt.:.:"a’13
In addition to the ~ 0,1-MeV-wide resonances of the

type realized during the fission of 232'1'h by fast
neutrons, in the cross section of fission by slow
neutrons a grouping of strong and weak resonances

is observed--a structure with an envelope resonance
width of ~ 0,01 to 0,1 kaV and ~ 0.0l to 10 keV dis=-
tance between resonences. According to Ref. 12, the
first are associated with the vibration states and

12

the second with the internel excitation states,
Originelly, resonances of the first type were
attributed to the states in the first well,(?30 wut
study of the dissipation of the vibratory energy
into internal degrees of freedom led to questioning
this poss:i.bi_‘l.:i.ty.lz’13 In solving this question,
apparently, the resonences of the penetrability of
a certein K" combinatlon sre very important (see
Fig. 3). If the vibratory states are associated
with the first well, one has to enlist too strong
an assumption of the preservation of K during the
whole evolution of the fissioning nucleus to explain



this fact.

The locations of resonances with different K
do not reveal a regular structure; the distance be-
tween them (Fig. 3) is often significently less
than that expected for vibration states
(~ hw ~ 0.5 to 1 MeV). This seems to show that it
is logical to attribute PKn resonances for different
K" combinations to vibration states in different
In other words, it indicates a splitting of
the curves of the potential energy of deformation

wells,

as a function of the quantum characteristics, in
conformity with A, Bohr's model.” The quasi-
stationary states in the second well caused by the
resonance change in PKrr(E) contribute significantly
to development of channel effects in the fission of
nuclei,

The disappearance of channel effects in the
angular anisotropy of f£ission near the cross-section
threshold when the nucleons in the fissioning nu-
clei increase, is associated with the structural
chenge in the two-hump barrier, according to Ref.
12, with the decreased maximum B and deepening of
the well between the maxima., Let us assume, follow-
ing Ref. 12, that the well in the barrier 1s deep
enough and that the nucleus in it lives long enough
relative to the characteristic period of K migration
to "forget" the quantum states it occupied during
passage of the first barrier A, Subsequent develop-
ment of the fission process is determined by the
spectrum of states in barrier B.

In the E,p X B, case, the traditional situa-
tion exists: diversity of W(6) shepes and signifi-
cant change of the angular anisotropy near the ob-
served fission threshold., In the opposite case,
EfB< EfA’ a new situation can arise because the
threshold observed in the cross section is deter-
mined by the height of the larger of the barriers,
Egps
determined by the excitation energy at the critical
point, B, For a sufficient difference,
6A’B = EfA - Ef.B>o’ the channel effects in the angu-
lar distributions of the fragments will appear in
the essentially subbarrier energy region. Thus,
near the threshold the fission-channel density can
already be significant, so that there will be a
nearly statistical K distribution,

Our experimental. determination of the changes

in W(6) and A(E) agrees satisfactorily with this

and the realized fission-channel spectrum is

description. The threshold velues obtalned by enal-
ysis of the experimental photofission data {Fig. 10b
end 11) are given in Teble I, The lower estimate of
5AB ~ Tf - E;B’O increases from thorium to plutoni-
um, in conformity with the predictions of Strutin-
skii and Ii.jomholm.l2 We assume that the locations
of the maxima of b/a are not related to the quasi-
stationary states ('I;Tr K) = (17,0), because @, runs
smoothly near the E;B’ threshold, decreasing ex-
ponentially with decreased photon energy.
c/b usually increases monotonicelly with decreassing
energy, the upper limiting values in the table are
glven for the Ei;;’o threshold.

The values of § AB in Table I agree with the es-
timates obtained from an anelysis of the grouping of

Because

resonances of the cross section for fission of
237Np and 2l“OPu by slow neutrons.35 Note that the
displacement of the channel effects in the angular
anisotropy into the energy region which is subbars
rier with respect to the fission cross section ap~
parently 1s also observed in investigations of re-
actions of the (d,pf) type. Experimentel data’*s?
show thet the maximum anguler anisotropy for which
the states K = 0 are responsible is in the E ¢ Bn
region, where the fissionsbility of the nuclei

of ~ f_f_<<l. To explain this paradox, Britt et
ac

a.]..,5 r},(n our opinion, relied too much on the assump-
tion that the radiation width FY is approximately an
order of magnitude greater than the values observed
for E ~ Bn in (n,y) reactions.

Using & two-hump fission barrier model, one can
also grasp the nature of the even-0dd differences in
E, presented in Fig. 8. Because the heights of the
fission barriers determined from the energy depen-
dences of the angular anisotropy (even-even nuclei)
and the fission cross section (odd and odd-odd nu~
clei) belong to barriers B and A, respectively, one
must consider the difference 5AB in analysis of
even~-odd differences of Ef. The splitting of Ef
showa in Fig. 8a also corresponds to this value, de-
creasing, as in Table I, to the side of lighter
fissioning nuclel. The distance between the
branches of the set rn/rf = f(Ef - Bn) for heavy
nuclet (f / ff { 1) includes Spp =
2 MeV - (Af + Ao) ~ 0,6 MeV for Do By = 0.7 MeV,
For light nuclei ( rn/ rf »1), as shown in Fig. 8b,
this distance decreases to A, + i) =~ 1.k Mev, a-
greeing with GABzO.

13



Let us note, in conclusion, one more conse =
quence of the description of filssion probasbility as
a vhole, The properties of the angular distribu-
tions of fragments show that in addition to the
channel effects associated with quasi-stationary
states in the second well, channel effects in the
old sense, i.e., those caused by the splitting of
the states in barrier B, are realized in the fis-
sion. In this, it is logical to count the number of
channels determining the probability of fission from
barrier B, and not from the bottom of the second
well, as could be expected from the role of quasi-
stationary states. The given hypothesis confirms
the value of Ki for energies near the threshold:

1{20 for even-even nuclei, according to the degree of
approach to barrier B, converges to zero, and for
odd nuclei, to the single-particle velue (Fig. 7).
An example of the calculation of the cross section
of fission of 2hoPu by fast neutrons with this hy-
pothesis, that satisfactorily describes the experi-
mental date in the neer-threshold energy region, is
glven by Gai et 81.35

Ve thank P. L, Kepitsa, A. I. Leipunskii, and
V. M, Strutinskii for their interest in the investi-
gations, and M. K. Golubeva and N, E, Fedorova for
their work in scanning the glass detectors widely

used in the measurements,

II1. REFERENCES

1. A. Bohr, Int. Conf. Peaceful Uses At, Energy,
Geneva, 1955, Proceedings, Vol. 2, p. 15L.

2, J. A, Wheeler, Fast Neutron Physics, Part II,
J. B, Marion and J, L, Fowler, Eds., Inter-
science, New York, 1963, Vol. IL, p. 2051.

3. N. S, Rebotnov, G. N. Smirenkin, A. S. Soldatov,
L. N. Usachev, S, P. Kapitsa and Iu. M.
Tsipeniuk, "Physics and Chemistry of Fission u
Symp. Phys., Chem, Fission, Salzburg, 1965,
Proceedings, Vol. 1, p. 135, IAEA, Vienna
(1965).

4k, H. C, Britt, W. R, Gibbs, J. J. Griffin, and
R. H, Stokes, Phys. Rev, Letters 11, 343,
(1963); FPuys. Rev, 139, B35k (1965

5. H. C. Britt, F. A, Rickey, Jr., and W, S, Hall,
Rep. LA-DC-9562, 1968. (Note: published in
Pnysical Review 175, 1525 (1968).

6. P, E, Vorotnikov, S. M. Dubrovina, G. A. Otro-
shchenko, and V. A, Shigin, Yadern. Fiz. 5,
295 (1967); P. E, Vorotnikov and G, A. Otro-
shchenko, Yedern, Fiz, 7, 1228 (1968).

7. J. E. Lynn, "Nuclear Data for Reactors," Proc.
Symp. Peris, Vol. II, p. 89, IAFA, Vienna,
1967.

1k

9.

10,

12,
13.
14,

15.

16.

170

18.
19.

20,

22.

23.

24,

25,
26,
27,

28,

30.

31.

R. W. Lemphere, "Physics and Chemistry of
Fission," Proc. Symp. Phys. Chem, Fission,
Selzburg, 1965, Vol. 1, p. 63.

K. D, Androsenko and G, N, Smirenkin, Pis'ma
ZhETF, 8, 181 (1968); D. L, Shpak and G, N.
Smireniin, Pis'ma ZhETF 8, 545 (1968); 9, 196
(1969).

S, P. Kapitsa, N. 8, Rebotnov, G. N, Smirenkin,
A, S. Soldatov, L. N. Usachev, and Iu. M.
Tsipeniuk, Pis'ma ZhETF 9, 128 (1969).

V. M. Strutinskil, Nucl. Phys. A95, 420 (1967).

V. M, Strutinskii and S. Bjornmholm, Int, Symp.
Nucl. Structure, Dubne, 1968,

J., E, Iynn
Dubna, 19 .
S. B, Ermagambetov, V. F, Kuznetsov, and G, N,
Smirenkin, Yadern. Fiz, 5, 257 (1967).

R. L, Henkel end J, E. Brolley, Jr., Phys.
Rev. 103, 1292 (1956); S. Lo Nigro and C.
Milone, Nuel. Phys. éﬁ, 617 (1967).

A, N, Behkami, J. R. Hulzenge, and J, H,
Roberts, Nucl, Phys. A118, 65 (1968).

S. B, Ermagambetov, V. E. Kolesov, V. G.
Nesterov, G. N. Smirenkin, and A. S. Tishin,
Yadern, Fiz. 8, 70k (1968).

A, N, Behkami, J. H. Roberts, W, Lowelend, and
J. R. Hulzenga, Phys. Rev. 171, 1267 (1968).
E, I. Korneev, V. 5., Skobkin, and G. N. Florov,
Zh, Eksperim. i Teor. Fiz. 37, 41 (1959).

Jd. Pedersen and B, D. Kuzminov, Phys. Letters
298, 176 (1969).

B. M. Gokhberg, G. A. Otroshchenko, and V, A,
Shigin, Dokl, Aked, Nauk 128, 1157 (1959).

Jde. E, Simmons and R. L. lienkel, Phys. Rev,
120, 198 (1960).

P. E, Vorotnikov, S, M, Dubrovina, G, A, Otro-
shehenko, and V. A, Bhigin, Dokl, Akad, Nauk
169, 314 (1966).

P. E. Vorotnikov, S, M, Dubrovina, G, A, Otro-

shchenko, and V., A, Shigin, Yadern, Fiz. 3,
k19 (1966).

V. G, Nesterov, G. N. Smirenkin, and I, I.
Bondarenko, At. Energ., (USSR), 10, 620 (1961).
Jo E. Simmons, R. B. Perkins, and R, L. Henkel,
Phys. Rev, 137, B809 (1965).

V. M, Strutinekii, A%, Energ. (USSR), 2, 508
(1957).

J. J. Griffin, Phys. Rev, 132, 2204 (1963).

Je R, Hulzenga, A, N, Behkami, J, W. Meadows,
Jr,, and E, D. Klema, Phys. Rev, 17k, 1539

(1988).

V. M, Strutinskii and V. A, Pavlinchuk,

"Physics and Chemistry of Fission," Proc.
Symp. Chem, Fission, Salzburg, 1965, Vol.
1, p. 127, TAFA, Vienne (1965).

G. N, Smirenkin, V, G, Nesterov, and A, S,
Tishin, Yadern. Fiz, 6, 921 (2987).

Int, Symp. Nucl. Structure,




32,
33.

34,

35.

36.

A. V. Ignatyuk end G, N, Smirenkin, Phys.
Letters 298, 159 (1969).

L. N. Usachev, V. A, Pavlinchuk, and N, S,
Rebotnov, At, Energ. (USSR) _'{_. b9 (1964).

N. S. Rabotnov, G, N. Smirenkin, A. S, Solda=
tov, L. N. Usachev, S. P, Kapitza, and J, M.
Zipenyuk, Phys. Letters 268, 218 (1968).

E, Gai, A, V., Ignatiuk, N. S, Rabotnov, and G.
No Sm:l.renkin 2nd Symp. Phys. Chem. Fission,
Vienna, 1969, Paper SM/122/132, Also prepared
as FE1-18k,

B. T. Gellikman, Yadern, Fiz. 9, 535 (1969).

15



