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The review is devoted to investigations of the probability of photofission in the threshold region and in the
sub-barrier region of energies. The following questions of the physics of low-energy fission are the main
subjects of interest: the spectrum of transition states (fission channels) of cold nuclei, the shape of the barrier,
the symmetry of the nuclear configuration in the process of deformation, the features of the passage through
the barrier associated with the existence in the second well of the quasistationary fission and nonfission
modes, and the interaction between them and between them and the analogous states in the first well. The
nature of this interaction depends strongly on the energy, which explains the increasing interest in a new field
of investigation: deep sub-barrier fission near the bottom of the second well, in particular, the isomer shelf
effect observed at such energies. The present state of work in this direction is analyzed critically.

PACS numbers: 25.85.Jg, 27.90. + b

INTRODUCTION

The structure of the potential-energy surface of a
nucleus has a decisive influence on the behavior of a
fissioning system in the region of the potential barrier
which arises during the process of deformation of the
nucleus and, above all, on the most important charac-
teristic—the fission probability. For a long time, ideas
about the shape of the fission barrier were based on
the liquid-drop model, which gave a smooth single-
hump curve for the dependence of the nuclear potential
energy on the main deformation coordinate leading to
fission.

In 1966—1967, Strutinskii*? developed the shell-cor-
rection method, and its application to fissioning sys-
tems showed that during the fission process the de-
formation energy of the nucleus oscillates about the
smooth dependence described by the liquid-drop model.
For the actinides, this fundamental fact leads to the
prediction of a two-hump shape of the barrier with
humps of nearly equal height. The new ideas about
the fission process of heavy nuclei became known as
the two-hump barrier model.?™®

The more accurate knowledge of the barrier shape
had a significant influence on the physics of the fission
process and led to a significant modification of ideas
which had changed little during the almost 30 years
which had passed since the pioneering studies of Bohr,
Wheeler, and Frenkel’.®” The presence in the new
model of two saddle points with their spectra of transi-
tion states and the fairly deep minimum between them,
in which a system of quasistationary levels that inter-
act with the levels of the first well (Fig. 1) can be
formed, complicated but at the same time greatly en-
riched the picture of fission with interesting physical
consequences., The development of the new ideas (see
Refs. 3=5 and 8-10) made it possible to understand the
nature of some phenomena which had baffled the pre-
vious theory, for example, spontaneously fissioning
isomers, various types of resonance structure in the
cross sections of sub-barrier fission, anomalies in the
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dependence of the fission thresholds and the anisotropy
of the angular distribution of the fragments on the nu-
cleon composition of the nucleus, and so forth. In addi-
tion, the new ideas stimulated the development of ex-
perimental investigations of the fission process and the
properties of anomalously deformed nuclear states.

The greatly increased interest of physicists in the in-
vestigation of deep sub-barrier fission is appropriate.
The probability of fission of heavy nuclei is determined
by the interaction between the systems of levels of the
first and second well and by the interaction of the fission
and nonfission states within each system, which signifi-
cantly change their nature as one moves into the sub-
barrier region of energies on account of both the expo-
nential decrease in the penetrability of the barrier
humps and the exponential growth of the distances be-
tween the levels. The interest in this new situation in
fission physics is stimulating experiments aimed in the
first place at studying the fission cross section and the
angular distribution of the fragments in the widest pos-
sible range of sub-barrier energies.

The searches for a suitable method of excitation to
solve this problem lead to the photofission reaction,
since the use of ¥ rays does not involve the fundamen-
tal restrictions on the energy inherent in fission reac-
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FIG. 1. Schematic representation of the fission barrier in the
two-hump model. The inner hump is A, the outer one B. The
result of calculation in the liquid-drop model is also shown
(broken curve). The sections of curves near the tops of the
humps show the possible positions of the fission channels (for
an even-even nucleus).
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tions induced by neutrons or charged particles, and
the use of high-current electron accelerators to pro-
duce bremsstrahlung of high intensity significantly ex-
tends the limits to the experimental possibilities set
by the decrease in the number of detectable induced-
fission events in the deep sub-barrier region. In addi-
tion, photoabsorption is characterized by a uniquely
simple spectrum of angular momenta transferred to
the nucleus, and this is of fundamental importance in
the investigation of quantum effects in fission, the de-
scription and interpretation of which are greatly com-
plicated in the two-hump model. Let us consider this
in more detail.

At energies near the fission threshold (around 6 MeV),
the photon wavelength 4 is significantly greater than the
radius R of the nucleus, namely,

Rir = 1/5, 1)

so that the contribution of photons with different multi-
polarity to the total interaction cross section o, de-
creases rapidly with increasing angular momentum [:

obtloy! =~ (R'R) oM /ol (RIX) 20, (2)

The predominance of the electric dipole interaction El
can be characterized by an estimate which follows from
(1) and (2) for the ratio of the cross sections o, for the
lowest multipolarities:

o2%oF v ol ol & (RIR) =~ 1123, (3)

from which it follows that ¥ rays with multipolarities
higher than E2 and M1 can be ignored. Figure 2 shows
the distribution ¢(l) of the angular momenta trans-
ferred to the nucleus in the reactions most widely used
to study the threshold and sub-barrier effects in the
fission of heavy nuclei. The simplicity of the spectrum
@(1) is undoubtedly the main advantage of the (y,f) re-
action, giving it a distinguished place in fission phys-
ics.

By means of the (¥,/f) reaction some fundamental re-
sults, including the discovery of angular anisotropy of
. fission,!! were already obtained in the fifties, but the
systematic investigation of low-energy photofission be-
came possible later with the appearance of track detec-
tors,'? which completely solved the problem of sup-
pressing the y-ray background in fragment detection,
and the development of sources such as the high-cur-
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FIG. 2. Distribution ¢{I) of the orbital angular momenta trans-
ferred to the nucleus in the following reactions: (v, f), the
vertical lines (Ey=5-17 MeV); (n,f), the circles (E, =1
MeV); (d, pf), the triangles (E; = 15 MeV); and (¢, pf), the
squares (E; = 18 MeV).
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rent microtron,'*!? which ensured electron beams with
high intensity and energy resolution. Experiments were
begun in 1964 at the Institute of Physics Problems
using the microtron with 17 orbits, and they were con-
tinued for 15 years in collaboration with the Physics
and Power Institute. The majority of data so far ac-
cumulated on threshold and especially sub-barrier
photofission of heavy nuclei were obtained in these ex-
periments. The present review is based mainly on

this experimental information.

Three main questions are discussed.

1. The investigations of photofission in the region of
the threshold, aimed at the verification and experimen-
tal justification of the ideas about the spectrum of fis-
sion channels that follow from the hypothesis of A. Bohr
and the two-hump model.

2. The experimental investigations of deep sub-bar-
rier photofission and the isomer-shelf effect which oc-
curs in this region.

3, The interpretation of sub-barrier photofission ef-
fects. The channel analysis of the experimental data
in the framework of the description of the fission
probability which uses the concept of doorway states.

1. ANGULAR ANISOTROPY OF PHOTOFISSION AND
STRUCTURE OF THE BARRIER

Experimental verification of A. Bohr’s hypothesis.
The discovery in 1952 by Winhold, Demos, and Hal-
pern'! of angular anisotropy of the fragments in the
232 Th(y, f) reaction was the point of departure in the
development of quantum aspects in the ideas about the
mechanism of the fission process, which had been con-
structed earlier on the basis of the classical concepts
of the quasimolecular model and the liquid-drop model.
The experiment!! gshowed that the fission fragments
from the photofission of ***Th are emitted preferential-
ly at a right angle to the direction of the y-ray brems-
strahlung beam, following the distribution

W (D) = a + bsin® ¢, (4)
in which the ratio
bla = W (90°)/W (0F) — 1, (5)

which characterizes the angular anisotropy, decreases
with increasing limiting energy E . of the spectrum,
This property was discovered in all the investigated
even—even nuclei from 2**Ra to ***Pu.!52%3

To explain the anisotropy of the angular distribution
of the fragments, A. Bohr®* put forward in 1955 the
idea of fission channels, specific quantum states of
the fissioning nucleus at the saddle point, and the sug-
gestion that their spectrum is similar to the excitation
spectrum of a nucleus with equilibrium deformation. It
is important that these are states of nuclei with anoma-
lous deformation and even more that they correspond,
not to a minimum of the potential energy like the levels
of ordinary nuclei, but to a maximum—an extremely
unstable state in the fission process. Further, in ac-
cordance with Bohr’s hypothesis each fission channel
has its own deformation potential-energy surface deter-
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mined by a set of quantum numbers, namely, J, the
angular momentum of the nucleus, K, its projection
onto the direction of fission, which coincides with the
symmetry axis (as in the equilibrium state, the nucleus
is assumed to have axial symmetry), and 7, the parity
of the state. It isassumedthat K canbe afairly “good”
approximate quantum number as the fissioning nucleus
descends from the saddle point to the scission point,
The resulting dependence of the barrier height on the
quantum numbers A= (J, 7, K) ensures an inhomogeneous
K distribution, and in the presence of a definite align-
ment of the angular momenta J of the compound nu-
cleus in space this leads to an angular anisotropy in
the emission of the fragments relative to the direction
of the incident beam. The angular distribution of the
fragments in the case of fission through a channel with
fixed quantum numbers J and K is described by the re-
lation

Wax(8) =21 DL L 02+, L (0)1), (6)

where Djj .(9) is a Wigner function, and M is the pro-
jection of J onto the direction of the beam. The angular
distribution (4) of the fragments observed in the (¥, f)
reaction corresponds to the theoretically expected dis-
tribution in the case of an E1 interaction with an even—
even nucleus, for which

J=1=1; M =+1; K= 0andl,

as can be readily seen by examining the angular de-
pendences of the Wigner functions:

Wig () ~ | Dy (B) |2 ~ sin 2 45 [W,, (8)

~ | DLy, (0) |2 ~1—(1/2)sin? . (7)
Assuming that the fission barriers have different

heights for the channels J"=17, K=0 and 1, Bohr ex-
plained not only the origin of the angular anisotropy of
fission but also its energy dependence,

The fruitfulness of Bohr’s hypothesis of fission chan-
nels was soon recognized and widely used to interpret
various data on fission near the threshold. The modern
description of the fission probability is based on the hy-
pothesis. At the same time, there is a difficulty of in-
terpretation inherent in the concepts of fission channels,
and this was given expression, for example, in Ref. 25:
“The assumed ‘spectrum’ at the barrier is at best
quasistationary, and, in fact, the notion of such a spec-
trum is an accurate one only if the nucleus remains at
the barrier for a time long compared with the periods of
the excitations in question.” The question of the fulfill-
ment of the condition of quasistationarity of the spectrum
of transition states, which is intimately related to more
general questions such as the space-time picture of
fission, the dynamics of the process, .and the viscosity
of nuclear matter, cannot be solved in a theoretical
framework (there is still no satisfactory answer to it).
Therefore, the adequacy of the ideas about the spec-
trum of fission channels can be established only experi-
mentally.

Besides the interpretation based on the hypothesis of
fission channels, the possibility was noted®® of a model-
free description of the main properties of the anisotropy
in the fragment angular distribution in which the K dis-
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tribution is specified at the time of formation of the
fragments and not at the top of the barrier. A way of
choosing between the two possibilities and simultaneous-
ly testing Bohr’s hypothesis consists of establishing ex-
perimentally unambiguously interpretable properties of
the angular anisotropy that cannot occur in the alterna-
tive (fragment) description. It is obvious that these
properties, which reflect the discreteness of the spec-
trum of fission channels, must be most clearly mani-
fested in the region of the fission threshold. In the al-
ternative description, the region of the threshold is in
no way distinguished.

Definite predictions follow from Bohr’s hypothesis
only for the fission-channel spectrum of even—even nu-
clei, for which the pairing of the nucleons ensures that
the quantum numbers of the ground state, K" =0°, and
the energy gap in the spectrum of internal excitations
are conserved during the deformation process. Con-
cerning the spectrum of the collective excitations within
the energy gap, Bohr® said the following: “For nuclei,
whose shape possesses reflection symmetry; the chan-
nel spectrum contains, for K=0, only the rotational
levels with even J-values: 0,2,4,..., which all have
positive parity. The observed mass ratio of the fission
fragments indicates, however, that at the saddle point
the nuclear shape in general does not possess reflec-
tion symmetry. The rotational band then also contains
the odd J-values, having negative parity; however, the
negative parity levels will be displaced with respect to
the positive parity levels by an amount Zw,,, where
Wi,y 18 the frequency of the tunneling motion between
the mirror shapes of the preferred symmetry. The
more pronounced the asymmetry is, the smaller will be
the w;,,.” And further: “At the saddle point shape one
thus expects even—even nuclei to have a lowest state of
J"=0" and close lying collective excitations of 2°,4",...
type as, although with somewhat higher energies, states
of 17,37,... type.” Levels with K#0, which are situ-
ated higher, correspond to more complicated types of
excitation,

A small number of channels participating in fission
and a sufficient distance between them is another im-
portant requirement needed for the subject of investi-
gation. It is advanced in connection with the finite tun-
neling barrier penetrability

T (E, E}) = {1 + exp [@n/hay) (E — EN]} (8)
for E < E%, which smoothes the individual effects of the
individual fission channels if the distance between them
is B - E} <Hw/21=0.1-0.2 MeV, where fiw, =fiw is the
curvature parameter of the barrier, which here and in
what follows is (for the sake of simplicity and in con-
nection with the smallness of £y — E}, compared with
the height of the barrier) taken to be the same for all
the considered A.

In this sense, even—even nuclei are the best if not the
only significant source of information about phenomena
relating to the discrete structure of the fission-channel
spectrum. But not only the choice of the type of fis-
sioning nuclei but also the method of their excitation
is important. The lack of ambiguity in the interpreta-
tion of the experimental data depends decisively on the
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extent to which the set of admissible states is restricted
with respect to the spin and parity in the doorway chan-
nel of the reaction.

From the adopted point of view, photofission of even—
even nuclei offers a unique possibility for direct veri-
fication of Bohr’s hypothesis. If the energy of the ¥
rays is near the threshold, just two channels, J"=2"
and 17, K=0, which are excited by electric quadrupole
(E2) and dipole (E1) absorption, will play dominant
roles in the fission. These are the first excited states,
and, significantly, they belong to the lowest rotational
bands of the fission channels predicted by Bohr. The
partial contribution of each of them can be reliably
established experimentally from the shape of the angular
distribution W(3); namely, the quadrupole component

W (8) ~

has the form of a symmetric dome with a maximum at
9=45°, whereas the dipole component W,,(3) has a max-
imum at 9=90°, Thus, with allowance for the quad-
rupole component,

| D%y () | 2 ~ sin 2 20 (9)

W (8 =a -+ bsin* & + csin * 28, (10)

A more complete idea of the physical meaning of the
coefficients in (10) and the contribution of the various
channels to the angular distribution of the fragments
resulting from the photofission of even—even nuclei is
given by the relation for the differential cross section
doy () 3

7y A 7

+ 2052 [ PP 4+ (PP — PP)sin?§

' Pp)sinz20], (11)

2n m[P” ; (P"-——P}‘)suﬂﬁ]

S(3or-to

in which we use the traditional assumption of predomi-
nance of the electric interaction, which is motivated by
the circumstance that in the approximation of low multi-
polarities (R/A< 1)

“ et m off < o, (12)

and the contribution of the high-lying states J"=1" ex-
cited in the case of M1 interaction can be ignored. The
fissility PJ* in the channel with quantum numbers? x
=JK is defined as

PI(E) = of* (B)/of () =

where THE) =Y} k1<sT(E, EY)+ TL+ T is the total pene-
trability of all decay channels with given spin for both
fission [see (8)] and the competing processes, i.e., neu-
tron emission TJ and radiative de-excitation 7.

Ty (E, EY)/T; (B), (13)

In studying the influence of the quantum structure of
the barrier height E% on the angular distribution of the
fragments (especially in a qualitative analysis of ex-
perimental data) it is convenient to consider the ratios
of the coefficients (10), which, following the inequalities

) If channels excited by interactions of the same type, EJ or
MJ, are dominant, as in the cases considered here and in
what follows, then because of the unique connection between
the spin and parity and the set of quantum numbers A is de-
termined by J and K: 7= (-1)"r for the EJ interaction and
m=(-1)"*! for the MJ interaction.
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B < B, B < B, (14)

which reflect the content of Bohr’s hypothesis;, can be
represented in accordance with the relation (11) in the
form

la + 1~ T (E, ENT (E, E}‘); (15)
.f_~__L__£_~_____-——- (16)

1, E> E?";
T (E, E}) 22 -B], B<E<ES; (17)
T (E, EV)

~
~

{ exp [E (B —EN], E<E,

where we have assumed that iw < 2r(E} — E} ) and ig-
nored in (16) the difference between the ratios of the
fissilities P} and the penetrabilities T(E, E}) for two
channels with different spin and parity combinations.
From the relations (15)—(17), we deduce the following
properties of the angular distribution of the photofission
fragments of even—even nuclei, and they can be re-
garded as characteristic signs of a “channel” structure
of the barrier E‘;“’ as suggested by Bohr:

1) exponential increase of the ratios (15) and (16) in
the region Ej <E<E};

2) the existence of an inflection of this dependence in
the neighborhood of the energy E~E}, below which the
dependence becomes much weaker or disappears en-
tirely if fw, =fiw,,.

These properties of W (9) were observed together for
the first time in Ref. 16 in a study of ***U photofission
induced by a bremsstrahlung beam from the microtron
of the Institute of Physics Problems. Figure 3 shows
the experimental data and the results of decomposing
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FIG. 3. Angular distribution of fragments resulting from
photofission induced by bremsstrahlung ¥ rays for different
electron energies Emu.iﬁ—is.si The broken curves are the
components of W().
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FIG. 4. Experimental dependence of the angular anisotropy
(the ratio b/a, open symbols) and the relative contribution of
the quadrupole component (¢/b, black symbols) for 28U on
the limiting energy Emasof the bremsstrahlung spectrum. The
literature sources are given in square brackets.

W(3) into components in accordance with (10) obtained
in Ref. 16 and from similar measurements for 2**Th
and **°Pu,!”1* Despite the difference in the relation-
ships between the components, a common feature for
all the nuclei is the qualitative agreement between the
energy dependence of their contributions to W(9) and
the prediction expressed by the relations (15)-(17).
This is illustrated by means of Fig. 4. A characteristic
feature of the dependences in Fig. 4 is the increase in
the spread of the data in the region where one of the
coefficients becomes too small, namely, a in the upper
part and ¢ in the lower part (broken curve). Despite
this, it can be clearly seen that the growth in the ratio
b/a with decreasing energy stops approximately where
the increase in the ratio ¢/b begins, namely, on the
transition through the barrier EY’, as is required by
Bohr’s hypothesis and the relations (15)=(17). The
decrease in the angular anisotropy of the photofission
for E_,, 5.2 MeV can be explained by factors which
are not associated with the discrete structure of the
fission-channel spectrum (see Sec, 3).

For establishing the adequacy of Bohr’s model, the
information obtained in Ref. 16 on quadrupole photo-
fission has decisive importance. Indeed, before this
investigation the very observation of a component pro-
portional to sin®29 was in dispute,? to say nothing of
the properties of the ratio ¢/b from which one could
establish the conjectured structure of the spectrum of
states of the fissioning nucleus and their connection
with the saddle point,

In the sub-barrier region of energies, the exponential
decrease of T(E, E}’) compensates the smallness of the
ratio 0%2/0% to such an extent that the quadrupole com-
ponent ¢, which can be distinguished with difficulty in
W(3) in the above-barrier region, becomes predominant
in the deep sub-barrier region, This mechanism of
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sub-barrier “enhancement” of the relative contribution
of the quadrupole component W(8), which was first dis-
cussed by Griffin,* “works” in accordance with (17)
only when there is a sufficient distance EL° - E2°> fiw/27
between the channels. The distance EL° - E2°~0,6-0,7
MeV (Ref. 17) estimated from the experimental data in
Fig. 4 is comparable with the distance between the cor-
responding levels of heavy nuclei in the ordinary state
(of equilibrium deformation). From this, Bohr®® con-
cluded that there is mirror symmetry of the fissioning
nucleus at the saddle point and that the asymmetry of
the fission is formed at later stages, i.e., he made
more precise the comments quoted above from the
pioneering paper.®® It will be shown below that in the
fission process both cases are in fact realized because
of the two-hump shape of the barrier, namely, there is
symmetry of the saddle point associated with the inner
hump and asymmetry of the saddle point associated
with the outer hump.

Returning to the experimental verification of Bohr’s
hypothesis, we can say in summary that the observed
energy dependence of the anisotropic components of
the angular distribution W(9) in the region of the thresh-
old not only confirms the expected structure of the
photofission-channel spectrum of even—even nuclei,

T ,K)=(2",0),(1°,0), (15, 1), but also indicates that K
is conserved during the fission process, i.e., itis a
fairly “good” quantum number, and almost “pure” D;‘{. e
are observed, namely, the functions | DZ, ,(9)[? and
|D},009)]% If K mixing were appreciable during the
descent from the top of the barrier, it would lead to

an appreciable contribution of the isotropic component
(for a uniform K distribution, the fission is isotropic).

An angular distribution of the photofission fragments
in agreement with the above ideas was studied for
eight even—even nuclei from 2*°Ra to 242Py,1523 The
photofission of nuclei with an odd number of nucleons
is eifectively isotropic,'™2® This result was also pre-
dicted by Bohr,* who attributed it to the large number
of accessible J states, the lower degree of alignment
of the angular momenta due to the presence of the ran-
domly distributed spin of the target nucleus, and the
higher density, E - E } S#w/27, of the fission chan-
nels. An exception is the nucleus *°Pu, which has the
minimal spin %; the angular distribution for it is
shown in the lower part of Fig, 3,3%3!

“Anomalies” in the Z dependence of the ratios b/a and
c/b and the two-hump shape of the fission barrier. To
illustrate the consequences of Bohr’s hypothesis and
discuss the experimental data, we used in the previous
section a single-hump barrier, as deduced from the
liquid-drop model. The dependences of the fissility s
=03°/07* 2 T, /(To+ 2T, + T}) and the ratio b/a= (T,

- T,,)/2T,, on the excitation energy calculated for such
a barrier are shown in the insert to Fig. 5a. One of the
properties of these characteristics can be conveniently
used in qualitative analysis of experimental data as a
characteristic sign of a classical channel structure,
namely, in the case of a single-hump barrier the chan-
nel effects in the angular anisotropy (the rise and in-
flection of /a) must occur in the above-threshold en-
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FIG. 5. Dependences of the ratios b/a (a) and ¢/b (b) on the
limiting energy Enax of the bremsstrahlung spectrum for the
nuclei 22Th (crosses), U (open circles), and 'Pu (black
circles). "1 The broken line shows the position of the ob-
served threshold.

ergy region for the fission cross section,

Data on the angular anisotropy b/a of the fission for
three nuclei are given in Fig. 5a. The broken curve
shows the position of the observed threshold, which to
accuracy 0.2 MeV is the same for these nuclei. It can
be clearly seen that the “classical picture” is realized
for 22Th but that for the heavier nuclei the position of
the inflection in the b/a curve contradicts that picture,
being situated not to the right of the observed threshold
but to the left, the discrepancy being greater at larger
Z of the nucleus. The interpretation of this unexpected
property in the framework of the then existing ideas
presented serious difficulties,'™*® and they were over-
come only on the basis of the theoretical prediction of
the existence of the two-hump shape of the fission bar-
rier of heavy nuclei.®?

The anomaly in the angular anisotropy of the photo-
fission of even—even nuclei is explained in the frame-
work of the two-hump model as follows,'*32 For the
formation of the angular distribution of the fragments,
a new feature of the two-hump model is, as we have
already noted, the existence of not one, as before, but
two systems of fission channels E}, and E, corre-
sponding to the humps A and B, between which the nu-
cleus can remain, in the well, quite a long time. If
this is sufficiently large compared with the K migra-
tion period, the nucleus effectively “forgets” through
which of the dipole chamnels, (17,0) or (17,1), it passed
in penetrating the inner barrier A, and the anisotropy
of the angular distribution of the fragments depends on
the channel spectrum at the outer barrier B. Since the
threshold observed in the cross section is determined
by the height of the largest of the barriers, the ex-
pected picture will depend on the ratio of their heights.
If the threshold is determined by hump B (Eg>Ey ),
the situation will be close to the one expected in the
single-hump model, and it is realized for **Th(y,f).
In the plutonium isotopes, in particular **°Pu, hump A
is higher, so that the channel effects in the angular
anisotropy are shifted by the mechanism of “forgetting”
(mixing) of K to the sub-barrier energy region of the
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fission cross section (in accordance with the height of
hump B). It was at this stage in the studies of photo-
fission that it first became possible to obtain direct ex-
perimental confirmation of one of the most important
predictions of the model of the two-hump barrier— the
dependence of the heights of the humps A and B on the
Z of the fissioning nucleus.*™

With the resolution of the mystery of the anomaly in
the angular anisotropy b/a of the fragments there re-
mained another anomaly, which had already been dis-
covered!” in 1965 and took the form of a very strong de-
pendence of the ratio ¢/b in a narrow interval of the Z
of the nuclei (Th—Pu) despite almost identical proper-
ties of the low-lying equilibrium states. This depen-
dence is shown in Fig. 5b, though one can also readily
deduce it directly from the form of the angular distribu-
tions in Fig., 3. Why does the observation of an appre-
ciable contribution of the quadrupole component to
W(9) in the case of 2*°Pu become possible already in
the region of the threshold, whereas for *°U it is
necessary for this to sink in energy into the sub-barrier
region and for ®2Th it still remains at the aF2/0}! level
deep below the threshold and is barely discernible in
Fig. 3? Why is it that for ***Th the mechanism of sub-
barrier enhancement of the quadrupole component does
not operate but never fails in any of the other investi-
gated cases for six even—even isotopes of uranium and
plutonium from **U to **Pu (see Refs. 17, 18, 22, 23,
and 33), and what is the reason for this anomaly?
These questions could only be answered after a further
development of the ideas about the fission barrier of
heavy nuclei, in particular, the study of the influence
on the fission barrier of asymmetric deformations of
the type o3, 0,y ... «

The calculations of the deformation potential energy
by Pashkevich, Moller, Nilsson, and others™'® showed
that a pear-shaped configuration of the fissioning nu-
cleus with no mirror symmetry corresponds to the
energetically most advantageous saddle point of the
outer hump B, whereas in passing through the inner
hump A and in the second well the configuration of the
nucleus preserves mirror symmetry. Depending on
the symmetry of the saddle-point configuration, this
theoretical prediction implies a change in precisely the
part of the spectrum of the low-lying fission channels of
even—even nuclei that influences the ratio ¢/b. As was
already noted by Bohr,* the loss of reflection sym-
metry by the nucleus must be accompanied by a signifi-
cant decrease in the splitting of the K =0 state bands of
positive (K7 =0") and negative (K" =07) parity due to the
strong dependence of fiw,,, on the barrier height for the
tunneling transition between the mirror-reflected con-
figurations. The potential-energy curves are shown
schematically as functions of the octupole deformation
a, for the saddle points A and B in Fig. 6 together with
the corresponding fission channels.

It follows from what we have said that the observed
picture of the channel effects has a strong dependence
on which of the humps of the barrier is higher (Fig. 7);
in particular:

a) for the plutonium isotopes, hump A is higher, and
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Hump B

FIG. 6. Positions of the bands of the states of positive and ne-
gative parity for a reflection-symmetric nucleus (at hump A)
and in the presence of an equilibrium octupole deformation
(hump B). The numbers to the right of the lines of the bands
indicate the value of .

it determines the threshold observed in the cross sec-
tion and, by virtue of the appreciable difference EL

- E% >liw/2m, the “normal” energy dependence of the
ratio c¢/b;

b) for **2Th, hump B is responsible for the threshold
observed in the fission cross section and when the nu-
cleus passes through it, it loses its mirror symmetry
and with it the E'g — E7] splitting and the associated
mechanism of sub-barrier “enhancement” of the quad-
rupole component,

This interpretation, the main ideas of which are due
to Vandenbosch,® readily explains the dependence of
the contribution of the quadrupole component on the Z
of the fissioning nucleus, which had long baffled in-
vestigators. However, in the framework of this in-
terpretation it was still unclear why in the case of #*2Th
one does not observe an effect due to the “entrance” of
the discrete channels K" =0" and then K" =0* of the

'E_'_; 0 log 3,
- log I
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g
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FIG. 7. Energy dependence of the relative contribution of the
quadrupole component to the total yield ¥, /¥ (at the bottom)
and dependence of the yield of the **Th(y, f) reaction on the
limiting energy of the bremsstrahlung spectrum?®’ (at the top).
The broken curve is the dependence of the **Th photofission
cross section,’’ The insert shows schematically the struc-
ture of the fission barriers of 22Th and *'Pu, The literature
sources are given in square brackets.
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barrier A when the energy of the Yrays is decreased.
The trivial explanation— that the barrier height E,,
was not achieved in the measurements— was contra-
dicted by the analysis of other reactions for 2*2Th and
its neighboring isotopes, which led the values Ey~E .y
=6-6.5 MeV.®? But apparently this explanation is cor-
rect,

It is harder to determine the height of the lower hump
for the light actinides (E,, <E ) than it is for the heavy
ones (E;, >E ), First, hump A is much narrower
(about two times). This effectively rules out the pos-
sibility of observing the effect of the “entrance” of the
barrier A from a change in the slope of the penetrability
curve. Second, there are no such readily identifiable
means of decay into the first well as the spontaneous
fission of isomers provides for the determination of
Ep. Third, and finally, in connection with the predic-
tion of an additional structure of the barrier B, leading
to a three-hump potential curve, analysis of resonances
of the cross section becomes ambiguous, since in the
presence of a third minimum it is not easy to decide
the minimum to which the resonances belong. Never-
theless, it was this circumstance that was one of the
arguments which made it possible to understand why
the previous analysis of sub-barrier resonances and
the associated E;, values are unreliable,®35

Thus, there is effectively no experimental informa-
tion about the A barrier of the thorium nuclei but only
the results of theoretical calculations, which systemati-
cally show that E,, is less than E ; and less than 5
MeV.® The appreciable difference between the spectra
of the lowest K =0 channels for the barriers A and B
can serve as the property which can, finally, be used
to determine the height of barrier A by means of the
(%) reaction in this case too. Recently,* observation
of ?Th has revealed, albeit less clearly than in
heavier even—even nuclei but nevertheless quite defi-
nite, an increase in the quadrupole component (see Fig,
7), which can be interpreted as the barrier A coming
into play. However, estimates of E and E?%, from the
behavior of the ¢/b curve are prevented by the strong
resonance structure of the penetrability of both chan-
nels. For this purpose, we require experimental data
on the angular distribution of the fragments at even
lower eneriges E,,, < 5 MeV of the ¥ rays.

LR
o,
¢

L
Hump A gl

I IHumpsl 10 0
i 0o 1~

FIG. 8. Structure of the lowest K™ channels at the humps A
and B (lower part of the figure) for Efy< Eg and Efa>Eqp ;
the behavior of the photofission cross section and of the main
characteristics b/a and c/b of the fragment angular distribu-
tion due to this structure. The continuous curves in the main
part of the figure show the characteristics determined by the
higher of the humps.
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Figure 8 shows schematically (without allowance for
resonance effects under the assumption that K is “for-
gotten” in the second well) the properties of the most
important characteristics of the photofission probability
of even—even heavy nuclei. The left-hand figure illus-
trates the extreme situation characteristic for **Th
and lighter nuclei that is realized in the case of a suffi-
cient difference E, — E 5z <0 between the heights of the
barriers. It corresponds basically to the picture dis-
cussed by Bohr for a reflection-symmetric nucleus
when the dipole photofission channels are predominant
in the region of the threshold. As the difference E
- E 5 increases, the growth of the ratio ¢/b associated
with the channels of barrier A is shifted to the thresh-
old observed in the cross section and the increase in
the ratio b/a associated with the channels of barrier B
is, conversely, shifted to the sub-barrier energy re-
gion. With increasing Z (i.e., as we pass from thorium
to plutonium), the energies at which the increase in the
two ratios is observed not only approach each other
[this tendency is confirmed by the experiment in the
Th-Pu region (see Figs. 5a and 5b)] but actually change
places. This corresponds to the picture of the channel
effects shown in the right-hand part of Fig. 8, which
arises when the difference between the heights of the
humps A and B is so great that E3} >E}L. It may be en-
countered in the as yet unstudied Cm or Cf nuclei with
E., -E;>1 MeV,

It can be concluded that the experimental data on the
angular distribution of the fragments from photofission
are, by virtue of the simplicity of the spectrum of the
accessible channels, extremely informative about the
spectrum of the transition states, the shape of the bar-
rier, and the symmetry of the nuclear configuration at
different stages of the process. To demonstrate this
advantage of the (y,f) reaction most clearly, we have
deliberately made only a qualitative analysis, re-
stricting the discussion to the characteristic features
of the experimentally investigated quantities. Note that
these are integral quantities, being averaged over the
bremsstrahlung continuum, which washes out the reso-
nance structure of the cross sections that is also as-
sociated with the quantum states of the fissioning nu-
cleus but in the wells rather than at the tops of the
barriers. The analysis of the averaged structure made
it possible to simplify the picture and identify in it the
effects due to the discrete nature of the fission-channel
spectrum. It is interesting to make a more complete,
quantitative description of the photofission character-
istics, combining all the properties of the fissioning
system. For this it is necessary in the first place to
consider the experimental information on the photo-
fission cross section and its angular components, which
are the direct subject of such analysis.

2. CROSS SECTION AND FISSILITY FOR THE (y, 1)
REACTION IN THE REGION OF THE THRESHOLD

Photofission cyoss section of the actinides. There
have been only a few!'™'*37 systematic and detailed in-
vestigations of sub-barrier and near-threshold photo-
fission of heavy nuclei. Figures 9 and 10 show the re-
sults of Ref. 37, in which the yield
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FIG. 9. Yield ¥(Ema. ) and cross section of the photofission
reaction of the nuclei #2Th, 2%U, and *®U (a), and a compari-
son of the dependences 0¢(E,) for **Th and ***U as obtained in
experiments with a bremsstrahlung beam (the points) and using
quasimonochromatic ¥ rays (b). In Figs. a and b the designa-
tion of the curves is the same. The arrows at the top indicate
the position of the threshold of the (v, n) reaction. The litera-
ture sources are given in square brackets.

E max
Y (Emu) =¢ | 0 (B) N (B, E na) dE (18)
0
was measured and, for the same experimental arrange-
ment, in a unified approach to the solution of Eq. (18),
the photofission cross section o,(E) was recovered in
the range of energies®’ from 4.4 to 7.0 MeV for nine
nuclides from 2*2Th to ?!Am, these constituting a ma-
jority (2/3) of the actinides investigated in the region
of the fission threshold. The cross sections were found
from the measured integral yields in Ref. 37 by the
method of minimizing the directed discrepancy, in
which the physical condition of non-negativity of the
solutions is used as a priovi information, As was shown
by test calculations,®™*® this method, which was pro-
posed by Tarasko,*® is very effective in overcoming the
difficulties in solving the problem of recovering the
photofission cross section, which belongs to the class of
improperly posed problems.

The curves in Figs. 9 and 10 show the results of other
studies, in which various methods were used to mono-

%) The energy of the ¥ rays, like the excitation energy, equal
to it, of the compound nucleus, is denoted by E, and in some
figures by E,. In Figs. 9a, 10, and 21 a common scale of
the energies Ep . and E is given.
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FIG. 10. Yield Y(Ena.) and photofission cross section o5 of
odd nuclei investigated in Ref. 37. The notation is as in Fig.
9.

chromatize the ¥ rays.*™** The best studied cases
(*3*Th, ***U) are shown in Fig. 9b. The experimental
data reveal a resonance structure, despite the dis-
crepancy (by about a factor 2) in the results of the mea-
surement of 0,(E) by the individual groups. It can also
be seen that the weak intensity of the quasimonochro-
matic ¥ rays significantly restricts the applicability of
the corresponding methods at low energies. In addition,
the very concept of monochromatization is rather for-
mal; in Refs. 40-43, the energy resolution of the y
rays was 200-300 keV,

The data obtained on the fission cross section indicate
that the nucleon composition of the fissioning nucleus
has a strong influence on the properties of the fission
barrier,

1, Compared with the photofission cross section of
even—even nuclei (see Fig. 9), the cross sections for
odd nuclei (see Fig. 10) are much steeper in the sub-
barrier region of energies. This property is usually
attributed to the influence of the parity of the number
of nucleons on the mass parameter which determines
the curvature parameter in Eq. (8).

2. The steepness of the log o; curves in the sub-bar-
rier region decreases appreciably with increasing Z
of the fissioning nucleus, As is shown in Fig. 11, this
behavior, which is in sharp contradiction to the results
of calculations in the framework of the liquid-drop
model, can be explained by a two-hump shape of the
fission barrier of heavy nuclei and different curvatures
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FIG. 11. Comparison of the energy dependences of the fissili-
ties of **U and *!Am (Ref. 37) and comparison of the effective
curvature parameter KEw = 2m(d In Py /dE)™! (the points) with
calculations in acecordance with the liquid-drop model® (con-
tinuous curve). Here, x = (22/A)/(Z*/A) ;, is the fissility
parameter, where (Z%/A) . is taken equal to 45.

of its humps. Thus, the rapid decrease of 0,(E) in the
case of the lightest nuclei (the smallest values of 7w

in Fig. 11) is associated with tunneling through both
humps, whereas for the heavier nuclei, for example,
*'Am, it is due solely to the penetrability of the higher
and narrower inner hump, %45

3. The photofission cross section of even—even nu-
clei has a much more pronounced resonance structure,
which is explained by the lower density of the internal
excitation states, to which the vibrational motion in the
second well is coupled, and the smaller number of
fission channels compared with odd nuclei.

Despite these differences between the fission barriers
and the resulting properties of the cross sections, the
threshold observed in them (the height E?** of the higher
hump) differs little from nucleus to nucleus, as was al-
ready mentioned in the previous section. This is ex-
plained by the influence of the nucleon shells on the de-
formation potential energy of the nucleus during the
fission process.® The properties of the photofission
probability noted above and their consequences for the
fission barrier agree with the results of investigation
of an even larger number of nuclei in direct reac-
tions,*4"18

The position of the threshold of the (y,%) reaction was
calculated from the binding energy B, from Ref, 47. As
a rule, the values of B, are correlated with the irregu-
larities of the fission cross section, namely, the dips
in the region of the plateau for N-even nuclei (B,> ET%)
and the decrease in the steepness in the sub-barrier
region for N-odd nuclei (B, <ET?**), a phenomenon which
is due to the competition between fission and neutron
emission.

Angulay components of the photofission cvoss section.
Besides the photofission cross section or,(E), its angu-
lar components o, (E), 0,(E), and o,(E) are also of con-
siderable interest. Like the total cross section

Of = 0, + 03 + o,
they can be recovered using the integral equation (18)
from the corresponding components of the total yield:

. et 2 b 8 2 , 8
Yo==71; ¥, = =5 Y,=ﬁ—:-Y; v=a+gb+ e (19)
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where Y, Y, a, b, c are functions of E_,,.

The physical interpretation of the angular components
of the cross section follows directly from the previous
section, specifically, from the relations (11)-(14),
which readily yield the connection between ¢; and the
partial cross sections

of* = oF'PI%, (20)

which express the contribution to the total cross section
of the specific fission channels:

G0 = Sof + J o S o (212)
o = o — 2 ap 2 oF — ) m oo — gl (21p)
0= off — 2of + ot & af. (21c)

The approximate equalities in the last relations are
obtained when the small quadrupole terms are ignored
compared with the dipole terms in ¢, and 0, and when
allowance is made for the predominance of the K=0
channel in 0, near the threshold. In this approximation,
the components of the cross section can be determined
for all the most important photofission channels of
even—even nuclei. In the channel analysis of the fission
probability, this possibility is an exceptionally im-
portant factor, and its significance will be demonstrated
in what follows,

Figure 12 shows the energy dependences of the quad-
rupole component of the cross section and the angular
anisotropy of photofission

bla = W (90%)/W (0°) — 1 = (3/y) 0y (E)6a (E)-
as recovered from the results of measurements of
Y(E,...), 0Epa)y D(Eng), and c(Ey,,) for **U. They are
compared with the analogous quantities measured di-
rectly in experiments with monoenergetic ¥ rays.'™**"*
It follows from the information contained in Figs. 9 and
12 that the possibilities of modern methods of obtaining
monochromatic y rays are very restricted as regards
the intensity, and that as yet there is no alternative to
bremsstrahlung beams for study of sub-barrier excita-
tion energies.

Cross sections of electric dipole and quadrupole
photoabsorption. There is considerable interest in
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FIG. 12. Dependences of the angular anisotropy b/a and the
quadrupole componentd, /o ¢ of the total cross section of **U
photofission on the energy of the v rays. The literature
sources are given in square brackets.
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comparing the fission probabilities for different meth-
ods of exciting the nucleus: by y rays, by fast neu-
trons, and in direct reactions. These methods of ex-
citation differ strongly in the nature of the distribution
2(1) of the orbital angular momenta (see Fig. 2). The
absolute values and energy dependences of the cross
sections 0,.,,(E) for the formation of a compound nu-
cleus also differ very strongly in these cases, and it
is therefore meaningful to compare not the fission
cross sections themselves but rather the fissilities P,
=0,/0,4p Of the nuclei, which are much less sensitive

comp

to the individual features of the entrance channel.

The experimental data on fission in direct reactions
are usually presented in the form of the quantities
P (E). The cross section of the (r,f) reaction can
readily be reduced to such a form by using the fairly
rich information about the interaction cross section of
fast neutrons with heavy nuclei. Data on the photoab-
sorption cross section are much more sparse, and
there are no direct measurements at all in the energy
region 4.5-7 MeV in which we are interested.

For the cross section gF! of electric dipole photoab-
sorption one frequently employs semiempirical esti-
mates such as Axel’s formula® or extrapolation of the
cross section from the region £>7-8 MeV. To de-
scribe the latter, one uses a Lorentzian dependence,
or rather, a superposition of two such dependences, by
means of which the split giant resonance is reproduced.

Figure 13 shows the most detailed data on the photo-
absorption cross section for heavy nuclei at E= 10
MeV. In Ref, 53, they were obtained by the transmis-
sion method, and in Refs. 41 and 54 by adding the par-
tial cross sections for the main competing processes
(fission and neutron emission), i.e., under the assump-
tion that 0,0, +0,,. In this case, no allowance is made
for the contribution of radiative de-excitation of the
compound nucleus, which, because of the smallness and

65
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FIG. 13. Compilation of data on the dipole photoabsorption
cross section crf,‘. The continuous curve is the result of fit-
ting the data of Ref. 41 in accordance with Eq. (22) in the re-
gion E, = 6—10 MeV. The literature sources are given in
square brackets.
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weak energy dependence of the radiative widths, can be
ignored at sufficiently high excitation energies above
the thresholds of fission, E,, or neutron emission, B,.
Through the data, we have drawn a smooth curve (the
continuous curve in Fig. 13) and used it to calculate the
fissilities plotted in Fig. 15. The curve was obtained
by fitting the data in the region E=6-10 MeV by a
superposition of the two Lorentzian curves

o' (E) =i=% 20‘(E2_—1€E’I§‘;_f-)|'f_(f"@ (22)
with the parameters o, =250 mb, E,=10.5 MeV, Iy
=2.5 MeV, o, 300mb E,= 14MeV I',=4.5 MeV.

These parameters differ appreciably from those that
ensure a description of the giant resonance. Converse-
ly, the parameters which give the best description of
the giant resonance lead to a significant overestimation
of ¢,°* in the rather long extrapolation of (22) in which
we are interested,

Until recently, the only source of information about
the electric quadrupole absorption of ¥ rays by heavy
nuclei was provided by data on quadrupole photoabsorp-
tion,*® ! from which an estimate was obtained for the
ratio of the cross section of electric dipole photoab-
sorption to that for electric quadrupole absorption,
0F1/0F2=25-30, this being in satisfactory agreement
with electrodynamic calculations, The shape of the
energy dependence of the cross section of quadrupole
photoabsorption was usually taken to be the same as
for dipole absorption.

In recent years, new experimental data (see, for ex-
ample, the reviews of Refs. 55 and 56) have indicated
the existence of “new giant resonances,” in particular,
a resonance at E = (60-65)A"'/% MeV (4 is the mass
number). It is assumed that it can be identified as an
isoscalar electric quadrupole resonance, The appear-
ance of this resonance in the cross section of quad-
rupole photoabsorption by the nucleus ***U is noted in
Refs. 57-59.

Figure 14 shows the Lorentzian energy dependences
of the quadrupole photoabsorption cross section calcu-
lated with the parameters of the Lorentzian curves
recommended in Refs, 57-59. In Ref. 58, the resonance
was excited in the reaction 2*®U(e, ¢’ a); in Ref. 59, in

a2r

a1

)
60 Ey,MeV

i 40 50

FIG, 14, Compilation of data on the quadrupole photoabsorption
cross section 652, The continuous (heavy) and broken curves
are the results of calculation in accordance with Eq. (23). The
literature sources are given in square brackets.
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the reaction ***U(e, ¢’). For comparison with photofis-
sion, particularly interesting data were obtained in
Ref, 57, in which *8U(e, ¢’f) electrofission was investi-
gated; the point is that in the spectrum of virtual pho-
tons the E2 component is much more intense than the
El component.®® In the spectrum of the real photons,
the components of all multipolarities are equally repre-
sented. The chain curves in Fig, 14 show the quad-
rupole photofission cross sections obtained in experi-
ments with bremsstrahlung ¥ rays. For the nuclei
23"'Th 23%24%292Py, the results of Ref, 18 were used;

r ®4U, the results of Ref. 22; and for 236:238]] the
results of Refs. 22 and 33. It can be seen from the
figure that the parameters of Ref. 59 give low cross
sections in disagreement with the photofission data and
Refs. 57 and 58. In the energy region below 7 MeV in
which we are interested, the cross sections in Refs. 57
and 58 are approximately the same, do not contradict
the photofission data, and correspond to 02/0E2= 20
for our adopted value of oF! (see Fig. 14). In the pres-
ent paper, we have used the Lorentzian energy depen-
dence

(TmE)?!

ET—E3 P+ (TmER
for the cross section of electric quadrupole photoab-
sorption with parameters from Ref. 57: ¢, =2.8 mb,
E,=9.9 MeV, T, =6.8 MeV,

Influence of the method of excitation on the fissility.
The estimates obtained in the previous section for the
components of the photoabsorption cross section make
it possible to compare the fissilities of heavy nuclei in
the region of the threshold for the different methods of
excitation used in this energy region— in the reactions
(¥,7n) and (n,f) and in the direct reactions (¢, pf),

(d, pf), etc. This question has been discussed in a
number of papers, for example, Refs. 61 and 62, and
in most detail in Ref. 37. We shall consider only the
most interesting examples and the consequences that
flow from them.

ofz (E)=op,

In Fig. 15, we give the experimental data on the fis-
silities of the nuclei for which the yield and photofis-
sion cross section were studied in Ref, 37. In all the
cases above the threshold and for four of the five odd
nuclei (the exception is *Pu) in the sub-barrier ener-
gy region, the fissilities are in satisfactory agreement
despite the difference in the kinematics of the com-
pared reactions. It can be concluded from this that in
the indicated situations the number of accessible chan-
nels is sufficiently large for the observed fissility

Pi= (;E,, amp}”‘),f ;ﬂ S (24)

to depend weakly on the differences in the ¢(Z) distribu-
tions of the entrance channel (see Fig. 2) which, to-
gether with the spin of the target nucleus, determine
the excitation spectrum a;, of the compound nucleus.

The resonances of the fission penetrability may lead
to a clearer manifestation of the states than the dis-
crete structure of the fission-channel spectrum, espe-
cially if AEY =fiw/2m, as in the considered case of odd
nuclei. We evidently encounter such a situation in the
*3¥Pu(y,f) reaction. It is unique in the sense that in it,
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FIG. 15. Fissility P; in (v, ) reactions (circles) and in direct reactions (triangles). The literature sources are given in

square brackets.

because of the spin 1/2" of the target nucleus, the
smallest set of compound states, J7=1/2" and 3/2",

is realized among all the cases of photofission of odd
nuclei, and, as is shown by the analysis in Ref. 31,
the penetrability of the channel K" =3/2" has a reso-
nance at E=5.6 MeV, which can be clearly seen in
Figs. 10 and 15, The participation in the reaction
238(J(n, f) in this region of energies of the J"=K"=1/2"
channels, which are excited by s neutrons, and of other
channels in the reaction 2*®Pu(d, pf), reduces the im-
portance of the J*=3/2" states in P, compared with the
(v,f) reaction.

Of even greater interest in connection with the spe-
cific predictions that follow from Bohr’s hypothesis
about the spectrum of the fission channels is a compari-
son of data on the fissilities of even—even nuclei, par-
ticularly for the (v, f) and (¢, pf) reactions, in which
the quantum numbers &, of the populated compound
states are determined by the single selection rule J
=1, 7=(~1)". An important difference between the re-
actions is that whereas bands of channels (for even—
even nuclei, the K"=0" and 0~ channels) participate in
the fission process near the threshold after the direct
reaction on account of the wide distribution ¢(I) of the
transferred angular momenta, in the case of photo-
fission only one of them, J"=2" and 17, participates.
Near the threshold, the fissilities in these reactions
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can be represented as

EiP‘—{—UEzP* E2
e e A L (25)
P ™ = (a+/a) Pt + (a~/a) P =~ (1/2) (P} + P7), (26)

where P} and P; are the fissilities for the individual
channels with quantum numbers K”=0" and 07, which,
for simplicity, are taken to be the same within one
band; 0 =2 ripee1®re @ =0 sipa 1@ The last ap-
proximation in (26) corresponds to the assumption of
equal probabilities of population of the states of the
compound nucleus of positive and negative parity (o'
and a”).

At energies above the barrier with quantum numbers
K*=0", P;~P;=P %) and in photofission P{f)
= P;=P 8% pecause 0F2<< oE!, This explains the ab-
sence of significant differences between the experimen-
tal data on the fissilities for different methods of ex-
citation of the fission reaction near the threshold, as
was already noted in Ref. 61. However, the situation
must change sufficiently far below the barrier, when
the difference between the heights of the barriers with
the quantum numbers K" =0 and K" =0" means that the
ratio P} /P; increases appreciably. This is readily
seen by considering the limiting case corresponding
to an inequality P; <P} so strong that P; can be ig-
nored compared with P}0F2/0F1, It then follows from
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i.e., the fissility in the (¢, pf) reaction may exceed the
photofissility by about an order of magnitude. In the
general case, there must be a correlation with the con-
tribution of the quadrupole photofission,

For some nuclei, Fig. 16, which is taken from Ref.
317, gives (in the lower part of the figure) data on the
relative contribution of the quadrupole component to the
total yield:

%:%c/(a—}—%b-{-%c).

The upper part of the figure gives data on the yield it-
self, which is compared with the analogous quantity ob-
tained from the observed fissility*®“® by integrating the
cross section, equal to oF1P#*f) over the bremsstrah-
lung spectrum. The data on the yield for even—even nu-
clei above the threshold as well as for the odd nuclei in
the entire overlapping energy region agree, in connec-
tion with which we note that no normalization of the
“constructed yield” to the measured yield of the (y,f)
reaction was made. The correlation between the depen-
dences given in Fig. 16 is very clear: Wherever the
contribution of ¥, to ¥ is appreciable in the sub-bar-
rier energy region the “yield” Y %#/) deviates from ¥,
as is required by the relation (27). The comparison is
particularly effective in the extreme cases of **°Pu, for
which the contribution of ¥, to ¥ and the deviation of
Y®?f) from Y are both already appreciable near the
threshold (around 6 MeV) and rapidly increase with
decreasing energy, and **Th, where a small effect is
noted only far below the threshold and near the sensi-
tivity limits of the methods of measuring P§*#) and
W(9) in the (y,f) reaction.

From the experimental data on the angular compo-
nents of the photofission cross section and the esti-
mates of 0X! and 02 in accordance with (20) and (21),
it is possible to recover the partial fissilities P2
=P} and P’= P; of even—even nuclei, and these make
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possible a more detailed comparison of the fission
probabilities in the (¥, f) and (¢, pf) reactions than from
analysis of the integral characteristics. Figure 17
shows the energy dependences of P*/ (Ref. 46), P%,
and P for the four nuclei considered above: 22Th,
23677, 2387, and 24°Pu, In discussing them, it must be
borne in mind that it is not so much the comparison of
the absolute values of the fissilities, which, as we have
already mentioned, may have appreciable errors of
measurement for the (y,f) reaction, which is informa-
tive, but rather the new data, obtained from photofis-
sion, on the distribution of the fissility observed in the
direct reaction over the individual bands of the chan-
nels. From this point of view, the agreement between
the energy dependences in Fig. 17 (overall and in many
details) is very heartening. For example, the two
groups of data have resonances at coincident energies,
and the data of the (y,f) reaction readily permit identi-
fication of the quantum numbers K", namely, 0 for
232Th at 5.5 MeV, 0" for ?*U at 4.6 MeV, 0" for **°U at
5.1 MeV, 0" at 5.8 MeV, and 0* for **°Pu at 5.1 MeV.
The presence of the broad maximum in the fissility of
2387 at 6.2 MeV (see also Fig. 15) independently of the
method of excitation indicates that the effect is not due

50 50 &0 50 E, MeV

FIG. 17. Comparison of the fissilities of the nuclei 232Th, 3y,

8y, and M'Py in the reactions (¢, pf) (circles®®) and (v, f)
(continuous curve for dipole photofission, chain curve for quad-
rupole photofission!®®,
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to properties of the entrance channel (irregularities in
the photoabsorption cross section), as assumed in Refs,
64 and 65, but has other causes. In Ref. 37, the corre-
lation between this feature in P (E) and the threshold

E =B, =6.14 MeV for photoneutron emission is discussed
and the possibility of explaining the feature by neutron
competition is considered (see Sec. 4).

Of considerable interest is the ratio of P%° and P®
and their contribution (or rather, the contribution of
the nearly equal P} and P; to the fissility in the (t, pf)
reaction. The pictures differ particularly strongly for
the two “extreme” nuclei, i.e., the lightest, **2Th, and
the heaviest, >*°Pu, In the latter case, as for the other
even—even plutonium isotopes,'® the partial fissility
P%» [to which the quadrupole component in W(3) corre-
sponds] predominates right from the threshold ob-
served in the dipole cross section at E=6 MeV, where-
as for ***Th the cross section decreases by five orders
of magnitude as E varies from 6 to 5 MeV, and P%
=PY apart from resonance effects. As was shown
above in connection with the discussion of the Z depen-
dence of the quadrupole component in the angular dis-
tribution of the fragments, this effect can be explained
by the change in the symmetry of the fissioning nucleus
on the transition from the inner to the outer hump and
the difference between their heights E,, and E ;.

We recall that in the first transition state (at hump A)
the nucleus is reflection-symmetric, and, like an
ordinary nucleus with equilibrium deformation, has a
barrier-height difference E}, - E{; =7 w,, where fiw,
is the energy of the octupole vibrations, At the larger
deformation in the second transition state, the nucleus
loses its reflection symmetry, and with it the energy
splitting between the K" =0" and 0~ bands that ensures
the difference between P and P}°, In the 2*°Pu nu-
cleus, hump A is approximately 1 MeV higher than
hump B, but in 232Th the situation is reversed, which
explains the observed dependence of P2°/P°~¢/b on
the Z of the fissioning nucleus. The characteristic fea-
tures of the fission barriers and the spectra of the tran-
sition states of these nuclei are shown schematically
in Fig. 7. In particular, the figure idealizes the effect
of the static reflection-asymmetric deformation—it is
assumed that Ef; — E% =fiw,,, —0.

The results of this analysis are important in two re-
spects. On the one hand, they indicate good mutual
consistency of varied experimental data and a corre-
spondence between all the employed information and
the unifying ideas about the fission-channel spectrum
of heavy nuclei considered earlier, On the other hand,
they clearly demonstrate the significant influence on the
fissility of the differences in the distributions of the
transferred angular momenta and the probabilities of
population e,  of the states of the compound nucleus in
the cases when the number of accessible fission states
is small (fission of even—even nuclei near the thresh-
old, sub-barrier resonance in the fissility of **°Pu).
We shall give one further example of unexpected influ-
ence of the entrance channel of the reactions on the
fissility of nuclei; it is evidently due to the fact that
the target nucleus has spin.
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FIG. 18. Comparison of the probabilities of prompt fission of
the nucleus **U in the reactions (¢, pf) (circles®®), (4, pf) (rec-
tangles®), and (v, f) (the continuous and the chain curves are
for dipole and quadrupole photofission®).,

Figure 18 shows the fissility in the 235U(d,pf) reac-
tion®; its values in the threshold region of energies
are several times smaller than the fissility of the same
compound nucleus #*°U in the 2**U(t, pf) and >*°U(y,f) re-
actions. The same difference in P (E) for the (d,pf) and
(¢, pf) reactions is revealed by a comparison of the ex-
perimental data’® % for other even—even nuclei, name-
ly, #¥°Puy, 2%*Py, and ***Cm, and the scale of the effect
is correlated with the spin of the target nucleus in the
(d, pf) reaction, At the same time, the fissilities of
the odd nucleus ?*'Pu in the 2*°Pu(d, pf) and 2*°Pul(t, pf)
reactions are nearly equal,* % which, as we have al-
ready noted in connection with the discussion of Fig. 15,
is characteristic of the nuclei of this type. This sug-
gests that the effect occurs only for even—even nuclei,
and, since it is maximal in the region of the threshold,
where the K =0 channels play the predominant part in
the (y,f) and (¢, pf) reactions, the decrease in the
fissility in the (d, pf) reaction must be attributed to
the suppression of the contribution of precisely these
channels.

There is direct experimental evidence which shows
that the K =0 channels are suppressed when even—even
nuclei produced from odd target nuclei with high spin
undergo fission and that the effect is not restricted to
the (d, pf) process. We are referring to the angular
distribution of the fragments from the fission of
oriented ®5U(7/2°) and **U (5/2%) nuclei by slow neu-
trons,®" %8 which makes it possible to determine the
contribution of the channels with different X for many
states of the compound nucleus (neutron resonances)
with known spins J. At allJ, the K distributions re-
covered from these data reveal a predominance of K
+#0, apparently contradicting the existing ideas about
the fission-channel spectrum of even—even nuclei.
Anomalies are also observed in the anisotropy of the
angular distribution of the fragments in the #*5U(d, pf)
reaction®® and in the fission of 23U by p neutrons.®® It
is clear that the difficulties in describing sub-barrier
fission are typical for even—even nuclei produced from
odd nuclei with high spin of the ground state.

It is difficult to explain these facts by specific fea-
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tures of the mechanism of the reactions leading to
fission, The effect indicates, rather, that the excited
nuclei are “conservative” with respect to changing the
internal angular momentum “stored” in the form of the
target nucleus’s spin in the process of exchange be-
tween the collective and nucleon degrees of freedom,™

3. EXPERIMENTAL INVESTIGATIONS OF DEEP SUB-
BARRIER PHOTOFISSION

The isomer shelf. In discussing the properties of the
cross section and the angular anisotropy of photofis-
sion, we have deliberately restricted ourselves to the
region of energies above 4.5 MeV. First, at lower en-
ergies the measurements are hindered by the difficulty
of eliminating the background of extraneous fission in-
duced by photoneutrons, this being responsible for the
limit achieved in Ref, 37 for the majority of odd nu-
clei (see Fig. 10). Second, and this is the most im-
portant, for nuclei having a sufficiently high threshold
in the (n,f) reaction the region of energies that are
reached in extended. As a result of measurements
made in this region,”" a new effect was discovered
in the energy dependence of the yield and the photofis-
sion cross section. It became known as the isomer
shelf and had a significant influence on the development
of experiments in the sub-barrier energy region.

Figure 19b shows the results of the experiment of
Bowman et al.,™ in which the effect was observed for
the first time in a study of the probability of deep sub-
barrier photofission of 2*8U. The behavior of the photo-
fission cross section at energies below 4.5 MeV is
anomalous. In region II it reveals a fairly abrupt slow-
ing down in the rate of its variation compared with the
well-studied region I, and as the bottom of the second
well, which separates regions I and III, is approached,
it changes its behavior even more. The anomaly is as-
sociated with delayed fission, i.e., the population and
decay of the most long-lived states in the second well—
shape isomers. The part played by this process, which
makes only a small contribution to the total yield near
the fission threshold, increases with decreasing energy
and becomes dominant in region II.
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FIG. 19. Schematic representation of the main possibilities
for the nucleus to pass through the two-hump barrier for dif-
ferent regions of sub-barrier excitation energies (a) (radia-
tive decay in the first well is not indicated in the figure), and
behavior of the photofission cross section in the corresponding
energy regions (b).™
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The contribution of the delayed fission is shown sche-
matically in Fig. 19a. Arriving in the second well
during the fission process, the nucleus can divide in
two ways: without a change in energy, i.e., promptly,
and, having undergone radiative de-excitation, spon-
taneously from the shape-isomer states at the bottom
of the well, i.e., with a delay characterized by the
mean lifetime of the nucleus. Since such events were
not separated in time in the experiments of Refs., 71 and
72, the observed yield curve describes the total effect
of the prompt and delayed fissions. The competition be-
tween these mechanisms of fission from the second
well is determined by the relationship between two pene-
trabilities: Ty for passing through the outer hump B
and T, for radiative de-excitation to the isomer states.
As long as Ty > T,,, or, more accurately, Ty > ET,,,
where k<< 1 is the branching coefficient which deter-
mines the ratio of the probabilities of spontaneous fis-
sion and radiative decay into the first well for the iso-
mer states, prompt fission is predominant in the total
yield (region I). In the opposite case (T < kT,,), the
fission process is realized mainly by the population and
decay of shape isomers (region II). Since the energy
dependence of the prompt-fission cross section is de-
termined by the penetrability of the complete barrier,
which is proportional to T, Ty, while the energy depen-
dence of the delayed-fission cross section is deter-
mined by the penetrability of the narrower inner hump
A, whichis ~T,, itis to be expected that at the point
Ty=kT,, the total fission cross section will have a fair-
ly abrupt inflection. In the framework of this qualita-
tive interpretation,™ and on the basis of Lynn’s theo-
retical description,™ it is to be expected that the shal-
low section of the cross section will continue almost to
the bottom of the second well, near which there will be
a dip even more abrupt than in the steep section Ty
> kT,,, where prompt fission is predominant,

After the publication of Ref. 71, data indicating simi-
lar effects in the yield of the deep sub-barrier photo-
fission of **2Th, ***U, and *"Np were obtained using the
microtron of the Institute of Physics Problems.

The photofission cross section in the region of the
isomer shelf is negligibly small (less than 10"° b), and
this in itself presents serious experimental difficulties
for its study. The purity of the employed nuclides plays
an important part, An independent problem when one
is detecting events with low probability is the study and
limitation of the background of extraneous fission, spon-
taneous and induced by photoneutrons, which can be
produced at these low energies of the y rays in the (y,n)
reaction on deuterium and beryllium nuclei if they are
present in the material of the construction and the
shield situated in the radiation field, Its importance is
revealed by Fig. 20, which shows the experimental data
obtained by the authors of the present review on the
yield of the (v,f) reaction in the deep sub-barrier ener-
gy region,™ which, apart from the information on 232Th,
?%8U, and *"Np (much more complete and of better qual-
ity than in the first communication of Ref, 72) and the
data on the nucleus **°U (investigated later™), contains
the results of study of the neutron background. We be-
lieve that the abrupt inflection in the yield for *°U, also
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FIG. 20. Results of measurements of the yield Y(E__ ) of the photofission reaction (circles) and also the experimental (triangles)
and theoretical (broken curves) estimates of the background of fast-neutron fission events in the reactions Be(y, n) and D(y,n)
(the rectangles represent the experiment, the chain curves the theory). The broken curve shows the level of the background of

spontaneous fission events and fission induced by cosmic rays.

shown in Fig. 20, can be entirely explained by fission
induced by neutrons, including neutrons moderated in
the walls of the facility. The yield of the (¥, f) reaction
for 23°U and ?*°Pu has a similar form.

The final conclusion of Ref. 75 drawn from analysis
of the experimental information shown in Fig. 20 is that
properties of the energy dependence of the yield associ-
ated with the isomer shelf have been definitely estab-
lished for the nuclei *°U and 2°®U. For the other two
nuclei, the situation is not clear for the following rea-
sons: several series of measurements for **2Th do not
reveal a statistically significant effect, and the effect
observed for >"Np can be largely explained by the in-
vestigated sources of the neutron background.

There are two other published papers, from the
United States and Italy, devoted to experimental in-
vestigation of the isomer shelf. Bowman ef al.”” have
given the results of investigations of deep sub-barrier
photofission of 2**Th and *°U for the same arrangement

of the experiment that led to the discovery of the isomer
shelf in the yield and cross section of the ***U(y, f) re-
action. A group of Italian physicists®*™® made detailed
measurements of the photofission yield of ***U for E
from 3.5 to 6 MeV. A complete sample of the data on
this phenomenon for the even—even nuclei investigated
theoretically in what follows is shown in Fig. 21.

The reaction yield is the primary information obtained
directly in the experiment, but a direct comparison of
the results of different authors is usually difficult,
since the absolute yields depend on the geometry of
the experiment and the characteristics of the brems-
strahlung target. Fortunately, the experimental condi-
tions in our studies™ 7 and those of the Italian group®™
were almost completely identical and did not differ
strongly from the arrangement of the experiments of
Bowman ef al.™7" This can be seen (see Fig. 21) by
comparing the original values of the yield with the
values calculated for the conditions of our experiments
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FIG. 21. Yield ¥ and photofission cross section oy of 22Th, 23U, and 2**U, The literature sources are given in square brackets.
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using the cross sections from Refs. 71 and 77. Note
that in our measurements and those of the Italian group
the electron source was a microtron, while Bowman

et al. used an electrostatic accelerator and a linear ac-
celerator,

Despite the similar arrangement of the experiments,
a contradictory situation is obtained, The results of
our experiments for 23U agree excellently with the data
of the Italian group, but for both nuclei (especially for
#32Th) there is strong disagreement with the results of
the American studies. In the shallow part of the yield,
the data disagree by an order of magnitude for 2?®U and
by two orders of magnitude for 2**Th, The abrupt dip
in the yield in the low-energy section of the shelf is ob-
served for **®*U at E= 3,5 MeV in our data and the Italian
data, but in the data of Bowman et al. it is observed at
least 0.5 MeV lower. The yield curve for 2*2Th at low
energies (at or less than 4.6 MeV) is in our experiments
50 much steeper than in the American ones that the very
existence of the isomer shelf becomes doubtful in this
case (for more details, see Ref. 75). The agreement
of the results for ®**U in the experiments of our group
and the Italian group, and also the nature of the dis-
crepancies in Fig. 21— the systematically higher yields
in the experiments of Bowman ef al.™*""— cast doubt on
the results of the American group in the region of the
isomer shelf, although the reaons for the discrepancies
are as yet obscure.

A very important result of the more detailed mea-
surements of the yield for 2**U and 2**U obtained using
the microtron of the Institute of Physics Problems was
the establishment for both nuclei of a resonance struc-
ture of the photofission cross section in the region of
the isomer shelf (see Fig. 21). This experimental fact
served as a justification for rejecting the theoretical
interpretation of the isomer shelf proposed by Bow-
man,”™ The behavior of the photofission yield at the
lowest energies, which indicates a strong resonance
in the cross section, is completely confirmed for 2*%U
by the Italian group,?

With regard to the interpretation of the experimental
data, we must add the following. In the simplified
treatment of Refs. 71 and 73 it was assumed that the
extension of the region of the isomer shelf is fairly
clearly defined at the lower end by the bottom of the
second well of the fission barrier and at the top end by
the inflection in the cross-section curve (or yield curve)
of the photofission, which occurs at the energies at
which the probabilities of the prompt and the delayed
fission become equal. More detailed measurements
show that the actual picture is different and more com-
plicated. First, the yields of the (y,f) reaction exhibit
a sharp drop not near the bottom of the second well but
much higher, about 1 MeV higher. A resonance in the
cross sections corresponds to the edge of the step in the
yield curve (see Fig. 21). Second, the notion of an
upper end of the region of the isomer shelf is strongly
idealized, and in the case of ?*°*U an inflection is not ob-
served at all. This indicates, on the one hand, the un-
reliability of an interpretation which ignores the cir-
cumstance that the experimentally observed fission
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probability is a superposition of contributions of in-
dividual fission channels and, on the other hand, the
difficulties in studying the effect by means of measure-
ments of integral characteristics alone, The measure-
ments of the angular distribution of the fragments from
deep sub-barrier photofission made using the micro-
tron of the Institute of Physics Problems®**»™ made pos-
sible a new step in the study of the isomer shelf.

Anisotvopy of the angular distribution of fragments
and delayed fission. Because the photofission cross
section is negligibly small in the region of the isomer
shelf, the separation of the events in time on the back-
ground of the ¥ rays, whose number in the beam ex-
ceeds by more than 10* times the number of fission
events, presents as yet an insuperable difficulty. In
this connection, an independent verification of the
proposed nature of the isomer shelf acquired great im-
portance. It was the experiment of Ref. 79, which
established isotropy of the fragment angular distribu-
tion in the ***U(y, f) reaction in the region of the iso-
mer shelf (Fig. 22); this is expected in accordance
with the properties of delayed fission and is in sharp
contrast to the strong anisotropy of prompt fission. In-
deed, if the deep sub-barrier anomalies in the yield of
the (v,f) reaction are due to the contribution of delayed
fission, there must be a significant decrease in the
anisotropy of the fragment emission due to the dis-
orientation of the angular momentum of the nucleus
when ¥ rays are emitted in the second well, and also
due to the coupling of the angular momentum to the
magnetic field of the atom. In addition, if the main
contribution to the delayed fission of even—even nuclei
results from decay of the shape isomer in the lowest
state J"=0", angular anisotropy must be altogether ab-
sent,

In the subsequent experiments of Refs. 33 and 76 there
was a systematic investigation of the angular anisotropy
of the deep sub-barrier photofission of 23U, and the
range of previously investigated'®'® energies for the
nuclei ***U and **Th was also extended. Figure 23,

Y.
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FIG. 22. Change in the nature of the angular distribution W(#)
of the fragments from 2a8yy photofission (in the inserts) with
decreasing excitation energy and the approach to the region of
the isomer shelf in the yields Y(Ema\). The broken line in the
inserts is the isotropic component of the angluar distribution’ s
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FIG. 23. Dependence of the parameters of the angular distri-
bution of the photofission fragments of 2°2Th, 2%*U, and 2*®U on
Emax, and also the total photofission yields of the correspond-
ing nuclei (open circles), ¥ the isotropic component ¥, of

the yield (black circles), and the dipole component Y, which
is made equal to ¥, in the region of the maximum of the aniso-
tropy a~! (broken curves). The broken line in the upper part
of the figure shows the asymptotic value of the coefficient ¢
~¢/b = (.05 at energies above the barrier. The literature
sources are given in square brackets.

which is taken from Ref. 33, shows the results of the
measurements of the angular distribution of the frag-
ments from ®**Th, **U, and #*°U at energies E,, <7
MeV (these measurements were made using the micro-
tron of the Institute of Physics Problems) and also data
of similar measurements for the nuclei 2*®*U and 238U in
the narrower energy range E_, =5.2—-6.4 MeV made in
Sweden.” The following conclusions can be drawn from
examination of the experimental data in Figs. 21-23.

1. For both the uranium isotopes, the contribution of
the isotropic component rapidly increases as the region
of the isomer shelf is approached and, as is shown by
the measurements for ***U (see Fig. 21), becomes pre-
dominant within the region.

2. In the *®Th(y,f) reaction, in contrast, the angular
anisotropy is large in the entire studied sub-barrier
region of energies, in which the yield falls appreciably
below the level at which the dip in W(90°)/W(0°)=a™ is
observed for 2*®U and 23°U,

3. The probability of the 2*2*Th(y, f) reaction continues
to decrease with virtually no change in the nature of the
energy dependence in the whole of the region of varia-
tion of ¥ (E_,,) where the isomer shelf is observed for
both the uranium isotopes. From the yield at E_, < 4.8
MeV, where a pronounced decrease in the derivative
dY /dE, .. was noted, it can be seen that in the **Th(y, f)
reaction delayed fission is at least two orders of mag-
nitude less probable than in the photofission of #3°U and
EBBU.

4. The results of measurements of the angular dis-
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tribution of the fragments in the deep sub-barrier ener-
gy region have significantly augmented the existing pic-
ture of the photofission of even-even nuclei and have
emphasized the differences in the behavior of the inte-
gral and differential characteristics of the probability
of the (v,f) reaction in the uranium isotopes, on the
one hand, and in **Th, on the other.

The isotropy of the photofission in the region of the
isomer shelf agrees with the interpretation of the shelf
as an effect due to delayed fission—the decay of an iso-
mer in the second well. On the basis of this experi-
mental fact, we can also understand the reason for the
decrease in the angular anisotropy in the sub-barrier
photofission of 2*®U and 2*°U. This property and the
isotropy of the fission in the region of the isomer shelf
can be explained naturally from a common point of
view as due to an increase in the contribution of de-
layed fission to the total yield with the increasing
probability of radiative de-excitation in the second well
compared with the probability of passing through the
outer barrier. The same standpoint explains the ab-
sence of such an effect in the photofission of ?**Th, for
which delayed fission is less probable, both on account
of the shallower second well and as a consequence of
the greater penetrability of the inner barrier A, which
facilitates a return to the first well.

A clear picture of the competition between the de-
layed and the prompt fission can be obtained by means
of the angular components of the yield: the isotropic
component ¥, and the dipole component ¥,. In Fig, 23,
the isotropic component is given in the same units as
the total yield, and the dipole component is reduced to
make the ¥, curve match the experimental data in the
region of the maximum (plateau; see Fig. 5a) of the
ratio b/a. It can be seen that for 26U and 238U the
curves diverge strongly, but that in the case of ***Th
the divergence, explained by the contribution of the
delayed fission to ¥, is absent.

Thus, the observation of the common and opposite
properties of the photofission of 2*°U and 233U on the
one hand and ?**Th on the other has led to a more com-
plete picture of the relationship between the probabili-
ties of delayed and prompt fission, this picture being
in reasonable agreement with what is known about the
shape of the barriers of these nuclei. Further, the
simultaneous interpretation of the anomaly of the iso-
tropic component of W(3), which was already noted in
the early experiments of Refs. 18 and 19 (see Figs. 5
and 12), and the isomer shelf in the yields has made it
possible to combine in a single consistent picture prop-
erties such as the angular anisotropy of fission and
shape isomerism, which did not appear to be directly
related to each other. We note that the idea of a pos-
sible connection between these properties was first
conjectured by Huizenga,®® Finally, the measurements
of the angular distribution of the fragments also have
methodological significance, since the elimination from
the total yield of both of its anisotropic components sig-
nificantly extends the possibilities of studying the iso-
mer-shelf effect. On the background of the much less
probable isotropic component, this device is used be-
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low in quantitative analysis of the deep sub-barrier
photofission of even-even nuclei,

4. THEORETICAL ANALYSIS OF DEEP SUB-BARRIER
PHOTOFISSION

The arguments relating to the physical nature of the
isomer shelf put forward in the first papers™" and
presented at the beginning of the previous section were
based on fairly rough estimates of the probability of
prompt and delayed fission by means of the hump pene-
trabilities T, and Ty. They do not reflect the compli-
cated picture which must obtain in the very sparse re-
gion of the state spectrum at the minima of the nuclear
deformation potential energy and which is confirmed
experimentally. The experimental data in Fig. 21 cover
a region of excitation energies that in the second well
reaches the edges of the energy gap. At these energies,
it is, in describing the fission probability, necessary to
take into account complicated aspects of the mechanism
such as the coupling between the fission degrees of free-
dom and the degrees of freedom that do not directly lead
to fission and the interactions, responsible for this
coupling, between the quantum states within one well
and states that belong to different wells. In the con-
sidered range of energies, the mean distance between
the levels in the wells and the penetrabilities of the
humps of the fission barrier change by many orders of
magnitude. This circumstance, which governs the
change in the nature of these interactions, is the main
difficulty in the analysis of experimental data in the
deep sub-barrier region, that is, the choice of a theo-
retical basis for the unified description of real physi-
cal situations which change rapidly with the energy.

The probability of near-threshold fission was analyzed
earlier by a model of the penetrability of a one-dimen-
sional two-hump barrier in which one assumes com-
plete damping of the vibrational mode (homogeneous
distribution over the compound states) in the first well
and introduces into the potential an imaginary correc-
tion by analogy with the nuclear optical model in order
to describe partial damping of that mode in the second
well.***® The use of the model is restricted by the con-
dition of there being a fairly large number of compound
states within the width of the resonances of the barrier
penetrability; this is a condition which is not satisfied
in the greater part of the energy range in which we are
interested and certainly not in the region of the isomer
shelf,

For quantitative interpretation of the isomer shelf,
an attempt was made in the first studies™ ™8! 5 yge
the approach developed in the framework of perturba-
tion theory by Lynn™ and Lynn and Back® to describe
processes in which only the coupling between compound
states in different wells is important. By means of
such a model, augmented by the assumption of complete
damping of the vibrational mode in both wells, it was
possible to expect some kind of an estimate of the
nature of the energy dependence of the probabilities
of delayed and prompt fission on the average., There
could be no talk of an explanation of the resonance
structure of the isomer shelf by means of the model,

\

' 563 Sow. J. Part. Nucl. 12(6), Nov.-Dec. 1981

in Refs. 83 and 84;

The approach adopted in the present paper is based on
the model of doorway states and was developed recently
it has been tested in analysis of the
probabilities of prompt and delayed fission in direct
reactions.®® %% Thig approach reflects most fully the
specific interaction of the fission and nonfission states,
and the perturbation-theory formalism used in it repre-
sents a step toward an adequate description of fission
in the region of the very sparse spectra in both wells,
Another important advantage is the previously absent
possibility of a unified description of the probability of
sub-barrier fission in the entire experimentally studied
energy region.

Description of the fission brobabilily in the model of
doorway states, The source of the fission width of an
excited state of the compound nucleus is the admixture
of the fission mode in its wave function which results
from the coupling between fission vibrational modes
and the states of nonfission nature which are excited at
the initial stage of the reaction. The fission mode is
usually associated with 8 vibrations and the simple col-
lective motions of the nucleus coupled to them—rota-
tions, octupole vibrations, y vibrations, etc. In the
majority of cases, the density of the corresponding
states is much lower than the density of the correspon-
ding internal excitation states; thus, the fission states
play the part of doorway states for the fission process,

The total Hamiltonian H of the fissioning nucleus can
be split into two parts: H,, for which the doorway
states | A) and the nonfission states |a) are eigenstates,
and V, which describes the interaction between the
states [A) and |a). Then the eigenstate of the compound
nucleus (| @)) will be a linear superposition of the un-
perturbed states:

o) =Cou | 4) 4 3 Cqq | a), (28)

where C,, and C,, are elements of the matrix which
diagonalizes H in the space of the eigenstates of H,. We
are interested in the distribution of the squares of the
amplitudes, C},, which describe the admixture of the
doorway state | A) in the diagonalized states | @); it can
be obtained in a simple form by making the following
assumptions about V:

(29)
(30)

and about the distance D, between the states |a): D,
=const, Then®”

AV =@|V]d)=0 foral |a) |a')
UiV al=(@ |V ]|A)=V,,= forevery - a)

Ve
(Ea— B+ V& w5, JDE

Cia= (31)

Here, E, and E, are the energies of the states | a)
and |A), respectively. Frequently, VR <<nt Ve /D8,
and then the energy distribution of the strength of the
doorway state can be expressed in the form of a Lorent-
zian curve with width 'y =27V2 /D, which is usually
called the damping width of the doorway state:

Chn o Pt

T (E—EarTo% (32)

At a low density of the states |a) or for small Vi
the situation I', < D, may be realized. In this case,
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FIG. 24. Examples of the distributions ¢ of the strength of
the doorway state |A) over the compound states |a) for strong
(a) and weak (b) coupling.

the doorway state remains a practically pure doorway
state, and only a small part of its strength is dis-
tributed over the other compound states, The distribu-
tion of this residual strength can be obtained in the
first order of perturbation theory™8:

Cha = (Daf2n) T4 /(B — E4)°, Eo 5 Ea. (33)

Formally, (33) is equivalent to a Lorentzian distribu-
tion with width T'=2D, /r, and it can describe the
smooth part of the C%, distribution for strong and weak
damping by a single Lorentzian expression with width

T, = T4, + (2D /7)., (34)

The practically pure doorway states | @y) which re-
main in the case of weak damping must be taken into
account separately. The coefficient C?,o 4 for such a
state can be found by means of the sum rule

Con=1— 3

=2 %)

La e 1 —([T% — (2D./m)2 V3T, ). (35)

Examples of the C%, distribution for strong and weak
damping are shown in Fig. 24.

In the general case, the total width ', of the doorway
state is determined not only by the damping width but
also by the decay widths of the state | A) (for example,
the fission width I',, and the fission-related radiative
width ', ):

T, = [Thq + Tay + Tay + @Do/n)* 1 (36)

The picture becomes even more complicated in the
two-hump model, since the states of the fissioning nu-
cleus can be divided in the sub-barrier region into two
classes of doorway states and two classes of compound
states, this depending on whether the maximum of the
amplitude of the state wave function corresponds to a
deformation of the first (class I) or second (class II)
well, Thus, it is now necessary to take into account
the coupling of the doorway states to the compound
states within each class as well as for different
classes.

There are several approaches to the solution of this
problem based on different approximations. Back® con-
sidered the case of the interaction of doorway states of
one class—the fission vibrations of class II—with the
compound states of both classes. In this case, complete
diagonalization of the Hamiltonian gives an exact but
rather cumbersome result. In the present paper, we
use the less rigorous but simpler and more perspicuous
treatment of Refs. 83 and 84. The doorway states of
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class I (|4)) and class II (| B)) are diagonalized sepa-
rately with the compound states of class I (| a)) and
class II (| b)). The resulting compound states |a’) and

| 5") belong to the same classes as the unperturbed
states |a) and | b}, respectively. However, the states
la’) and | b") are not orthogonal, which is taken into ac-
count® by the introduction of the widths of their inter-
action with each other, T',. and I';,,., this interaction
being mediated through their interaction with the door-
way states:

Tarpr =3 Cialas + NCi 5T 6o (37)
A B

Tyrar = 3 ChraTaa + 1 Ch0 T par (38)
A B

Here, I',, and T'p, are the damping widths of the door-
way states | A) and | B) with respect to the compound
states within one class; T',, and I'p, are the same with
respect to the compound states of the other class. It is
usually assumed that the interaction between the fission
mode and the compound states depends directly on the
overlapping of their wave functions in the deformation
space. This leads to the relations

Tap = Tal'ms; T'na = Taliz (39)

where T, is the penetrability of the inner hump A. As
in the case of (32), for the squares of the amplitudes in
(37) and (38) we can write

Cl o = (Do/2m) T 4 /I(E — E 4)* + T4/4l; (40)
Ch 5 = (Do/2n) T po/l(E — E )* -+ Th/4l; (41)
C% g = (Do/2n) T /(E — Eg)* + Th/4l (42)
Clry = (Dy/2n) T 4o/l(E — E 4)? + T4/4], (43)

where in the total widths of the Lorentzian curves (40)-
(43) we have taken into account the damping of the door-
way states with respect to the compound states of both
classes:

Tu = [Taa + Tap)® + Ths + Thy + @D/n)1V% (44)
T's = [(Tas + T pa)® + Thy + Thy + (2D 4/n)2 12 (45)

The fission width of the doorway states for the two-
hump barrier is

Tgs = (hon/2n) Tp; Tap = (Foy/2n) T47T p, (46)

where Ty is the penetrability of the outer barrier B;
fiw, and fiw;; are the curvature parameters of the first
and second well, respectively. The compound states

| @) and | 8" will have a fission width due to the cou-
pling of | @) and | b} directly to the doorway states:

I';.‘}' o ECZAPA,« = ECgBFBf; (47)
A B

Typp = NCBaT s + DCE8T 5y (48)
A B

Here and in what follows, we have for simplicity
omitted the prime in the designation of the diagonalized
states |a’) and |b").

The coupling of the compound states with one another
[see (37) and (38)] leads to the appearance of an addi-
tional fission width of these states. The widths of in-
terest here are those of the compound states of class I,
| a), since it is clear that it is these states which are
excited in the initial stage of reactions of the type (n,1),
(d, pf), (t,pf), and (¥,7) at the energies for which it is
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meaningful to divide the states into the two classes. In
the calculation of the additional fission width of a state,
the compound state | b) with its fission width (48) can be
regarded as a doorway state for |a), and the width 15
(38) as the damping width of | ) with respect to the
states | @), i.e.,

Lo = C2Thy = (Do/2n) TyoTys/[(E; — Ep)® + T2/4). (49)

The total width I', in (49) contains not only the inter-
action width T',, but also the fission width T, and the
width of radiative decay of the compound state in the
second well: T,,. The expression (49) will also de-
scribe the smooth part of the fission width due to the
distribution of the residual strength of the state |b)
over |a) in the case I',,< D, if, as in the case of (34),
the effective width 2D,/ is included in T,. Thus,

Ty = (Tho + T + Ty + 2D, /n)'. (50)

In the general case, many states | 8) may contribute
to I'}¥, and therefore (49) must be summed over all
[b). The summation can be readily performed if one
assumes equidistance of |5) in the neighborhood of the
considered state |a). Then®?

ind _ Tor sinh (nl/Dp) _n T
Taf"=Ta T cosh (al5/ D) — cos |2 (Bg — Eg)/Da] P“r_b'f » (51)

where E, is the energy of the | b) level nearest to |a).
Thus, we obtain the result known from previous analy-
ses (see, for example, Refs. 82 and 46), namely, the
fission width

T
Tos= 3, Cialas+ 3 Cialss+Tas o fy (52)
A B

of the class I states consists of a “direct” component,
which describes fission from the state |a) directly
through the two-hump barrier as a result of coupling
to the fission vibrations of the classes I and II, and the
“indirect” component, which includes the damping of
the vibrations with respect to the compound states of
the second well and depends on the structure of the
class-II compound states,

Besides prompt fission, the interaction of the com-
pound states |a) and |b) will also lead to the population
of the isomer state through radiative de-excitation in
the second well:

I‘fxntgu == Pcb (I‘gvﬂ‘b) fb- (53)

Here, T, is the effective width of radiative decay of
the compound states in the second well leading to popu-~
lation of an isomer level with allowance for the compe-
tition from the fission channel at each step of the ¥
cascade,

In the region of excitation energies where I'y < D,,
the class-II doorway state | B) transfers only a very
small fraction of its strength to the compound states
[b) and | @), The remaining virtually pure doorway
state | b,) leads under the condition I', o< D, to very

narrow (T'=2D, /7) resonances in T, and T, :

by Dy Tsalss VTE—@oap |
Lot % o T—E, L Ts (1 = s ; (54)
Da I'pal'y VT —@Dy/ny
Tofieo & - (Efsho)nlrg“fé (1 T Ts ’ (55)

where I'; is the effective radiative width for the vibra-
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tional states in the second well.,

For comparison with experimental results, it is not
the relations for the widths that are of interest but those
for the probabilities of prompt, P7, and delayed, P4,
fission, averaged over the interval between the |b)
states. We shall not write out in full the cumbersome
expressions for (P?,) and {P4,) but merely note the
basic behavior of the average probabilities of prompt
and delayed fission in the sub-barrier region.

At excitation energies below the top of the inner hump,
the relation I' , = T7%" is soon satisfied, and at an energy
below both humps T, < D,. Under these conditions,®

. : Dy/2 risa 3 Tapls 1 . (56)
afhy & -ﬁb— ‘iblz Tap+Ta 10+ Tay = Taylp 'If‘l+(.' {
D2
rind TaskTs
pé o &g 150 ab®l py 1
( afby Dy 7 Taf+Ta g0+ Tay ot Tayl'y }/‘1+C % (57)
SO

where % is the branching coefficient of the decay of the
isomer state, and

_2 Dy Totilhy 1

It can be seen from Fig. 25, which shows a typical
example of the quantities which occur in (56)—(58), that
C<«1 at low energies (E<4.5 MeV). For this region

(PE)y ~2 TasTot/(LayTy); . (59)
(P3)s = TophTay/(TayTy). (60)

At such energies, there is usually very weak coupling
of the compound states of the first and the second well,
so that in accordance with (50) the width I', is approxi-
mately equal to 2D_ /7, and it follows from (59) and (60)
that a resonance structure must be observed at the
same energies in both the prompt and the delayed fis-
sion; moreover, in the prompt-fission probability the
structure must be sharper (Lorentzian curve of second
degree). If in addition to the relation T',=2D,_ /7 the
condition of weak damping of the fission vibrations in
the second well, T, < D,, is satisfied, then (59) and

T, %
Mev| - MeV
w3 ¢
we 1071
07} 1077
il -
0 Ju
wH -
; . . .

3 4 § 3 % 5 Mev

FIG. 25. Example of results of calculation in the doorway-
state model of various characteristics for the fission channel
J, K=2, 0 of the nucleus **U and the quantities used in the
caleulation of the model.?
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(60) describe only a relatively smooth “ substrate,” in
addition to which narrow resonances, due to the rela-
tions (54) and (55), must also be observed.

Since I'y=2D, /m, it can be concluded from the rela-
tions (59) and (60) that the probability of prompt fission
decreases with the energy much more rapidly (in pro-
portion to 7,T) than the probability of delayed fission
(~T,). Therefore, at a certain energy, at which I';,
=kT},, the probability of delayed fission becomes pre-
dominant, and in the curve of the energy dependence of
the total probability of prompt and delayed fission this
leads to appearance of an inflection due to the transi-
tion from the dependence ~T, Ty to the weaker ~T,
(isomer shelf).

Channel analysis of the photofission of **°U and **°U.
The above approach was used in Ref. 89 for quantitative
description of the deep sub-barrier photofission of *°U
and ?*®U, The aim of the theoretical analysis of the
results of measurements of the fission probability is
usually to recover the barrier parameters and the spec-
tra of the transition states at the saddle points. The
difficulties in the way of a unique solution to this prob-
lem reside in the rather large number of parameters
by means of which the barrier properties can be speci-
fied and the complexity of the spectrum of states that
can participate in the fission process. As is shown by
attempts to analyze the fragment angular distribution
in direct reactions,’ these difficulties cannot be over-
come; they are also great in the general case for the
(n,f) reaction.®®

A fundamental advantage of the (¥,f) reaction over
other excitation methods is the simplicity of the spec-
trum of the fission channels which are realized. Be-
cause of the strong dependence of the photoabsorption
cross section on the multipolarity of the ¥ rays and of
the fissility P} on E}, the predominant contribution to
the photofission of even—even nuclei near the threshold
and at lower energies is made by channels with three
A=, K), 7=(-1)’ combinations: (2,0), (1,0), (1,1).
If other channels are ignored, the distribution of the
photofission cross section over the components can be
uniquely established by the relations (21a)-(21c). In an
analysis which includes experimental data on the deep
sub-barrier energy region, these relations must be
augmented by the delayed-fission component %

As in Sec. 2, the experimentally observed sum of the
cross sections of prompt and delayed fission, 0,=07
+04, can be represented in two ways— in terms of the
angular components 0; and in terms of the components
o /¥, which describe the contribution of the individual
states; namely,

o; = Zo; =~ of + of + ol +of. (61)

For the components of prompt fission through the K
=0 channel, the connection expressed by the relations
(21b) and (21c) between o; and o/* remains in force,
whereas for the isotropic component we must, in ac-
cordance with the properties of the fragment angular
distribution in the region of the isomer shelf, write

o, = (3/2) o + of, (62)
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from which we obtain for the components investigated
in what follows the cross sections

o & 0g o = gy + (1/2) ot o + (2/3) of = (2/3) o, (63)

Here, to obtain data on the component 0,(E) in the
low-energy region we have extrapolated the directly
measured dependence Y (E,,,) by joining to it at E,,
<4 MeV the data on the total yield, i.e., we have made
the assumption that for these energies ¥ (E,,,)
=Y(E

I'IllI)'

The calculations of ¢;*(E) and the fitting of the pa-
rameters to achieve a description of the experimental
data were done under the following assumptions.

1. The Lorentzian dependence with the parameters
given in Sec. 2 can be used to describe the photoab-
sorption cross sections oF*(E) and oj*(E).

2. In the region of the outer hump, the nucleus is
reflection-asymmetric, in connection with which de-
generacy, E%; =E%;, is assumed for the bands of the
channels of positive and negative parity with K=0.

3. When a compound state of class II is formed,
there is complete loss of information about the K value
with which the nucleus passed through the inner barrier
(the model in which K is “forgotten” in the second
well). In the calculations of the fission probability for
given J, K, 7 combinations, this assumption is realized
by summing over K the widths T',, and T}, associated
with the “transition” through only the inner barrier.

4, For the damping widths of the fission mode a
linear dependence on the excitation energy is adop-
ted‘M. 84,

Ipy (B) = Tao (E — En) = @ + B (B —Eu — 24), (64)

where Ej; is the ground-state energy in the second
well, 24, is the energy gap in the spectrum of the in-
ternal excitations, and « and 8 are coefficients deter-
mined directly in the analysis. To estimate the width
of the energy gap in the second well, the value &,
=0.6 MeV is used.

5. To calculate D, and D, and the radiative widths,
the description of the level density in the model of a
superfluid nucleus with phenomenological allowance for
the collective and shell effects® is used. The level
density in the first well is normalized to the known den-
sity p,(B,) of neutron resonances. The difference be-
tween the level densities in the first and second wells
is taken into account by a simple shift of the excitation
energy:

py (E) = pa (E — En)- (65)

The y decay width of the compound states is calculated
under the assumption of predominance of El transi-
tions, which satisfy the €] rule (g, is the transition en-
ergy):

E
nwﬁﬁwmﬁgmw—waw (66)

The constant R was chosen from the condition of nor-

malization of the radiative decay width in the first well
to the value in the region of the neutron resonances.
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As for the level density, for the radiative width in both
wells we take

va (E) = 1"” (B — Eqy). (67)

In the calculation of the effective y decay width in the
second well, which results in population of an isomer
level,

Thy (B) = Toy (B) Ty (E — eIy, (B — ey)
+ Ty (E — &) Dy (E — &,)/2n) (68)

the simplifying assumption is made that all the transi-
tions in the cascade take place with the same, most
probable energy g,~1 MeV. For the width of the radia-
tive transitions between the collective doorway states
in the second well the estimate ', =30 meV (Ref. 84)
is used. The effective width I'j, is estimated in the
same way as I'},, except that T;D,/27 in (68) is re-
placed by Tfiwy /27, and ¢, is replaced by the distance
between the | B,

In Table I, we give the values of some of the constants
used in the analysis: the neutron binding energy B2
the mean distance between the levels at E = B, for zero
spin, D(B,,07),% the radiative width I,(B,),% the ground
state in the second well Ey;,**® and the branching co-
efficient £ for isomer decays.®? An example of the
energy dependence of the quantities D,, D,, T 5Ly Lips
used in the analysis is given in Fig. 25,

After the assumptions described above, the free pa-
rameters which remain in the theoretical description
and can be used to fit the calculated curves to the ex-
perimental data are the barrier parameters E’,‘:{_B and
fw,,s and the coefficients @ and 8, which determine the
energy dependence of the damping width (64).

The results of the analysis of the components of the
*%%U and ***U photofission cross sections are given in
Fig. 26, and the parameters of the fission barriers in
Table IL. The sum of the calculated components is com-
pared with the experimental total fission cross sections
in Fig. 27. For the component 0%°, the calculation was
restricted to the region E< 6 MeV, at the boundary of
which one must expect K+ 0 channels, which decrease
the quadrupole component in W(3), to begin to play a
part. For the dipole components, the calculation was
continued to E, =7 MeV, in connection with which the
competition of the (¥, n) processes was taken into ac-
count; their thresholds are indicated in Table I and in
Fig. 27. Here, the known level schemes of the residual
nuclei® and the neutron penetrabilities from Ref. 96
were used.

Because of the broad experimentally studied energy
range, the barrier parameters Efy, Eff, 7w, ; can be

TABLE I. Values of the constants used in the analysis of Ref.
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FIG. 26. Results of analysis® of the components of the photo-
fission cross section of U and #*®U, The circles are the
cross sections recovered from the measured yields; the con-
tinuous curves are the calculation in the doorway-state model
of prompt photofission through the lowest channels (J, K)
=(2, 0), (1, 0), and (1, 1); the chain curve is the result of
calculation of the total contribution of delayed fission from the
isomer state populated through the indicated channels (multi-
plied by 2/3 for comparison with the experimental data; see
the text); the histogram shows the calculated delayed-fission
cross sections averaged near the narrow resonance over the
intervals between the measured points of the yield; the brok-
en curve shows the quadrupole photofission cross section for
%38 obtained in Ref. 22.

fixed in fairly narrow intervals:

SEfy & £ (0.15—0.20) Mev; 8BS ~ == (0.10 — 0.15) mev ;

‘ShmA, pR =+ (005 — 010) MeV , (69)

and outside these limits the description of the cross
sections deteriorates considerably. For barrier A,
the states with K =0 are distinguished, since under the
assumption that K is “forgotten” in the second well the
sensitivity to the position of the K=1 channel is much
lower, as a result of which the error in 3E%; is appre-
ciably greater, probably by not less than a factor 2,
than that of SE%;. The resonance structure in the cross
sections of both nuclei was described with the param-
eters a=0.15 MeV and 8=0.1. In the first well, com-
plete damping was assumed instead of (64), which had
virtually no affect on the results of the description.

TABLE II. Parameters of the fission barriers obtained in the
fitting of Ref. 89 (MeV).

B Barrier A Barrier B
B,,, MeV !D(B 00, eVI T, (Bp), MeV| g0 Mev k Nucleus E%* £ El- W o o Bl F
Nucleus n et 47) (F,.!cf. 92) v (Ref. 92) II i ¢ / g ?
238§ 6.546 6.43 42 2.3 [94 1/6 [94 2367) 5.6 6.45 7.0 1.2 6.0 6.0 6.4 0,7
238y 6.143 12.4 35 2,56 {93} 1:’42 [93} 236 5.8 6.8 7.0 1.3 6.15 | 6.15 | 6.55 0.7
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FIG. 27. Comparison of the sum of the calculated components
(continuous curves) with the experimental total photofission
cross sections (open circles) for 288U and U (Ref. 89). The
broken curve is the total cross section of prompt fission; the
chain curve is the cross section of delayed fission. The his-
togram is the same as in Fig. 26.

The lowest resonance in the 2*%U and ***U cross sec-
tions belongs to the category of states which, on ac-
count of the relation I'y,= D, < Dy, have widths that are
not determined by Eq. (45) but by D, << T'p,. The width
is too small compared with the distance AE ,, =0,1-0.2
MeV between the experimental points in the integral
yield ¥ (E_,,). Since in the recovery of the cross sec-
tions from the data on Y (E_,,) we actually use informa-
tion only about the number of fission events in the in-
terval E&* 1D E® _ the representation of the calculated
dependence of the cross sections used in Figs. 26 and
27 in the form of the sections of a histogram which av-
erages the theoretical curve within the step of the mea-
surements will be most adequately adapted to the math-
ematical evaluation of the experimental data.

Discussion. Resonance structures of the
cross sections. By analyzing the resonance struc-
ture of the fission cross sections, we can obtain in-
teresting information about the spectrum of the door-
way states and the coupling of the fission mode to the
other types of motion of the nucleus. Unfortunately, the
experiments whose results we have discussed in this
paper had different aims and do not contain information
sufficiently detailed for such an analysis. The large
jump in the energy between the experimental points in
the investigations using a bremsstrahlung beam may
not only lead to the omission of resonances but also be
a source of distortion of the solutions (mainly a
smoothing distortion) not only in the interpolation of
the original data but also in the recovery of the cross
section from the yield. At the present state of the data,
these effects are more important than the influence of
the energy spread of the electrons in the microtron,
which is approximately 30 keV. The difficulties in
estimating them, to say nothing of taking them into ac-
count, make it impossible to determine the accuracy
achieved in the fitting of the parameters in the energy
dependence I'y,(E — E;;) of the damping width, although
it was possible to describe by means of this dependence
the resonances at the energies E — E;; from 1.5 to 3.2
MeV.
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In calculating the curves shown in Figs. 26 and 27, we
used the following spectra Eg' of the doorway states:
EY% =3.6,4.3,5.35 MeV, E§ =4.0,5.1, 5.85 MeV, E}
=4,7,5.6,6.3 MeV (for **°U) and Ef = 3.6, 4,7,5.1 MeV,
EY =4.7,5.35,5.7T MeV, Ey =4.7,4.8,5.1, 5.55, 5.75 MeV
(for 2°*U). The greater part of them can be clearly
seen directly in the components of the cross sections.
Some of the resonances, for example, in the component
oy for the nucleus 238]] at £=4.0 MeV, are less clearly
expressed, but without allowance for them it is impos-
sible to “maintain” the calculated dependence at the
level required by the experiments. In a number of
cases, to achieve this it was necessary to take into
account two closely spaced states (E=4.7 and 4.8 MeV
and 5.55 and 5.75 MeV in o} for the nucleus **U) sepa-
rated by a distance appreciably less than the mean dis-
tance between the fission levels, which is about 0.6
MeV. In Ref. 84, the need to introduce a similar “frag-
mentation” of the doorway states in des:ribing the fis-
sility in direct reactions was also noted.

Note that in the region of the threshold there is a
basically reasonable description of the effect of the
neutron competition, i.e., the drop in the fissility at
Ez B,, though the observed irregularity is somewhat
stronger than in the calculation. The description of
the nearby resonance at E=5.75 MeV for ***U presented
certain difficulties. A way to enhance both effects is
known; this is to assume a complicated structure of
the outer hump (three-hump barrier),® but better data
are required for such a particularization.

Parameters of the fission barriers. The
results of the present analysis® are compared with the
238(J and 2%%Y barrier parameters obtained in Refs. 22,
44, 46, 85, and 66 in Fig. 28. Apart from Ref. 22, in
which photofission was also used, these are all results
obtained by analyzing the fission probability in direct
reactions: (d,pf) in Refs. 85, 66, and 44 and (¢, pf) in
Ref. 46,

There are many reasons for the discrepancies be-
tween the data of these studies: the differences be-
tween the theoretical models, the parameters, and the
assumptions, the different nature of the experimental
information as regards both the type of reaction and
the energy ranges, and so forth. Some of the discrep-
ancies in the positions AEX] = EX{ o/~ E9; 5, of the
channels relative to the ground state are directly re-
lated to the initial assumptions about the channel spec-
trum, since in some papers®'®® the reflection asym-
metry of hump B (0"-0" degeneracy) is taken into ac-
count, while in others®*» %% it is not. In the first case,
as can be seen in Fig. 28, the splitting AE} is greater,
especially for the (y,f) reaction. In photofission, the
contribution of the 07(J =1) channel is well separated,
whereas in the direct reactions there is no such cer-
tainty because of the great number of admissible states.

The ground states E}; ;, and the curvature parameters
fiw, ) reveal the following tendency, which is due to
the differences between the theoretical models of fis-
sion. Compared with the penetration model, the door-
way-state model leads on the average to higher values
of fw, and 7wy, this decrease in the barrier thickness
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FIG. 28. Comparison of the fission-barrier parameters of
23U and **U obtained as a result of channel analysis of the
experimental data in the following papers (see the points from
left to right): Refs. 89, 66, 85, 22, 44, and 46 for 2%y and
Refs. 89, 22, and 46 for U, The black symbols are the re-
sults of the analyses in the doorway-state model.

being “compensated” for hump B by the greater height.

There is a striking spread of the E% values for the
nucleus ***U, whereas there is satisfactory agreement
for ?**U, We note that in the second case only the (3, f)
and (¢, pf) reactions were analyzed, and all the larger
values in the first case were obtained from analysis of
the fissility in the *%U(d, pf) reaction.*#®»% mn Sec. 2,
we compared the fissilities P ,(E) for these reactions
and found an effect which we interpreted as suppression
of the K =0 channels in the fission of nuclei produced
from odd target nuclei with high spin (see Fig. 18).

The sign of the effect in P,(E) agrees with the nature

of the EY, discrepancies in Fig, 28. We therefore be-
lieve that in general the results obtained from reac-
tions with even—even target nuclei warrant preference
and, specifically, the lower value of EY' from Ref. 89
is to be preferred among the analyses®® ® ® made using
the doorway-state model.

Let us now discuss the influence of the quantum struc-
ture of the barrier on the description of delayed fis-
sion. In our case, because of the assumption of re-
flection-asymmetry at the hump B, the splittings AEY;
and AEY, are so large that despite the relation or?
<« 0! the predominant contribution to the delayed fis-
sion in the region of the isomer shelf is made by the
quadrupole photoabsorption. The partial contributions
to the total cross section of delayed fission of ***U and
238 made by the quadrupole channel J; K = 2,0 and the
dipole channels J,K=1,0 and 1, 1 (the latter cannot be
distinguished in the model in which K is “forgotten”)
are shown in Fig. 29.

It was not difficult to describe the delayed-fission
cross section without recourse to the other quadrupole
channels, in particular J,K=2,2. In Ref, 86, the
states with K"=2" are accorded an important part be-
cause of the assumption made there of axial asym-
metry of the nuclear shape at the hump for 2**U and
the associated degeneracy of the states K"=2" and 0°.
It results in a significant increase in the fission prob-
ability and, as a consequence, a decrease in the radia-
tive width, used in Ref. 66 as a free parameter, when
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FIG. 29. Partial contributions to the total cross section of
delayed fission (continuous curve) of **¥U and 235U by the
quadrupole channel J, K =2, 0 (chain curve) and the dipole
channels J, K=1, 0 and 1, 1 (broken curve).® The histogram
has the same meaning as in Fig, 26; the circles show the
isotropic component @, of the photofission cross section.

the experimental data are fitted. However, this as-
sumption is not necessary, since the calculations of
Ref. 97 show that the gain in the potential energy at the
inner hump resulting from inclusion of the ¥ deforma-
tion, which reaches 1.5-2 MeV in the region of Cm—.
Fm, decreases rapidly with decreasing number of nu-
cleons and is only about 0.3 MeV for 2360,

We note also that in Ref. 66 a simultaneous analysis of
the fission probability in direct reactions and in the
(% f) reaction for several even—even nuclei, including
%U, was attempted. Even for the yields Y(E_, ) and
Y,(E_,,) the obtained description is much less accurate
than in Figs. 26 and 27, which is no surprise in the
light of the significant differences between Refs. 66 and
89 (as regards both the initial information and the as-
sumptions used in the analyses). Fundamental in our
view are the differences between the fissilities in the
(d, pf) and (y,f) reactions associated with the nucleon
composition of the target nuclei and in the assumptions
of axial asymmetry of the fissioning nuclei when they
pass through the inner barrier.

On a simplification of the theoretical
description. The isomer shelf has attracted much
interest, both as a new subject of investigation and as
a source of information about the structure of the fis-
sion barrier., In many of the papers devoted to this
question (not only the early papers of Refs. 71 and 81
but also the latest ones of Refs. 98 and 99) the theo-
retical models used to describe the experimental data
have a limited applicability and do not adequately re-
flect the physical picture which obtains at deep sub-
barrier excitation energies. To discuss the inaccura-
cies which result from such simplifications, we have
attempted to systematize and compare the various theo-
retical models of sub-barrier fission,

We distinguish two characteristic cases determined
by the relationship between the decay width I', of the
compound states in the second well and the mean dis-
tance D, between the analogous states in the first well,
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FIG. 30. Energy dependence of the probability of prompt (a)
and delayed (b) fission calculated in accordance with the stat-
istical model (1), the two-hump barrier penetrability model
(2), perturbation theory (3), and the doorway-state model (4).
The broken curves show the same curves beyond the limits of
applicability of the corresponding models; the histogram is the
result of averaging curve 4 in the region of the narrow reson-
ance. The same parameters as in the analysis of the quad-
rupole photofission of ***U in Ref. 89 were used.

namely D, < T, and D 2 T';; these correspond to dif-
ferent approaches to the theoretical description: the
two-hump barrier penetrability model®® and the model
in which the coupling between the compound states of
the first and the second well is described by perturba-
tion theory.™ Differences between these approaches
are even manifested in the simplest approximation of
complete damping (uniform distribution of the vibra-
tional mode over the compound states); they are il-
lustrated by Fig. 30, which shows the results of cal-
culations of the probability of prompt (a) and delayed
(b) fission by the two models, and also the statistical
model, whose region of applicability extends downward
from the section of near-threshold energies least
among the three models. The calculations were made
for a barrier with parameters obtained from the chan-
nel analysis of the 2*8U(y, ) reaction.®®

The energy ranges in which the above models are
applicable do not overlap, and since the intermediate
region is small because of the rapid rate of change of
the ratio I', /D,, extrapolation of the relations beyond
their limits of applicability may lead to appreciable
errors. For comparison, in Fig. 30 we give the results
of calculations in the doorway-state model, which en-
sures a description in a unified approach in the entire
considered energy range.

Fundamentally new in the doorway-state model is the
possibility of describing the fission probability when
the width of the vibrational levels becomes less than the
average distance between the compound states in the
second well, In this case, the vibrational strength is
concentrated on one or two such states, and this re-
sults in the realization of virtually pure vibrational
resonances | b,} (very weak damping). The region of
the isomer shelf corresponds to the conditions of forma-
tion of such resonances, and one of them is manifested
in the 2°U and 22°U photofission cross sections (E= 3.6
MeV).

The results obtained in the framework of the doorway-
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state model, namely, the relations (56)-(60), make it
possible to determine more precisely the limits of ap-
plicability of the simplified perturbation-theory de-
scription used in the first papers of Refs. 71 and 81
and shown in Figs. 19 and 30. The dependences P,
~T,Ty and P3~T, expected in this description follow
approximately from (59) and (60) if averaging of o (E)
over a sufficiently large interval E>D, is ensured (and
under the condition that in the considered region there
are no purely doorway states |b,)). The contribution of
the state of this kind at E= 3.6 MeV to the observed
yield (or to the cross section in the case of “bad” reso-
lution, as in Ref. 71) leads to a significant decrease in
the rate of change of d¥ /dE,,, in the region of the iso-
mer shelf compared with the estimate P{~T,, and in
an analysis in which this circumstance is ignored it
leads to a distortion of the barrier shape (see Fig. 3

in Ref. 71). Additional inaccuraciés in Refs. 71 and 77
arise from the overestimated cross section in the re-
gion of the shelf (see Fig. 21), to which attention is
drawn in Ref. 100.

Above, we have discussed the analysis made by Bow-
man’s group of the data which they obtained in the
238(J(y, f) reaction.™ Let us also consider the example
of the substantial simplification in the description of
deep sub-barrier photofission of **2Th proposed in Ref.
98 by Bhandari. In a wide range of energies, as far as
3.0 MeV, he uses the description in the two-hump bar-
rier penetrability model, despite the fact that for the
fission-barrier parameters used in Ref. 98 the range
of sub-barrier energies in the second well from the top
of the inner hump at E,, = 3.6 MeV to the isomer state
at E, =2.9 MéeV is only 0,7 MeV, and this is significant-
1y less than the width of the energy gap in the spectrum
of the internal excitations of the nucleus. The use of
the two-hump barrier penetrability model in this re-
gion is completely unjustified, and the doorway-state
model (or perturbation theory for the averaged picture)
corresponds much more closely to the physical situa-
tion. As can be seen from Fig. 30, the two-hump bar-
rier penetrability model calculations in the region of
the isomer shelf strongly overestimate the probabilities
of prompt and delayed fission compared with the per-
turbation-theory calculations and even more than for
the doorway-state model. Thus, by means of an in-
adequate reality and an approach which clearly over-
estimates the delayed-fission probability, Bhandari
succeeded in describing the experimental data of Ref.
T7—also evidently giving values much too high. Similar
comments apply to Ref. 99, in which an attempt is made
to use the two-hump barrier penetrability model to de-
scribe 238U photofission data in a wide range of sub-
barrier energies down to the bottom of the second well.

Finally, we consider the question of the characteristic
“points,” which determine the extension of the isomer
shelf, above all the inflection in the energy dependence
of the photofission probability, whose position is deter-
mined in the simplified description by the equation T'g
=kT,,. We have already noted that in the ***U(y f) re-
action there is no inflection in the total yields, and nor
is there one in the isotropic component and the corre-
sponding cross sections. The information presented in
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Figs. 26 and 29 shows that the disappearance of the in-
flection in this case is due to the resonance in the quad-
rupole component at E, =4.3 MeV, which happens to lie
in the region in which the inflection is manifested in the
#%U(y,f) reaction. From the same data it can also be
concluded that for ?*®U the effect is, in contrast, em-
phasized by the higher positions of the resonances in all
three components. Obviously, the use of ideas about
the “inflection” and the relation given above to esti-
mate the parameters of the outer hump B or the co-
efficient  (see Refs. 98 and 101) requires care.

We mention finally that the name of the effect—isomer
shelf— is somewhat unfortunate (bearing in mind the
precise meaning of the English word “shelf”), since
even in the most favorable case (**®U) the dependence
corresponding to it is satisfied only in yields or cross
sections with poor energy resolution, The actual pic-
ture in this region of energies, which corresponds to
a spectrum with a very low density of states near the
bottom of the second well, is much richer and more
complicated, and the actual picture, and not the effect
of its averaging, is of greater interest in the study of
deep sub-barrier fission. However the development of
these experiments presents difficulties, since the pos-
sibilities of the existing sources of monoenergetic elec-
trons for progressing further into the sub-barrier re-
gion are almost exhausted.

CONCLUSIONS

The main aim of this review has been to demonstrate
the importance and potential of the (y,f) reaction for
the experimental study of the fission mechanism of
heavy nuclei. Our attention has been concentrated on
the excitation functions and the angular distribution of
near-threshold and sub-barrier fission of even—even
nuclei, These are the aspects of the fission process,
i.e., the excitation regions, and the subjects of investi-
gation for which the quantum properties of the fis-
sioning nuclei are most important and for which the
remarkable simplicity of the (v, f) reaction kinematics
can be most fully exploited. We have restricted our-
selves to the characteristics that determine the fission
probability “in the large,” integrally, without particu-
larization of the numerous modes, i.e., the parameters
of the paired fragments, The theoretical ideas con-
cerning the integral (in the indicated sense) quantities
are much better developed and are directly related to
the properties in which we are interested, namely, the
shape of the barrier, the discrete nature of the spec-
trum, the quantum numbers of the transition states and
the quasitationary states, and so forth, At the same
time, there are theoretical arguments®'%1°2 which
make it possible to establish important connections be-
tween the asymmetry of the fission and the structure of
the barrier, but because of the inadequacy of the ex-
perimental information'® we have not considered this
interesting question. It must also be recognized that in
giving a definite direction to the review we have neces-
sarily prejudiced the completeness of the presentation
and the systematization of the experimental material,
and this even in the energy region with which we have
been concerned.
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Most of the methods of exciting nuclei, including the
practically important reaction (n,7), lead to a fairly
large set of accessible fission channels, and experi-
mentally one observes the total effect of their con-
tributions. The (y,f) reaction is a delicate tool that
(particularly for even—even nuclei) enables one to
separate a small group of the most characteristic chan-
nels from this obscure picture; this is its advantage in
the experimental investigation of the properties of the
probability of induced fission. As an example we may
mention the experiments aimed at the direct verifica-
tion of Bohr’s hypothesis of fission channels,

The simplicity of the photofission kinematics has
acquired particular significance during the last decade,
in which the idea of a two-hump shape of the fission
barrier of heavy nuclei has become firmer. The two-
hump model has successfully explained a large number
of “strange” experimental facts, including, as we have
shown in the review, some in the case of the (v,f) re-
action. For example, the observed dependence of the
ratios b/a and ¢/b on the excitation energy and on the
nucleon composition of the nucleus is one of the few de-
pendences in which properties of the two-hump barrier
such as the ratio of the heights of the humps and the
differences in the spectra of the associated transition
states are very clearly manifested. The investigations
of induced fission made during recent years by means
of other excitation methods, above all in direct reac-
tions, also produce a favorable “background” for photo-
fission, revealing an extremely complicated picture
(especially in the sub-barrier energy region), for which
a satisfactory description has not hitherto been ob-
tained.®® The results of the channel analysis of the
(%, f) reaction presented in the review are a convincing
contrast to this situation.

The possibilities of the (y,f) reaction are far from
exhausted. Even in the existing formulation of the ex-
periments, which are still far from achieving the detail
in the measurements required by the theoretical de-
scription, only two or three nuclei have been studied,
the experimental data for them being relatively suitable
for extensive analysis. At the present stage, it is im-
portant to extend the number of studied nuclei with ap-
preciable particularization of the energy dependence of
the integral and differential cross sections, Of great
interest is a new field of very difficult investigations—
the physics of induced fission near the bottom of the
second well. If important progress is to be made here,
Wwe require sources of monoenergetic electrons in the
milliampere range. We are still far from solving the
problem considered here of the influence of the barrier
structure on the fission asymmetry, to which the (3 f)
reaction could make a more significant contribution,
Comprehensive investigations into the fission of the
same compound nuclei produced in different ways, above
all by photo- and electroexcitation and in direct reac-
tions, have great promise.
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