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Experimental methods and results of investigations of the (n, /) reaction are reviewed.
Theoretical estimates of the probability of this reaction for some heavy nuclei are also given.

INTRODUCTION

In 1965 Stavinskii and Shaker," and also Lynn? showed
that for compound states formed by the interaction of slow
neutrons with a heavy nucleus de-excitation could occur not
only through scattering, radiative capture, and fission but
also, as a theoretical possibility, through a two-step (n, ¥/)
reaction, in which fission occurs after preliminary emission
of one or several ¥ rays. The scheme of such a reaction is
shownin Fig. 1. An interesting feature of the (7, ¢/f) reaction
is that the intermediate compound state formed after the ¥
transition may be above the fission threshold corresponding
to it even in the case when the original compound state was
below the fission threshold associated with it. In such a situ-
ation, fission could be observed in the resonance region of
the energies for resonances for which the direct-fission width
is effectively equal to zero.

Investigations of the (7, 3f) reaction are of interest pri-
marily for fission physics, since they can give information
about the height and structure of the fission barriers and
about the spectrum of above-barrier transition states and the
degree of their damping, which characterizes the coupling of
the collective mode of the nucleon motion in the nucleus and
the internal degrees of freedom (excitation of quasiparticles
and holes). Understanding of the (n, f) reaction is also
needed to solve the interesting problem in fission physics of
the influence of the quantum numbers of the excited states of
the fissioning nucleus on the properties of the fission prod-
ucts.

In addition investigations of the (n, ¥f) reaction repre-
sent one of the few ways of studying ¥ transitions between
highly excited states of heavy nuclei. The structure of such
states, which include neutron resonances, is very complicat-
ed. As experimental data have accumulated, the quasiparti-
cle-phonon nuclear model® has been successfully developed
for their interpretation, alongside the statistical model tradi-
tionally used for that purpose. In the new model, the state
wave functions are represented in the form of expansions
with respect to the number of quasiparticles. At the present
time there are practically no experimental data on the many-
particle components of the wave functions of highly excited
states. From this point of view investigations of prefission ¢
transitions between highly excited states for which precisely
the many-quasiparticle components make the main contri-
bution to their wave functions could be an important source
of information.

From the practical point of view, allowance for the
(n, ¢f) reaction is needed to estimate nuclear-physics con-
stants such as the cross sections for fission and radiative cap-
ture of a neutron, which are used in the design of nuclear
reactors.
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1. THEORETICAL ESTIMATES OF THE PROBABILITY OF THE
(n,vf)REACTION

The first publication on the (n, /) reaction was the

theoretical paper of Stavinskii and Shaker, who estimated
the probability of this reaction for some fissioning nuclei
under the following assumptions:

1) in the radiative transitions dipole emission is domi-
nant, and the contributions of the £ 1 and M 1 transitions are
equal;

2) the matrix elements that determine the probabilities
of the ¥ transitions are constant;,

3) fission is possible only after emission of the first ¢ ray
and is improbable after subsequent ¥ transitions;

4) the energy dependence of the level density is deter-
mined by a simple law with constant temperature:

p (E)~ exp (— E/T). (1)

In addition, in accordance with the simplified scheme adopt-
ed in the paper for the excited states of even—even compound
nuclei at the saddle point of a single-hump fission barrier, it
was assumed that the lowest positive-parity levels were situ-
ated 1.6 MeV below the excitation energy, and that the nega-
tive-parity levels were 1 MeV lower.

The following estimates of the widths T“'Yf were ob-
tained:

&~ O.ST‘Y, 233[J and239Py;
| B

0.3T,, 285U,

Thus, the probability of the (#, yf) reaction was found
to be comparable with the probability of radiative capture.
This circumstance prompted Stavinskii and Shaker’ to the
idea that fission of the compound nuclei ***U, #*°U, and **°Pu
proceeds through 3%, 4—, and 1™ states, respectively, only
after prior emission of a ¢ ray, whereas for resonances with
other possible values of the spin (2%, 37, and 0™, respec-
tively) direct fission is dominant. It follows from this that
states with different J™ must correspond to the two types of
neutron resonances (with T',/T,~1 and T,/T,<1) ob-
served in the experiments. On this basis Stavinskii and
Shaker proposed a method for experimental verification of
the existence of the (n, yf) reaction—measurement and
comparison of the angular distributions of the fission frag-
ments for resonances with different J7. Unfortunately, such
experiments have not so far been performed.

Lynn’ also calculated the widths T, , for some fissioning
nuclei (#**?¥U and »**?*'Pu). His values are more realistic
estimates of the probability of the (#, 3f) reaction, since:

1) the results of analysis of the y-ray spectra of radiative
capture of neutrons by heavy nuclei were used to calculate
the matrix elements of the y transitions in accordance with a
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model of the giant dipole resonance (in Lorentz form):
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It is worth noting here that the experimental data avail-
able when Refs. 1 and 2 were published supported Lynn’s
estimates, whereas those of Stavinskii and Shaker appeared
to be overestimated. Indeed, for a large number of 4~ reson-
ances of 2**U the minimal observed fission width was 2-3
meV, and for a 17 resonance of **Pu it was 4 meV. The
experimentally observed fission width of resonances is a sum
oftwoterms, ', =T, + 'y, where I, is a strongly fluctu-
ating width corresponding to direct fission (i.e., without
preliminary emission of a y ray). The width I, has a value
that is constant (or fluctuates weakly) from resonance to
resonance, since it is the sum of a large number of indepen-
dent contributions (like I',,, the radiative width). Thus, the
experimentally observed minimal fission width satisfies
[,(min) 2T, ie., it gives an upper limit on the width of
the (n, ¥f) reaction.

This circumstance gives a simple method of experimen-
tal estimation of the width T?f, which, however, can be used
effectively only in a restricted number of cases, since, first, it
is precisely the resonances with the minimal fission widths
that are measured with the greatest errors and may even be
among the levels that are missed; second, the mean fission
widths may be so great that the (n, ¥/) reaction will not
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2) for the level density, Newton’s model was used in
place of the law with constant temperature.
Lynn obtained the following estimates for the widths

=

e

Only E 1 transi-
tions taken into ac-
count; the contribu-
M1
transitions was as-
sumed to be negligi-

hakea significant contribution to the statistics of the fission
widths (as is observed for the 3~ resonances of >**U and 0*
resonances of >*°Pu, and also in the case of >**U and **'Pu).
The studies of Refs. 1 and 2 broke new ground and were
the point of departure for the subsequent experimental and
theoretical investigations of the (n, %) reaction.

2.FIRST EXPERIMENTAL ESTIMATES OF THE PROBABILITY
OF THE (n,vf ) REACTION

After the publication of the theoretical studies of Refs. 1
and 2, several authors attempted to obtain an experimental
confirmation of the existence of the (n, yf) reaction, using
mainly analysis of the fission widths of resonances. The first
claim of such experimental (indirect) detection of the
(n, 7f) reaction was the paper of Bowman et al.,* who con-
sidered the distribution of the fission widths of ten reson-
ances of 2**Pu in the region of neutron energies below 122 eV.
To estimate the number of effective fission channels, they
used the formula of Wilets:*

2(I'yp)*

Vett = TE (T - (3)
Two forms of calculation (I' =T, + I",, since I', €T, and
F=r,+T,+T;)gavevy =T+ 1.7and v =6+ 15,

FIG. 1. Scheme of the (7 ) reaction.’ Parabolas show the transition
(lowest states) at the saddle point of the fission barrier.
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respectively. This large number of effective fission channels
(i.e., the small variance of the distribution of the fission
widths) for ***Pu was appreciably greater than the corre-
sponding values calculated by the authors in accordance
with (3) for 232:233:2357], 239241py_and **'Am (v, <2). On
the basis of this fact it was concluded in Ref. 4 that the fis-
sioning of the **®*Pu nucleus by slow neutrons proceeds
through the (n, ¢f) reaction. They reached the same conclu-
sion by considering the results of measurement of the cross
sections o, and o, for **°Pu for neutrons of a nuclear explo-
sion, which revealed constancy of the ratio I',/ I"r in the
region of neutron energies below 200 eV. Since the value of
T, is constant, the constancy of I';/T", indicates small fluc-
tuations of I" f_and, therefore, a large v,; and the presence of
the (n, ¥f) reaction in the below-threshold fission of **°Pu.
In announcing detection of the (n, ¥f) reaction on ***Pu,
Bowman et al. could not fail to note that the results of their
analysis depended strongly on the volume of the employed
statistical material and its quality (experimental errors).
Vorotnikov and Otroshchenko® demonstrated that the

method for detecting the (#, ¢f) reaction used by Bowman et
al. was unreliable and that their conclusion in the case of
238py fission was incorrect. They compared the integrated
distributions of T f/ff for ***Pu and for **°Pu (15 resonances
with J™ = 1%) and **U (18 resonances with reduced yield
of symmetric fragments). As can be seen in Fig. 2, all of the
distributions are close to a y” distribution with v = 5, and
the esimate in accordance with Wilet’s formula gives vy
=6+ 1.5 (***Pu), 4.8 4+ 1.2 (**U),and 4.3 4 1.2 (**Pu).
Thus, doubt was cast on the main result of the analysis of
Bowman et al.—the anomalously narrow distribution of the
fission widths of the ***Pu resonances—and therefore on the
conclusion that the (n, yf) reaction on this nucleus exists.
Before we consider the next study, we should note that the
estimate in accordance with (3) of v, for **°U, **°Pu, and
238py using the data of the last publication of the Atlas BNL-
325 (Ref. 7) gives the following values:

B8PU: very = 48 £ 1.1

(10 resonances , £, << 123 eV),
Verr = 0.8 + 0.1 (49 resonances , £, << 500 eV);
29Py:  wee = 1.4+ 0,2

(113 17 resonances E, < 660 ev),
Verr = 1.4 = 0.2 (4" 0% resonances , £, << 660 eV),

283 Vers = 2.0 =+ 0.2
(106 4— resonances, £, << 100 eV )‘,

Vert = 2.8 &= 0.2 (88 3 resonances, £, << 100 eV).
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FIG. 2. Experimental and calculated distributions of fission widths
for various isotopes.®

These values of v, also refute the results of the analysis
of Bowman et al. and their conclusion concerning detection
of the (n, ¥f) reaction in the fission of >**Pu by slow neu-
trons.

Vandenbosch® analyzed data on the anisotropy of ***Pu
photofission and used the results to determine the position
and curvature of the lowest fission barriers with K7 = 1/2~
and 3/27. Assuming that in the first  transitions only E 1
emission is present (since it is such emission that leads to
intermediate compound states with K" = 1/2 and 3/27),
and taking the shape of the y spectrum in accordance with
Lynn’s study,? Vandenbosch obtained -I-:?,f: 1 meV. His val-
ue of the width of the (n, 3f) reaction is in good agreement
with the minimal observed width I"; = 1.2 meV for the reso-
nance 2.91 eV given by Bowman et al., and Vandenbosch
took this as a weighty argument in support of the correctness
of his estimate of the width F?,f.

An interesting method of estimating the contribution of
the (n, ¥f) reaction to the total fission width was proposed
by Luk’yanov and Shaker.”'® The method is based on use of
a generalized Porter-Thomas distribution'! to analyze the
distribution of fission widths, by means of which one can
take into account arbitrary relative contributions of the var-
ious fission channels to the mean width. Making a statistical
analysis of the experimental data'? on the fission widths of
25U, they obtained® T, (47) =25 meV, T (37) = 100
meV, v(47) =6, v(37 ) = 14. In arriving at this result, they
assumed for the system of levels with J” = 4~ equally prob-
able contributions of the various channels, while for the J™

=37 levels 70% of the fission width was attributed to the
two direct-fission channels, and the remaining 30% was as-
cribed to 12 equally probable channels corresponding to the
(n, yf) reaction. At the same time, they noted that the re-
sults of their analysis for the number of fission channels and
their relative contributions depended strongly on the struc-
ture of the experimental histogram giving the distribution of
the fission widths. Confirmation was provided by the results
of another study'” of the same authors in which a different
set of parameters was obtained for the same nucleus ***U but
on the basis of different statistical material.

Thus, concluding our review of the early studies that
obtained indirect evidence and estimates of the probability
of the (m, yf) reaction on the basis of analysis of fission
widths of resonances, we must say that these studies did not
give an unambiguous answer to the question of the existence
of the (n, ¥f) reaction, and the estimates obtained for its
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probability were unreliable, mainly because of the limited
amount of experimental data used.

3.METHODS OF EXPERIMENTAL INVESTIGATION OF THE (n,
yf)REACTION

The experimental methods that we now consider are
based on the detection of prompt ¥ rays and secondary fast
fission neutrons.

If besides direct fission there does exist the (n, ¥f) reac-
tion, then the experimentally observed fission y rays are a
manifestation of the sum of these two mechanisms. Gamma
rays are emitted from fission fragments mainly in the final
stage of their de-excitation, after the emission of secondary
neutrons. It may therefore be assumed that the excitation
energy of the compound nucleus has a weak influence on
fission properties such as the multiplicity and shape of the
spectrum of ¥ rays from fragments. And although this as-
sumption itself requires experimental investigation, it does
give a method for detecting and estimating the probability of
the (n, ¢f) reaction by measurement of the variations of the
‘multiplicity and total energy of the fission y rays.

As regards the secondary fission neutrons, the depen-
dence of their multiplicity on the excitation energy is well
known from measurements with fast neutrons. It can be as-
sumed that the decrease in the energy of the compound nu-
cleus after the emission of a prefission ¥ ray leads to a de-
crease in the multiplicity of the secondary neutrons. Under
such assumptions, we can, if the (#n, yf) reaction does exist,

_write down the following relations for the multiplicity v,, of
the fission y rays and their total energy E 7, and also for the
multiplicity v, of the fission neutrons:

- Tyy — el ot Byp o
Vv:"’".-o‘f‘TfV*.-fa EVSE‘POTT‘EW’

prsd iy o (4)
Vo= VIIO“‘F—‘; (?Tr;) E’\‘f!
where ¥, and Ew« are the mean multiplicity and mean ener-
gy of the prefission y rays; 7,4, E Jq, ¥, are, respectively, the
~mean multiplicity and total energy of the fission y rays and
the multiplicity of the secondary fission neutrons in the ab-
. sence of the (n, yf) reaction; and I'; and f‘.ﬂ- are the total
fission width and the width of the (n, /) reaction.

It is obviously sensible to measure the variations of v_,
E,, and v, for isolated neutron resonances with known spin
and parity. In this case the quantities v,,, F]’ﬂ, and v,, are
averages over the set of measured resonances corresponding
to direct fission. It can be seen from the relations (4) that if
the (n, ¥f) reaction does exist, one must observe correlations
between the values of v, £, and v, and the reciprocal fis-
sion width I’/ ! of the resonances, the values of v, and E;,
being anticorrelated with v,,. It is precisely such correlations
that are most frequently used to detect and investigate the
(n, ¥f) reaction.

The first experimental investigation of the (n, 3f) reac-
tion by means of the multiplicity method was made by Bor-
ukhovich, Petrov, ef al.,'* who used the IBR-30 reactor at
Dubna. They simultaneously measured the time-of-flight
spectra of the yields of the **°U fission fragments with and
without coincidences with y rays, using the method of triple
JSyy coincidences. In this case, information about the multi-
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plicity of the fission ¥ rays can be obtained from the ratio of
the areas under the corresponding resonances:
B=(ZN,/EN;)~v,(v, —1). The fission fragments
were detected by an ionization chamber, and the y rays by a
scintillation spectrometer with four NaI(T1) crystals, each
of which had geometrical efficiency 4-5%. The upper and
lower thresholds for detection of the ¥ rays were 400 keV and
2.4 MeV for the sum of the energies of the two coincident ¥
rays. This detection range corresponded to the expected en-
ergies of the y rays from the (n, ¢f) reaction."’

A different group'* used the same facility to measure
the variations in the y-ray multiplicity of **°Pu fission. This
experiment also used an additional regime in which only ¥
rays with total energy above 2.5 MeV were detected, i.e.,
there was a high reliability of detection of direct fission. In
both experiments analysis of the experimental data enabled
the authors to estimate the differences of the widths of the
(n, ¥f) reaction for the two spin systems of the ***U and
23%Pu resonances. A shortcoming of the employed method is
that the contribution of the (#, ¥f) reaction cannot be de-
tected when it is approximately the same for the two spin
systems, even though relatively large.

The multiplicity method with detection of the ¥ rays by
Nal(T1) detectors was used to investigate the (n, yf) reac-
tion by a number of other authors. For example, Ryabov et
al."'¢ used the electron linac at Saclay to measure the varia-
tions of the y-ray multiplicity of ***Pu fission. The arrange-
ment of this experiment is shown in Fig. 3.

Ryabov ef al.'® used the usual method of double f¥ coin-
cidences, and fission events were detected with high effi-
ciency by the secondary fission neutrons by means of the
liquid scintillator NE-213. The y rays were detected by two
Nal(Tl) detectors with a rather low detection efficiency €,
=~2% (E, = 1 MeV); this made it possible to avoid the ef-
fects of simultaneous detection of two or more ¥ rays in the
crystal.

For such a method of measurements, the ratio of the
counting rates of fragment—y-ray coincidences and of fission
fragments is a number that is directly related to the multi-
plicity of the fission ¥ rays:

Ny Py
b=, = S e, (E,) vy (Ey) dE,, (5)
Ey1

i.e., it corresponds to the true multiplicity v, weighted by
means of the energy dependence of the y-detector efficiency.
Therefore, the variations in the value of 3 observed in the
experiment reflect the variations of v, or the y-ray spectrum
and, in principle both at once. Ryabov ef g/, found large
variations of 9z from resonance to resonance, and these were
correlated with the variations of v, and E/, and also with
the fission width I'  of the resonances. From analysis of these
correlations, they determined the widths '  for the 1% re-
sonances of **°Pu.

Using the neutron time-of-flight spectrometer GNEIS
at Gatchina, Borukhovich et al."’~'” measured the multiplic-
ities of the ¥ rays of **°U and ***Pu fission in the resonance
region of neutron energies below 300 eV. The fission frag-
ments were detected by means of multisection ionization
chambers (Fig. 4), and the y rays were detected by two
Nal(T1) detectors, which had a lower detection threshold of
500 keV and an efficiency of not more than 2%. The back-
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ground of random coincidences, which was determined
mainly by radiative-capture ¢ rays and was appreciable for
resonances with small fission widths, was measured by
means of the method of delayed coincidences. Analysis of
the observed correlations between the multiplicity of the fis-
sion y rays and the reciprocal fission width ' ' led to esti-
mates of the widths I',, for the 4~ resonances of ***U
(Refs. 17 and 19) and the 1™ resonances of >*°Pu (Refs. 18
and 19).

Besides measurements of the multiplicity, great interest
attaches to measurements of the total energy of the fission ¥
rays and of the variations of this energy in the resonance
region of energies. The first experiment of this type was the
study of Shackleton et al.?° at Saclay. In this experiment the
fission events were detected by means of an ionization
chamber, and a large liquid scintillation detector (LLSD) of
volume 520 liters (Fig. 5) was used to detect the ¢ rays and
measure their energies. The pulses from the ¥ rays and the
pulses associated with the secondary fission neutrons were
separated by the delay time, since the neutrons were detected

P b/ \ LRRRZRA \‘\

IFC

FIG. 4. Arrangement of experiment to measure the multiplicity of fission
y rays with the GNEIS spectrometer''? (PM: photomultiplier; IFC: ion-
ization fission chamber).
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by the LLSD mainly after they had been moderated by the
protons of the scintillators. The moderated neutrons were
mainly captured by Gd nuclei, which were present in the
scintillator at the ~0.5% level. A small correction for the
effect of the detection of neutrons in the ¥ channel (through
fast recoil protons) was introduced in the process of analysis
of the experimental data.

The results of measurements of the variations of E ;, for
23Pu resonances were given in Refs. 20-26. Data of analo-
gous measurements for >**U are given in Refs. 22-26, and for
1Py in Refs. 26-28. These experiments confirm the exis-
tence of a correlation of the total energy E ; of the fission y
rays with the reciprocal fission width I'; ' and with the y-ray
multiplicity v,, and also an anticorrelation of E , and the
multiplicity v, of the fission neutrons.

Another method of measuring the variations of E ;, was
used by Weston and Todd in a study®® made with the
ORELA accelerator at Oak Ridge. In this experiment the
fission fragments were detected by an ionization chamber,
and the 7 rays from the ***Pu fission were detected by two
hydrogenless (C¢F;) liquid scintillation detectors of small
dimensions (& = 100 mm, H = 50 mm ). To make the detec-
tion efficiency of y rays proportional to their energy, the
detectors were operated in the regime of amplitude weight-
ing.*™ The total efficiency of detection of a y-ray cascade by
such a detector is proportional to the total energy carried
away by the cascade. The study of Weston and Todd also
demonstrated the presence of a strong correlation between
E and '/, indicating manifestation of the (#, 3f) reaction
in the ’Pu resonances with low fission widths.

For the fissioning nuclei 2**U and 2**Pu, the most accu-
rately measured out of the three quantities v ., E |, and v, is
the last, the multiplicity of the secondary fission neutrons.
The first measurements of it for 2**Pu (Refs. 31-34) in the
resonance region of energies of the incident neutrons, made
by different groups using different methods (mainly with the
use of'an LLSD), gave results that did not agree well with
one another. :

For example, the variations of v, as a function of the
resonance spin measured at Dubna®' and in the United
States®? were found to have opposite signs. The situation that
had arisen at the beginning of the seventies, and also the

" 0. A. Shcherbakov 181



Neutrons

FIG. 5. Arrangement of experiment to measure the neutron multiplicity
and total energy of fission y rays at Saclay®"?* (PM: photomultipliers).

importance of such measurements for testing the basic prop-
ositions of A. Bohr’s quantum theory of fission and for study
of the (n, ¢f) reaction were a strong ground for the under-
taking of new experiments.

In the investigations of Shackleton, Trochon, et al.**?*
mentioned above, v, was measured by means of an LLSD.
The efficiency of neutron detection by such a detector
reached 70% (for neutrons from the spontaneous fission of
252Cf). In Ref. 35, Frehaut analyzed the various components
of the background that exists for such measurements of v,
and proposed a method for measuring them and taking them
into account. Besides the **Pu measurements,?*2° the mul-
tiplicity v, of fission neutrons was measured at Saclay by
means of the LLSD for the nuclei 2**U (Refs. 22-26) and
241py (Refs. 26-28).

To measure v, for the fission of >**Pu by resonance
neutrons, Trochon ef al.** used a further method at Saclay,
employing several small detectors. In this experiment the 2*°
Pu sample was surrounded by four NE-213 liquid scintilla-
tion detectors (& = 120 mm, H = 70 mm). The employed
scheme of discrimination based on the pulse shape had a y-
ray suppression coefficient of 1/1000 and neutron detection
threshold at 1.2 MeV. Under these conditions, the efficiency
of fission-neutron detection was S 1% per detector. The re-
sults showed that v, for the **Pu resonances in the region
10-300 eV can be assumed to be constant to an accuracy of
about 2%, i.e., the results of this study contradicted the data
obtained by means of the LLSD.

When they measured the variations of E, for ***Pu,
Weston and Todd*” also measured the variations of the mul-
tiplicity of the fission neutrons for this nucleus. To detect the
neutrons, they used two liquid scintillation detectors of the
type NE-213 (& = 100 mm, H = 50 mm), the detection effi-
ciency of which did not exceed 0.5% for one detector and for
one fission neutron. The y-ray discrimination scheme em-
ployed in this study in the neutron channel (based on the
pulse shape) had suppression coefficient 1/600. Compared
with the methods of measurement of v, in which LLSDs
were used, the main advantage of the method used in Refs.
29 and 34 to detect the fission neutrons was the very low level
of the background. A shortcoming of the method was the
dependence of the neutron detection efficiency on the kinetic
energy of the neutrons, which cannot fail to influence the
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results of the measurements of v, if the shape of the fission-
neutron spectrum varies from resonance to resonance.

The detector (method) used by Howe et al.*° could not
overcome, but did at least reduce to a minimum, the short-
comings inherent in LLSDs and small scintillation detec-
tors. This study, made with the electron linac at Livermore
(USA) measured with high accuracy the multiplicity v, of
the fission neutrons for >*>U in the energy range 0.5-130 V.
The arrangement of this experiment is shown in Fig. 6. Two
liquid scintillation counters in conjunction with a multipli-
cation system of ?*U + °Li + Pb (K., = 4) formed a de-
tector of fast fission neutrons that had a response function
proportional solely to the number v, of fission neutrons and
independent of their energy spectrum. The signals from the
liquid neutron counters reached a pulse-shape discrimina-
tion circuit which had a detection threshold about 550 keV
for the neutron energy. The total neutron detection effi-
ciency of the complete detecting system was about 45%. An
ionization chamber was used in the experiment to detect the
fission fragments. The results of Howe et al. demonstrated
the presence of small but statistically significant variations
of v, for >*U in the resonance region of energies. At the
same time, no correlation between v, and the fission width
I'; was found.

One further method of investigating the (n, /) reac-
tion, first proposed by Bogdzel’ ez al.,”” was used in experi-
ments with the IBR-30 reactor at Dubna. The essence of this
method consisted in detection of the characteristic x rays of
the atoms of the fissioning material produced by internal
conversion of ¥ rays emitted prior to fission. Since the mean
lifetime 7 of the compound nucleus is much longer than the
lifetime 7 of holes in the K shell of the atom (for uranium,
for example, 7=10""-10"" sec and 7, =7.3x10"'®
sec), it was assumed that detection of the K, characteristic x
rays in coincidence with fission events would give correct
information about the (n, ¥f) reaction. Disturbing (back-
ground) events in such a method of measurement are due to
two processes, when: a) a fission fragment ionizes a neigh-
boring atom, which then emits characteristic radiation; b) ¥
rays from the fission fragments give rise to the photoelectric
effect on other atoms of the fissioning material.

This method was used to investigate the (#, ¢f) reaction
on the #°U nucleus.’®** A high-efficiency ionization
chamber (£~50%) containing 2 g of uranium was used to
detect the fission fragments. A Ge(Li) detector of volume 7
cm’® was used to detect the y rays. On the basis of the data of
this experiment it was concluded®®*® that the (n, ¥f) reac-
tion on the ***U nucleus does exist, and its probability was
estimated.

In the study of the (n, ¥f) reaction, the most complicat-
ed experiments are those that measure the spectra of the
prefission ¥ rays, since:

1) the fraction of prefission ¥ rays in the mean multi-
plicity of the fission y rays is small ( S 12%);

2) the high mean multiplicity (v, = 7-8) of the fission
y rays forces one to use detectors with low efficiency in order
to avoid superposition effects when the y rays are detected;

3) the measured event counting rates are small precise-
ly for the resonances with small fission widths, for which the
contribution of the (n, yf) reaction to the fission is most
appreciable;
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4) in the measurements one observes a mixture of ¢ rays
from direct fission and from the (#n, ¢f) reaction, and there-
fore the experiment to measure the spectrum of the prefis-
sion ¥ rays must be of the difference type methodologically,
and this also requires a high statistical accuracy on account
of the smallness of the effect.

The information which can be obtained from measure-
ments of the spectra of the prefission y rays is of great inter-
est. First, it is necessary for the correct interpretation of the
results of the measurements of Vs E;,, and v,. Second, infor-
mation about the spectra makes it possible to study the type
(electric or magnetic), multipolarity, and other properties
of the y transitions between highly excited states of the com-
pound nucleus. Third, it can give information about the
states of the fissioning nucleus at large deformations (in the
second well of the two-hump fission barrier), which as yet
can be obtained only in reactions of the (d, pf) type.

In an experiment performed at the electron linac at Sa-
clay, Trochon ef al.***' made an attempt to measure with
high energy resolution the spectrum of prefission y rays from
2Py, Fission events in the »*°Pu sample were detected
through the secondary fission neutrons by means of four lig-
uid scintillation detectors. A Ge(Li) detector was used to
measure the spectrum of the y rays. Two of the measured
#39Pu resonances were chosen for comparison: 10.93 eV, a
background resonance for which the (n, yf) reaction is
masked by direct fission, and the resonance at 44.48 eV, for
which the contribution of the (n, yf) reaction was, on the
basis of the results of measurements of v, E;, and v,,, ex-
pected to be most significant. Trochon er al. succeeded in
finding in the difference spectrum at least one level corre-
sponding to a vibrational state in the second well, populated
by y transitions from the (#, ¢f) reaction.

Among the experiments of this type we can also include
that of Refs. 38 and 39, performed at Dubna, since in it not
only the time-of-flight spectra but also the pulse-height spec-
tra of the fission y rays were measured. Unfortunately, de-
termination of the spectra of the prefission y rays for individ-
ual resonances was not one of the aims of this investigation.
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FIG. 6. Experimental arrangement for measuring the multiplicity of fis-
sion neutrons at Livermore®® (PM: photomultiplier; LSC: liquid scintilla-
tion counter).
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An experiment to measure the spectra of prefission ¥
rays from **°Pu was performed with the GNEIS spectrom-
eter at Gatchina.'®*>** The arrangement of the experiment
and the detectors employed in it were the same as in the
measurements of the multiplicity of the fission ¥ rays (see
Fig. 4). Seven 1* resonances and one 0" resonance of **°Pu
in the region of energies below 100 eV were chosen. The
measured amplitude spectra of the fission y rays were nor-
malized to one fission event (using the areas of the corre-
sponding resonances in the time-of-flight spectrum of the
fragments). The results obtained in this study indicate that
the spectra of the y rays from the fission fragments change
little from resonance to resonance, while the shapes of the
spectra for the 17 resonances with large and small fission
widths are different. The last circumstance can be explained
by the presence of a component associated with the (#n, ¥f)
reaction.

Popeko et al.** used the VVR-M reactor at Gatchina to
measure the spectra of conversion electrons and y rays from
the fission of 2**Pu by resonance and thermal neutrons. The
resonance at 0.29 eV was separated by means of a samarium
filter. The electron spectra were measured by means of a
high-efficiency spectrometer with superconducting sole-
noids and by Si(Li) detectors, and the fission fragments
were detected by two coaxial Si( Au) detectors. In the inves-
tigation of the y-ray spectra, the fission fragments were de-
tected by a gas scintillation chamber, and the ¥ rays by
means of an NaI(T1) detector. In the opinion of the authors
of the study, the measured difference spectra of the electrons
and y rays of »*°Pu fission could be satisfactorily explained
by the existence of the (n, yf) reaction on this nucleus.

The results of the experiments whose methods have
been considered in this section and a discussion of them are
given below separately for each investigated nucleus.

4.RESULTS OF EXPERIMENTAL INVESTIGATIONS OF THE
(n,yf)REACTION
Results for 235U

The compound nucleus formed by capture of an s neu-
tron in ***U has spin and parity 3~ or 4. The spins of the
233U resonances in the region below 100 eV have been fairly
reliably identified, mainly by the direct measurements of
Moore et al.** with polarized neutrons on polarized nuclei.
However, since the mean distance between the levels of the
two spins ({D ) =0.438 eV) is comparable with the mean
widths [{[;(37))=0.180eV and (T";(47)) =~0.091eV] of
the resonances,*® the determination of any of the effects ob-
served in the individual resonances involves the difficulty of
taking into account the contribution from the neighboring
resonances.

Borukhovich et al.'* measured the multiplicity of the
fission ¥ rays for thermal neutrons and 13 resonances in the
region of neutron energies below 35 eV. The results of the
measurements (yields of fyy coincidences) are shown in Fig.
7. This experiment did not reveal statistically significant de-
viations of the values of 8 from the mean value, and the
relative difference of the yields of fyy coincidences was
found to be 7., =[B(37) —B(47)1/B(37) =0.014
+ 0.008. Comparison of 7., with the theoretical estimates
of this quantity showed that the best agreement with experi-
ment is obtained for Lynn’s estimate® (7, = 0.006—
0.015), whereas the estimates of Stavinskii and Shaker'
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(eor =0.23-0.32) and Luk’yanov and Shaker'
(Meor = 0.23-0.26) wee overestimated. The statistical accu-
racy achieved enabled the authors of the experiment to esti-
mate the difference of the widths of the (n, ¥f) reaction for
the two spin states: |1_“,,f(3—) - f‘yf(4‘)|g2-3 meV. The
. possible existence of a correlation between the multiplicity
- of the fission y. rays and the reciprocal fission width of the
2351 resonances was not investigated in the experiment.
Figure 8 shows the results of measurements of the mul-
tiplicity of the y rays of 2**U fission in the region 4-130 eV,
made with the GNEIS neutron spectrometer.'”'**? The rel-
ative multiplicity was determined in this experiment for 21
isolated resonances and 30 energy intervals that included
two or more resonances, the boundaries of the intervals be-
ing taken to be the same as in Ref. 36. The relative multiplic-
ity for point i/ (a resonance or interval) was defined as R,
= B;/{B ), where B; was calculated in accordance with the
expression (5), and {(# ) is the mean value. The correspon-
dence of the measured values of the multiplicity R; toa nor-
mal (Gaussian) distribution was tested by the calculation of

N
it Ri—(R) \2
N—1 Ei ( AR; ) (6)
where N is the number of points.

For the complete set of measured values (N = 51) the
value y* = 11.28 was obtained, indicating a definitely non-
statistical distribution of the R ;. Nonstatistical behavior was
also inherent in the distribution of the R, within the groups
corresponding to the two spin states: y*(3~, N=8) = 4.39
and y*(4~, N=16) = 2.94. ‘

The study found a statistically significant correlation
between the multiplicities R; and the reciprocal fission
width 1"1:1 of the resonances for the 4~ resonances with
r(R;, l"f“ 1) =0.50 4 0.20 and for the 3~ resonances with
r(R;, T'7') = 0.63 + 0.24. Such correlations, and also the
correlations between R, and the yields Y., of the characteris-
tic x rays (data of Refs. 38 and 39) with r(R, Y,)

= 0.63 + 0.18 and the anticorrelations between R; and the

multiplicity v, of the fission neutrons (data of Howe et al.*®)
with 7(R;, v,) = — 0.54 + 0.18 for the 4~ resonances en-
abled the authors of the study to conclude that the (n, ¥/)
reaction on ***U does exist.

The results of the measurements of the multiplicity of
the fission y rays obtained with the GNEIS spectrometer
were used to estimate the widths T for the 2** U resonances:
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FIG. 7. Yields of triple fyy coincidences for **U resonances. '
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"” < 1.2 meV (Refs. 17 and 19);
w_ (0.32 =+ 0.13) meV;
T,y =(0.87 = 0.89) meV.

4~ resonances ,

-4~ resonances,

} (Ref. 42)

3~ resonances,

For the estimates of Frf the expressions (4) and (5), which
can be reduced to the linear form R; = AT/ '+ B, where 4
and B are constants, were used. It was assumed that the
width I', , fluctuates weakly and that the spectrum and mul-
tiplicity of the y rays from the fission fragments do not
change from resonance to resonance. The width T, was cal-
culated in accordance with the formula

Ty=4/ § Vot (By) & (Ey) dE,. o
The slope 4 was calculated from the experimental data by
the least-squares method, and the detection efficiency
€,(E,) of the y-ray detector was calculated by the Monte
Carlo method. In the calculations of the spectra v (E,) of
the prefission ¥ rays (and also of the widths T—rf) only the
dipole E'1 and M 1 transitions were taken into account; the
level density was calculated in accordance with the Gilbert—
Cameron formula*® with parameters obtained by fitting to
the observed density of neutron resonances.’ The matrix ele-
ments of the y transitions were calculated using both the
single-particle model and the model of the giant dipole reso-
nance. The fission widths were calculated for two models of
the fission barrier (single- and two-hump barriers), and in
the second case two variants were calculated: complete
damping of the collective vibrational states in the second
well and intermediate damping. The experimental and cal-
culated widths T',, for the 4~ resonances of the 2*°U nu-
cleus* are given in Fig. 9 as functions of the ratio of the
intensities (total radiative widths) of the £ 1 and M 1 transi-
tions.

Comparison of the experimental and calculated values
of the widths fyf shows that M 1 transitions are dominant in
the prefission emission of **°U, and the best agreement
between experiment and theory (the calculation) is ob-
tained by using the model of intermediate damping of the
states in the second well and the model of the giant dipole
resonance.

In a study of the channel effect—the dependence of the
multiplicity of the fission ¥ rays on the spin of the reson-
ances—the (7, ¢f) reaction is a background, disturbing ef-
fect. It can be taken into account by extrapolating the depen-
dencev, (I, ') or R, (I'; ') tozero, i.e., to the limit T ,— co.
The values of v, and R,, that are then obtained correspond
to direct fission. It was shown in Ref. 42 that at the achieved
level of accuracy no spin channel effect for the multlphclty of
y rays from >**U fission is found:

Ry (37) —

In experiments performed at Dubna*®*° to measure var-
iations in the yield of x rays (the K, line with energy 98.4
keV) in the resonance region of energies 2-21 eV a correla-
tion between the yield and the fission width of the resonances
was found. To obtain the width of the (#n, ¢f) reaction from
the experimental data, the spectra of the prefission ¥ rays
were calculated in Ref. 38. Only dipole emission was taken

into account, the level density was calculated in accordance
with the Gilbert—Cameron formula, and the matrix elements

Ry (47) = (— 0.0010 == 0.0040) rel. units
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of the ¥ transitions were calculated both by the single-parti-
cle model of Weisskopf and by the model of a giant dipole
resonance. The probability of transition through the fission
barrier was calculated for two models of the barriers (single-
and two-hump). Comparison of the different values of the
widths fyf obtained from the experimental data for different
types of calculation with the observed I'F"(***U) enabled
the authors of Ref. 38 to conclude that, among the y transi-
tions that precede fission, transitions of the type M 1 must be
predominant, and that T',,~4 meV.

In a further series of measurements® which used the
dependence of R; on I, in the form of a linear function of
(T;)~"' (Fig. 10), the parameter values 4 = (18.1
+ 10.2) % 10" °* meV and B = (7.8 + 0.5) X 10~ were ob-
tained by the least-squares method. From the slope 4 of the
line the relation

<1 —,cffth > (Tyy = (0,23 == 0.13) meV, (8)

where a,, is the coefficient of internal conversion of the pre-
fission ¥ rays, was obtained. Combining the relation (8)
with another, also experimentally obtained, expression for
the 4~ resonances of the 2*°U nucleus,

(Eyp) (Typ) = (1590 & 710) eV?, (9)
the authors of Ref. 39 arrived at the equation
(Ey) (0145 2 0.407) = (T2 . (10)

This analysis showed that Eq. (10) is satisfied best by
the spectrum of prefission ¥ rays calculated in accordance
with the model of a giant dipole resonance for M 1 transi-
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tions. The following estimates were obtained for the width of
the (n, yf) reaction and for the mean energy of the spectrum
of the prefission y rays:

+ 400 &
— 130 keV.

According to an estimate of the authors, the maximal admix-
ture of E 1 transitions in the spectrum of the prefission y rays
does not exceed 50%. Such an enhancement of the M 1 tran-
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Ly (M1) = (2,1 is 1 7) meV, E,; (Mi)=(750
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FIG. 9. Experimental and calculated widths T, for 4~ resonances of the
235U nucleus.* The arrow indicatés the ratio of the intensities of the £'1
and M 1 transitions observed in the radiative capture of neutrons, The
different calculations are as follows: I) single-hump barrier; II) two-
hump barrier (complete damping); III) two-hump barrier (intermediate
damping); a) Weisskopf model for probabilities of y transitions; b) and c)
model of giant dipole resonance (probability of partial y transitions pro-
portional to ~E? and ~E}, respectively).
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sitions between the highly excited states requires an explana-
tion itself, since it contradicts a well-known estimate*” of
the ratio of the intensities of £1 and M1 transitions,
T‘.?, (M1) /T‘-,, (E' 1) =0.2, obtained from analysis of the radia-
tive widths of heavy nuclei.

In the accuracy achieved, the experiment performed by
Howe ez al.*® with the electron linac at Livermore surpasses
all the other studies devoted to measurement of the varia-
tions of the multiplicity of the secondary neutrons of 2**U
fission in the resonance region. The results of these measure-
ments for 33 isolated resonances and 23 resonance groups
are given in Fig. 11. The data show that there is a definite
structure in the energy dependence of v, within the mea-
sured range 0.5-125 eV. Thus, whereas for the ensemble of
56 points the value y°/55 = 1.25 is obtained, the values
grouped in 20 intervals (with the same statistical error of
about 0.16%) give y*/19 = 3.45, which is appreciably larg-
er than one could expect for a random distribution of v,
around a mean value.

For the isolated resonances no significant difference
was found between the mean neutron multiplicities for the
spin statess 37 and 47: |(v,(37))—(v,(47))|
= 0.0010 4 0.0014. Howe et al. also asserted®® that there
were no statistically significant correlations between the

neutron multiplicity v, and the fission width I , of the reson-
ances, the angular distribution, and the mass asymmetry of
the fission fragments.

The data from the high-precision measurements of
Howe er al. were used in a number of other studies to inter-
pret the results of other experiments. Thus, in the study of
Ref. 39 it was shown for the resonances of ***U in the region
2-21 eV that the data of Howe et al. can be described by a
straight line with 4 = — (4.67 4+ 2.90) X 102 eV. Under
the assumption of the existence of the (#, ) reaction on this
nucleus, the coefficient 4 can be represented in the form

(%)

For the employed values (v,)=2.393 4+0.080 and
ov,/E* = — 0.1077 neutron/MeV (Ref. 48) it was found
in Ref. 39 that T, E,, = 1037 + 645 €V , a value that to
within the experimental errors agrees with the data of Tro-
chon et al.* [see the expression (9)].

Results of experimental investigations of the (n, ¢f) re-
action on ***U made at Saclay were given in Refs. 16 and 22—
26. Measurements of the multiplicity of the fission ¥ rays'®
showed that in the case of ***U its-variations in the resonance
region are small and do not enable one to establish whether
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TABLE I. Results of statistical analysis of data for the °U nucleus.?

|
Number of re- ' '
AE sonances Chz (Vn) Qnx (Ey) T (Vp, Ey) Qr
5 i 11 0.99 0.006 —_0.55 0,08
4= 26 0.19 0.28 —0.10 0.64
unknown 7 0.18 < 0,00005 0.06 0.89

or not the (n, ¥f) reaction exists on this nucleus. The results
of measurements of v, and E, in the region 2-58 eV were
discussed in Refs. 22, 24, and 25. Analysis of the correlations
of v, and E;, with the fission width I, yielded two concor-
dant estimates of the product I E, for the 4~ resonances
of *U: 1590 + 710eV? (v, data) and 1370 4 610eV? (E,
data). :

The fullest accounts of the results and method of ana-
lyzing the experimental data are given in Ref. 23. Figure 12
shows data from this study. To explain the nature of the
variations of v, and E;, from resonance to resoniance Shack-
leton used the so-called Birge test (criterion):*

Y VA g s
z=) Tz (T) —1 | ,where(x) =
i=1

> 1/}
(12,

81

]
S

rel. units

Ey,
%
©

88

rg?, mev=1

The quantities @,, given in Table I are the probabilities of
obtaining the calculated values of #x for N variables x; (with
standard deviations o; ) that have a normal (Gaussian) dis-
tribution. It can be seen from the data of Table I that the
variations of E;, for the 3~ resonances have a clearly nonsta-
tistical nature, and this is also true for the resonances whose
spin was assumed to be unknown. The variations of the other
quantities have an entirely statistical origin. For the 3~ re-
sonances there was found to be a fairly strong anticorrelation
of v, and E,, the existence of which is predicted by the theo-
ry of the (n, yf) reaction. For the correlation coefficient
r(v,,E,) = — 0.55 the quantity Q, = 0.08 gives the signifi-
cance level or probability of obtaining such a value of » by
chance under the condition that the “true” correlation coef-
ficient is zero.

The least-squares analysis of the linear dependence of
v, and E}, on T’/ ! gave the results

500

-200

FIG. 12. Correlations of the neutron multiplicity v, the total
energy E, of the fission ¥ rays, and the reciprocal fission
width of **U resonances (Ref. 23):a) 3~ resonances; b) 4~
resonances.
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U — — [=(1500 & 1400) eV?(v,);
4~ resonances: (I'y;E.,) l — (900 == 400) eV? (E%):
_ [ =(7300 = 3300) eV? (v,);
37 resonances: (I',¢E ;) { — (3000 = 4000) eV (E).
The theoretical estimates of the product (T' E, ) and
of jts factors were obtained by Shackleton under the follow-
ing conditions: only the first prefission ¥ transition was tak-
en into account; the ratio of the intensities of the E 1 and M 1
transitions was taken equal to f,, (M1 )/'I—}, (E1)=0.2, and
transitions of higher multipolarities was not taken into ac-
count; the level density of the compound nucleus was taken
in accordance with the Gilbert—-Cameron formula; the tran-
sition matrix elements were taken in the form of sums of two
Lorentz curves; and a model of a two-hump fission barrier
with penetrability calculated by means of the well-known
Hill-Wheeler approximation of a parabolic barrier*® was
used. Taking as the final experimental results the data on v,
for the 3~ resonances and the data on E, for the 4~ reson-
ances, Shackleton obtained the best agreement with experi-
ment for the following calculated values:

+4~ resonances: (I';E ;) = 1270 eV?,
f,‘._f = 1.18 meV, ET'W = 1,08 meV;
'3~ resonances: (_I‘va'_vf) = 2260 eV?,
Ty = 2.26 meV, E,; = 1.10 meV.,
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FIG. 12. (Continued)

Shackleton also investigated the influence of the spin of
the compound nucleus on the excitation energy of the frag-
ments and found

Vno (37) — ¥no (47) = (80 = 130) keV;
Eqo (37) — Egy (47) = (— 140 == 140) kev.

From the values obtained for the difference effect, Shackle-
ton concluded that for ***U an influence of the fission chan-
nels is not revealed.

The results of Shackleton’s work were frequently recon-
sidered, 2*° both in connection with a more careful selec-
tion of the experimental material (the number of resonances
taken into account in the analysis was changed as the values
of their spins and widths were determined more accurately)
and in connection with the use of different theoretical mod-
els and parameters to analyze the experimental data. For
example, Trochon’s review?® gives results for **U general-
ized from several studies:

<4~ resonances: (LyrEy) = (1730 & 590) ev?,
T, = (2.1 =+ 0,7) meV,
E,; = (800 = 50) keV;

37 resonances &

Ty = (4.7 + 2.3) mev, E, = (850 + 50) keV.
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FIG. 13. Yields of triple fyy coincidences for >*°Pu resonances.'*

Results for **°Pu

For the interaction of s-wave neutrons with **Pu nu-
clei, the resonances have spin and parity 1" or 0 ™. Spin
identification of levels, mainly by resonance scattering of
neutrons, has been made for resonances in the energy region
below 500 eV.*' For the mean separation (D )=2.4 eV
between the levels of the two spins, it is as a rule fairly easy to
measure the various effects at isolated 1% resonances
[{T;(17)) =34 meV]. The procedure is somewhat more
complicated in the case of the 0" resonances [T,
(0%))~2.2 eV], for which it is necessary to introduce cor-
rections for the contributions from neighboring levels.

In the study of Ref. 14 made at Dubna by the same
method as in Ref. 13, an attempt was made to detect experi-
mentally the (n, yf) reaction in the case of *’Pu fission by
resonance neutrons in the region 7-48 eV. The results of
these measurements are shown in Fig. 13. For the two spin
states, the relative difference of the yields of triple fyy coinci-
dences was found to be
_ BUH—B O

1 1]51]’1 I B (0+)
Under the assumption that one y ray from the (n, ¥f) reac-
tion was detected within the range 0.8-2.5 MeV of the ex-
perimental limits (thresholds) for y-ray detection, the dif-
ference between the widths of this reaction for the two spin
states was estimated from the values of 7., to be

—(2.82-:1.97)-102.

|T s (1%) — Ty (07) ]| < 4 meV.

This estimate of the widths, as in the case of the ***U nu-
cleus,'® agrees with Lynn’s theoretical estimates.” A very
interesting and unexpected result is the fact that the experi-
mental data obtained in this study in the different regime for
which fyy coincidences were detected at a total energy of the
¥ rays above 2.5 MeV agreed well with the data of the first
regime. On the basis of this, it was concluded by the authors
of Ref. 14 that at the statistical accuracy which they
achieved the (n, yf) reaction on ***Pu is not observed.

In the investigation of Refs. 15 and 16, Ryabov et al.
used the electron linac at Saclay to measure the variations in
the multiplicity of the ¥ rays from ***Pu fission in the reso-
nance region 0.2-200 eV. The results of these measurements
are shown in Fig. 14. The most interesting feature of this
experiment was the detection of appreciable variations of the
multiplicity from resonance to resonance, which were espe-
cially large for the 17 levels (reaching 14 + 3% at E,

= 44.5 ¢V). It was also found that these variations in the y-
ray multiplicity were strongly correlated with the variations
in the neutron multiplicity v, and the total energy E;, of the
fission y rays measured by Shackleton et al.*° and, in addi-
tion, that the values of v,,, v, and E;, were correlated with
the reciprocal fission width I' ;' of the resonances. For 16
measured 1 resonances, the correlation coefficient for the
y-ray multiplicity and I'; ' was r~0.82 at the significance
level 0, <0.001.>* The analysis made in Ref. 15 of the experi-
mental data of Refs. 15 and 20 made it possible to conclude
that the (7, 7f) reaction is observed in the fission of 23%Pu by
resonance neutrons. In the case of the 0™ resonances, as for
the 2*° U resonances, the reaction is masked by direct fission.

The experimental data on the neutron multiplicity v, of
Ref. 20 were used in Refs. 15 and 16 to estimate the width of
the (n, yf) reaction for 17 resonances of *** Pu. For this, the
mean energy E',,f of the spectrum of prefission y rays was
calculated in the approximation of a single-hump barrier.
Only E 1 transitions were taken into account in the calcula-
tion, and the level density was calculated in accordance with
the Gilbert-Cameron formula. The results were'®

(TysEyyy = (3230 == 700) ev?,
E.y= (800 2= 90) keV, Ty =(4.1 = 0.9) meV.

With allowance for only the resonances with large fission
widths I’ > 60 meV [to eliminate the influence of the (n, ¥f)
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reaction] the mean y-ray multiplicities were calculated in
Ref. 15 for the two spin states: (R, (0*)) = 334.5 + 2.5and
(R;(17)) = 340.8 4 2.0. The authors estimated that the
probability of a purely statistical origin of such a difference
was not more than 5%, indicating the presence of a correla-
tion between the multiplicity of the fission 7 rays and the
spin of the original compound nucleus (channel effect).
Figure 15 gives the results of measurements of the rela-
tive multiplicity R, of y rays from ***Pu fissionin the region
14-206 eV (Refs. 18, 19, and 42), made using the GNEIS
neutron spectrometer. Comparison of the data of this study
with the results of other authors shows that despite the dif-
ference between the experimental methods good agreement
between them exists. Thus, the results of the measurements
of R, of this study agree with the data of the analogous mea-
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surements of Ryabov et al. at Saclay' with r(R,, R))
=0.69 + 0.10.

Statistical analysis of the data of Refs. 18 and 42
showed that the distribution of R, for 30 isolated resonances
and 10 energy intervals differed appreciably from a Gaus-
sian distribution: y*(N = 40) = 5.73. For ***Pu the varia-
tions of R, in the resonance region were found to be stronger
than for **U and particularly large (up to 6.5 + 1.2%) for
the 17" resonances: y*(1*, N = 21) = 8.44. For this group
of resonances the existence of the (n, 3f) reaction is fully
confirmed by the observation of a strong correlation of R;
and the reciprocal fission widths ;' with r(R,, E-")
=0.76 4 0.10, and also a correlation of R, and the total
energy E, of the fission y rays with #(R,, E’)=0.72+0.10
and an anticorrelation of R, and v, with



*(R;,v,) = —0.60 + 0.14 (data on E;, and v, of Shackle-
ton ef al.?).

The dependence of R, on I'; ' was used in the study to

estimate the width of the (7, /) reaction for the 1* and 0
resonances of **Pu (Ref 42): 1_"" resonances, Frf
=1.91 4+ 0.81 meV; 0" resonances, ', = 2.8 + 9.2 meV.
Methods similar to those used for the ***U measurements
were used to analyze the experimental data and make the
theoretical calculations. The experimental and calculated
values of the widths Frf for the 1™ resonances are given in
Fig. 16. Comparison of the calculations and the experimen-
tal results showed that for the prefission y emission of **’Pu,
in contrast to 2*°U, the E 1 transitions are dominant, and the
best agreement is obtained by using the model of a giant
dipole resonance and the model of doorway states with inter-
mediate damping of the states in the second well. It was also
shown that there was no spin channel effect for the multiplic-
ity of the y rays from ***Pu fission:

Rig (0*) — Ry (1%) = (0,0023 £ 0,0090) rel. units.

The results of measurements of the neutron multiplicity
v, and the total energy E; of the fission y rays made by
Weston and Todd?® with the ORELA accelerator are shown
in Fig. 17. Statistical analysis of the data for 29 isolated re-
sonances and eight groups of resonances in the region 10-
170 eV revealed a difference of the mean values (E, ) and
(v, ) for the two spin states that was large for E, (2.5%) and
slight for v, (0.5-0.8%). Such a difference agrees well with
the estimate of it obtained from the balance of the excitation
energy using the parameter dv,/dE* =0.128 neutron/
MeV.' The least-squares analysis of the dependence of E,
and v, on I'; ' made in the study revealed the presence ofa
strong correlation of E}, and I' - !, whereas such correlation
was weaker for v, . The observed correlations of E 41 Vs and
I'; ' were interpreted under the assumption of competition
between the (n, ¥f) reaction and direct fission, the competi-
tion being most strongly manifested for resonances with
small fission widths. In Ref. 29 the parameters of the (7, /)
reaction were not estimated.

The results of measurements of the neutron multiplicity
v, and the total energy E;, of the fission y rays, made with the
electron linac at Saclay using a large liquid scintillation de-
tector, were published in Refs. 20-26. In Ref. 20, variations
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FIG. 16. Experimental and calculated widths T, for 1'* resonances of the
239py nucleus.*? The notation is the same as in Fig. 9.
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of E;, in the resonance region (E, < 110 eV) were measured
for the first time. Analysis of data for 29 resonances of **’Pu
revealed the presence of a strong anticorrelation of the v,
and E;, variations. In accordance with the Birge criterion,
the probability of a purely statistical origin of such varia-
tions of v, and E for the 1* resonances does not exceed
0.000 05, whereas for the 0" resonances it is 3 and 64%,
respectively. These results were interpreted in Ref. 20 under
the assumption of the existence of the (#, %f) reaction on the
239py nucleus this being most strongly manifested in the case
of 1™ resonances.

In Refs. 21, 22, 24, and 25, the results of measurements
of v, and E, in an extended energy range (E, <400 eV)
were discussed, and preliminary estimates of the product
(fyff'yf ) were also made. As for 2°U, the results of the mea-
surements of v, and E/ for *’Pu are contained fully in
Shackleton’s thesis.?* Figure 18 gives data of this study. Sta-
tistical analysis of the results of the measurements of v, and
E !, for the **Pu resonances in the energy range 7 < E,, <195
eV confirmed the conclusions that had been drawn by the
same author on the restricted statistical material in Ref. 20.

For the 17 resonances, the measured values of v, and
E, exhibit, in complete agreement with the hypothesis of
competition between the (#, ¥f) reaction and direct fission, a
strong dependence on the reciprocal fission width I' 'of the
resonances: (E, ;') =094 and r(v,, ;" Y= —0.87.
The least-squares analysis of the linear dependence of v, and
E} onT; ' made in Ref. 23 gave the results

(4800 == 530) eV (v,);
(4490 = 400) eV* (E3);

(5000 == 7000) eV? (v,);
(8000 == 1900) eV? (&),

1* resonances: (LB = l
0% resonances: (TWE‘N) = [

_ Shackleton made theoretical estimates of the product
(T,/E,, ) and its factors for **’Pu under the same assump-
tions as for 2**U. The best agreement with the experimental
results was obtained for the following calculated values:

1+ resonances: (T'y/Ey;) = 3760 eV?,
T,; = 2.76 meV, Ey = 1,36 MeV;
0™ resonances: '(T‘..,,E'ﬁ) = 7900 eV?,

T,; = 5.73 meV, £,y = 1.38 MeV.

For 2*Pu, Shackleton® found a weak fission-channel
effect: ¥,0(0%) —v,0(17) =99+ 42 keV. E,(0%)
—El (1*) =10+ 10 keV, from which E}(0") — Ef
(1) = 109 + 43 keV. If the “true” difference between the
excitation energies E ¥ of the fragments for the 0" and 16
resonances is zero, then in accordance with Shackleton’s es-
timate the probability of chance observation of the observed
difference does not exceed 1%.

In the review of Ref. 26 the experimental results of Ref.
23 for 2*°Pu were analyzed with allowance for the data on the
fission barriers of Goldstone et al.* obtained from measure-
ments of the cross section of the **°Pu(d, pf) reaction. The
estimates of the parameters of the (n, 3f) reaction made in
Ref. 26 differ somewhat from the estimates of Shackleton:
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2.03

FIG. 17. Correlations of (a) the total energy E , of fission ¥ rays
and (b) the multiplicity v, of fission neutrons with the reciprocal
fission widths of 1* resonances of **° Pu (Ref. 29): 1) least-squares
analysis; 2) least-squares analysis for weighted points.

by Trochon et al.***' at Saclay is shown in Fig. 19. The spec-
trum shown here is the difference of the two instrumental
spectra (normalized to one fission event) of the y rays for the
17 resonances at 44.48 and 10.93 eV. The achieved statisti-
cal accuracy enabled Trochon et al. to assert, that they had
found a peak at an energy around 2 MeV (excitation energy
4.52 MeV). This peak corresponds to a vibrational state of
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FIG. 19. Spectrum of prefission ¥ rays of the (n, yf) reaction on H9Ppy
according to data of measurements at Saclay***' and with the GNEIS
spectrometer at Gatchina.**

class II (in the second well of a two-hump fission barrier)
with K™ equal to 0~ or 1. The observation of a resonance at
the same excitation energy in the (d, pf) reaction® can be
regarded as a confirmation of this conclusion.

In a different experiment, performed with the GNEIS
neutron spectrometer,'®*>** spectra of the fission y rays
were measured for eight >*Pu resonances: 90.75 eV (R 1),
52.6 eV (R2), 47.6 eV (R3), 4448 eV (R4), 41.66
eV +41.42eV (R5),22.29eV (R6), 17.66 eV (R7), and
10.93eV (R 8). Figure 20 shows the ratio of the y-ray spectra
for different combinations of these resonances. The ratios
exhibit the following characteristic features of the pulse-
height spectra of the y rays:

1) the spectra of the y rays from the 1™ resonances with
largefission widths ' (R 6,R 7, R 8) havesimilar shapes; the

same can be said, admittedly with less statistical confidence,
about the spectra from the 1* resonances with small widths
T, (R1,R2,R4,R5);

2) despite the difference of the spins, the spectrum of
the y rays from the resonance R 3(0™) is similar to the spec-
tra of the group of weak 1% resonances
(R14+R24+R4LRS5):

3) on the average, the spectra of the weak 1" reson-
ances (R 1, R2, R4, R5) differ appreciably in their shape
from the spectra of the strong 1 * resonances (R 6,R 7, R 8).

The first of these features of the spectra of the fission ¥
rays supports the assumption used to analyze the data of
experiments in which the multiplicity of the fission y rays
was measured, namely, the spectrum of the y rays from the
fragments varies little from resonance to resonance.

The difference pulse-height spectrum obtained in Ref.
42 for the 1" resonances R 4 (44.48eV) and R 8 (10.93 eV)
is shown in Fig. 19. Comparison of the results of the two
experiments shows that despite the difference between the
response functions of the two detectors—Nal(Tl) and
Ge(Li)—agreement of the data in the energy range
0.8 < Ey <3.3 MeV is observed. The results of the GNEIS
measurements confirm the possible existence of the maxi-
mum at E, ~2 MeV found at Saclay.

Comparison of the shapes of the measured and calculat-
ed spectra of the prefission y rays (Fig. 21) reveals the pres-
enceof a hard (E, >2MeV) component, the origin of which
can be explained by the manifestation in the (n, yf) reaction
of transition states that were not detected in the (d, pf) reac-
tion, data on which were used in the calculations. For the
resonance R 4 and the other (R 1, R 2, R 5) weak 1" reson-
ances of 2**Pu some structures found in the difference pulse-
height spectra could be attributed to transitions to levels ob-
served in the (d, pf) reaction and corresponding to
incompletely damped vibrational states in the second well of
the 2*°Pu fission barrier at excitation energies 1-3 MeV be-
low the neutron binding energy.

In the experiment of Popeko ef al.,** the spectrum of
prefission y rays for >*’Pu was obtained by calculation from
the measured difference spectrum of the conversion elec-
trons for resonance (0.29 eV) and thermal neutrons. Figure
22 gives the spectra of y rays from the (n, ¥f) reaction (ob-
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FIG. 21. Averaged difference (R, ,,; — R 8) spectrum of ¥ rays, aver-
aged over the 1™ resonances (R1, R2, R4, R 5), and calculated pulse-
height spectra of the prefission  rays of 2**Pu (Refs. 42 and 43). The
designation of the various calculations is the same as in Fig. 9.

tained under different assumptions about the multipolarity
of the ¥ transitions) and compares them with the theoreti-
cally calculated spectra of Ref. 40. It was found that the
theoretical spectra are harder than the experimental spectra,
and the best agreement is apparently obtained for M 1 transi-
tions or for transitions with an admixture of up to 50% of E 1
transitions with intermediate damping of states in the sec-
ond well.

Results for 2*'Pu

The compound states formed when s-wave neutrons are
captured by the **'Pu nucleus have spin and parity 2+ or 3+.
The spin values of the resonances were obtained by a multile-
vel analysis of the data of measurements of the cross sections
0. and oy in the region of energies below 104 eV.5** Since
the mean separation between the levels for both spins is
(D)=1.14 eV and the fission widths are (',(3*)) =87
meV and (T',(2%)) ~595 meV, it is necessary to introduce
corrections for the contribution from the neighboring levels
for measurements made at isolated resonances.

As yet, results are known and have been published for
only one experiment to investigate (n, ¥f) reaction on the
?*1Pu nucleus.”*? In this experiment, performed at Saclay
using the method employed for the measurements with 2*U
and 2**Pu, Simon and Frehaut measured the neutron multi-
plicity v, and the total energy E /, of the fission y rays for 64
resonances of **'Pu in the region 4 < E, <91 eV. The results
of Ref. 27 are shown in Fig. 23. Compared with **Pu, the
influence of the (n, 3f) reaction on the variation of v, and
E ', is expressed much more weakly in the case of 2*'Pu. The
least-squares analysis made in Ref. 27 of the dependence of
v, and E; on I'; ' for 14 resonances with spin 2* and 19
resonances with spin 3™ gave the results

(5830 = 5680) eV? (v,);
(7932 + 5158) "eV?' (Es);
(1627 + 1229) ev? (v,,);
(1750 4= 789) eV (E3).

Under the assumption that the mean energy of the spectrum
of the prefission ¥ rays for **'Pu is about 1 MeV, Simon and
Frehaut estimated the widths of the (»n, %/) reaction on this
nucleus: Frf(2+) =7 meV and fyf( 3*)=~2 meV.

In the review of Ref. 26, Trochon gives somewhat dif-
ferent estimates of the parameters T, and E,; for *'Py,
made on the basis of the experimental data of Ref. 27 and
Goldstone’s data®? on the fission barriers:

2+ resonances: (Ty;Eyz) = [

3+ resonances: (wa_w) = {

2% resonances: T.U = (8.7 &= 4,9) meV,
E,; = (800 + 100) keV;
3* resonances: I'y; = (2,1 4= 0.8) meV,
E,; = (800 = 100) keV.

5.DEVELOPMENT OF METHODS TO ESTIMATE NUCLEAR
DATA FOR THE (n, »f ) REACTION

As follows from the foregoing review, experimental in-
vestigations of the (n, /) reaction involve great method-
ological difficulties. This is the main reason for the rather
limited amount of experimental data hitherto accumulated
for this reaction (there are data for only the three fissioning
nuclei >**U, **°Pu, and **'Pu). At the same time, as the data
have appeared, the need to take into account the (n, 7N
reaction to calculate and estimate the neutron cross sections

PlEp
x10%

5

FIG. 22. Experimental and calculated spectra of prefission y rays of
the (n, /) reaction on ***Pu (Ref. 44): 1) and 2) calculated spec-
tra* for complete damping of states in the second well and for no
damping, respectively; 3)-5) experimental spectra ( values reduced
by a factor 5 along the ordinate) for M 1, 50% M 1 + 509% E 1, and
E 1 multipolarities
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of fissioning nuclei in a wide range of energies of the incident
neutrons has become quite obvious. For these reasons, and
also as the methods of the theory of nuclear reactions have
been improved, there have been a number of publications in
which the experimental data have been analyzed and used to
make new estimates and calculations of the parameters of
the (n, ¢f) reaction for a number of fissioning nuclei.

A method for calculation of the widths f?,f based on
description of the mean probabilities of y transitions
between highly excited compound states by means of the

radiative strength function was developed by Vtyurin and

Popov.***¢ From the experimental data on the (n, 3f) reac-
tion they obtained radiative strength functions for **°U, **
Pu, and 2*'Pu under the assumption that M 1 transitions are
dominant among the soft (E, <2 MeV) y transitions
between the compound states. The following experimental
facts provide the basis for this assumption:

1) analysis of the data on the (n, ¥f) reaction on the
2351J nucleus® leads to the conclusion that the M 1 transi-
tions are dominant:

2) the shape of the spectrum of the a particles from the
(n, ya) reaction on nuclei with 4 ~ 150 can be best described
under the assumption that the M 1 transitions are dominant;

3) comparison of the widths I',,, for the '**Nd reson-
ances with different spins indicates a dominant contribution
of the M 1 transitions.

It was found that the strength function of the soft ¥
transitions obtained from the experimental data on the (n,
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¥f) and (n, ya) reactions agreed, to within the errors with
the radiative strength function of hard M 1 transitions and
does not exhibit a dependence on the atomic weight of the
nucleus. On the basis of this fact and a strength function
S, (M 1) =2.4x10 "%, thewidths ~ T, were calculated for
a large number of fissioning nuclei (Table IT). The calcula-
tions were made in the model of a two-hump fission barrier,
with barrier parameters chosen from the well-known experi-
mental data of Back er al.*” on the (d. pf) reaction. The
values ﬁ,f in Table II correspond to a “prompt” (n, ¥f)
reaction, in which fission proceeds through both barriers
after emission of a y ray, while the values I'); correspond toa
“hindered” reaction, in which the nucleus, being in one of
the states of the second well of the fission barrier, fissions
with the half-life of the corresponding isomer state. Of the
experimental data given above, only the results of Refs. 38
and 39 can be included among measurements of a prompt (n,
¥f) reaction. Attention should be drawn to the satisfactory
agreement of the estimates made in Refs. 55 and 56 with the
experimental data at the disposal of the authors.

In Refs. 60-63, Kon’shin et al. analyzed the influence of
the (n, yf) reaction in calculations of the mean widths and
cross sections of radiative capture and fission for nuclei with
a negative fission threshold. In particular, they showed that
the results of calculations of the radiative width with
allowance for the (n, ¢f) reaction differ appreciably for the
two representations of the spectral factor (transition matrix
elements) obtained in accordance with the single-particle

0. A. Shcherbakov 195



TABLE II. Widths of the (n, /) reaction.*® (References are given in square brackets.)

Tt 283 2857 237Np 238Pu 239py 241Py  |241Am | 248Am
nucleus
T\IH. , meV | 4.6 1.6 [2.10-7 3.2.10-3 12 1% 5 &3
(estimate)
f{.ﬁ, meV 8.3 3.2 0,15 2.10-2 16.5 2 5-10-6 104
(estimate) ;
Tys, meV — |2x0.7[24)| — | ~1[4] [103[24](4=2[59]] — | —
(experiment) 414 58] < 10-1[5]

model (Weisskopf) and the model of a giant dipole reso-
nance (Lorentz). Comparing the available experimental
data on the widths T, for **’Pu (Refs. 14 and 15) and **'Pu
(Ref. 27) with the corresponding calculated values, they
concluded that the representation of the spectral factor in
the form of the Weisskopf representation does not give
agreement with the experiments, whereas the Lorentz de-
pendence ensures good agreement. The following estimates
were obtained for the two nuclei (with the Lorentz factor):
Py __va (0*) = 10,2 meV, T,; (1*) = 4,9 meV;

#Pu: Ly (2 = 5,0 meV, T,y (3%) = 2,9meV,

The calculations took into account only E 1 transitions, and
it was shown that with allowance for (£ 1 4+ M 1) transitions
(E1/M1=6.8) the agreement with the experiments was
somewhat poorer while an increase in the contribution of the
M 1 transitions (£ 1/M 1— 1) only makes the agreement stil

worse.

Allowance for the (n, ) reaction, and also for the
(n, yn') reaction, leads to a change in the energy dependence
of the mean radiative widths and the cross section for radia-
tive capture. Thus, for ***Pu (Fig. 24) and neutron energy
E, ~1MeV the results of calculation of o, with and without
allowance for the (n, ¥f) reaction differ by almost a factor 2.
At low energies, the (n, ) reaction can make a significant
contribution to the total fission cross section o, = g, + O
The calculation for ***Pu shows that at E, = 1 keV the con-
tribution of the (n, /) reaction to o, is about 10%.
Allowance for this reaction also has an important influence
on a=a,/0, Thus, calculations of a(**Pu) with and
without allowance for the (#, /) reaction differ by 15% for
E, ~1keV, by 10% for 40 keV, by 20% for 300 keV, and by
50% for 700 keV.

In Ref. 64, Stavinskii and Tertychnyi estimated the con-
tribution of the (#, y/f) reaction to the fission cross section of
the even uranium isotopes with 4 equal to 232, 234, 236, and
238 in the region of neutron energies 1.5 <E, < 5.5 MeV,
which correspond to the first ““plateau” of the fission cross
section. They used a simple version of the statistical theory
of nuclear reactions. At the same time, allowance was made
for only the primary E1 transitions from the initial excited
state of the nucleus, and Dilg’s parametrization®® was used
to calculate the level density. The dependence of the results
of the calculation on the form of the radiative strength func-
tion was investigated. Besides the widely used models of
Weisskopf and of a giant dipole resonance, the authors also
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used the approach proposed by Kadmenskii and Furman, 5
in which the dependence of the width of the giant resonance
on the excitation energy is taken into account.

The results of the calculations enabled Stavinskii and
Tertychnyi® to conclude that the (n, yf) reaction may make
a significant contribution to the fission of even isotopes of
uranium induced by fast neutrons. The relative magnitude of
the effect was found to be comparable with the contribution
of the (n, yf) reaction to the fission cross section of odd
actinides in the resonance region.

CONCLUSIONS

The experimental data on the (n, ¥f) reaction con-
tained in the above studies and their interpretation and theo-
retical description permit a number of conclusions to be for-
mulated.

First the existence of the (n, ¢f) reaction can now be
regarded as an experimentally established fact. For the three
studied nuclei—?**U, *°Pu, and **'Pu—the volume and na-
ture of the experimental information differ widely. How-
ever, a common feature is that the effects observed in the

¥, meV
100
80t
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0,07

0,1 w0

£, MeV

FIG. 24. Energy dependence of (a) the width T,(0*) (b) the cross sec-
tion o, for ***Pu with allowance for the (n, 3f) and (n, ¥n’) reactions
(Ref. 62): 1) with allowance for (n, 3f) and (n, yn'), Lorentz; 2) with
allowance for (n, 3f) and (n, yn'), Weisskopf; 3) with allowance for (n,
yn'), Lorentz; 4) without allowance for (n, ¥f) and (n, yn'), Lorentz.
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resonance region of energies that are associated with the
multiplicity and total energy of the fission ¥ rays, and also
with the multiplicity of the secondary fission neutrons, can
beinterpreted from a unified point of view as a manifestation
of the (n, ¢f) reaction in competition with direct fission. In
this connection, it is important to make similar measure-
ments for a larger number of nuclei, for example, for the
uranium nuclei with 4 equal to 233 and 236. As is evident
from the estimates made in Ref. 56 (see Table II), the first of
these must have a rather high probability for the (n, /)
reaction. With regard to ***U, it follows from measurements
of the cross section for below-threshold fission of this nu-
cleus in the region of energies below 415 eV (Ref. 67) that
the fission width of the resonance fluctuates very weakly
(v.4 =~ 18) about the mean value 0.35 meV. One of the possi-
ble explanations’ of this fact could be a dominant role of the
(n, ¥f) reaction in the below-threshold fission of **°U.

Second, the widths I, obtained from the experimental
data for the listed nuclei are known to an accuracy of 10—
60%. The widths obtained by different authors using differ-
ent methods may differ by up to several times. The errors in
the widths T, are largely determined by the experimental
errors in the measured v,,, £}, and v,,, and also I'. In addi-
tion, the spins of the resonances are not known sufficiently
well. The errors Aﬁ,f of this kind could in principle be re-
duced by increasing the number of measured resonances and
improving the statistical accuracy. New experiments to
identify the spins of the resonances like the measurements of
Moore et al.*® are also needed.

The results of measurements of the multiplicity of the
fission neutrons are usually analyzed by means of the param-
eter dv, /JE *, obtained for the region of fast neutrons. Such
linear extrapolation of the dependence v, (E *) to the region
of excitation energies below the neutron binding energy may
also be a source of appreciable errors in the determination of
f,,f. As the analysis of Ref. 68 showed, the region of excita-
tion energies 4.5 < E * < 5.5 MeV, which contains the maxi-
mum of the spectrum of the prefission y rays, is a transitional
region between two regions characterized by different fission
types. For the superfluid region (E * 4.5 MeV) very weak
damping is characteristic, and an increase in the excitation
energy is expended almost entirely on an increase in the ki-
netic energy of the fission fragments. In the region with mod-
erate and strong damping (E * 2 5.5 MeV), the kinetic ener-
gy of the fragments decreases with increasing E *, while the
multiplicity of the fission neutrons increases. The behavior
of the dependence v, (E *) in the transition region (with a
possible sharp growth with increase in £ * and, accordingly,
a larger value of dv, /JE *) is an uninvestigated phenome-
non. Information about it would not only assist in solving
the problem of the correct interpretation of the results of
measurements of v, in the study of the (#, yf) reaction but
would also make a significant contribution to our under-
standing of the fission mechanism itself.

A further source of error in T?,f is the dependence of the
results of the analysis of the experimental data on the adopt-
ed theoretical model. In this connection, there is a need for
experimental information about the spectra of the prefission
¥ rays, since from it one can obtain the mean energy £ (or
v.,) and, hence,the value of _l:ﬂ without recourse to any
theoretical model. The first attempts at the experimental de-
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termination of the spectra of the prefission ¥ rays demon-
strated the extreme difficulty of such measurements due to
the small observed effect, which is masked by the direct fis-
sion. For such measurements, detectors with a fairly high
efficiency and moderate energy resolution, for example,
Nal(T1), would be most expedient. They could be used not
only to determine the shape of the spectrum of the prefission
y rays but also to investigate individiual y transitions to lev-
els in the second well of the two-hump fission barrier.

Finally, as new data about the spins of the resonances,
the probabilities of radiative transitions, fission barriers, and
the other parameters used to analyze the experimental infor-
mation become available it will be necessary to reexamine
the results of the earlier investigations of the (n, ¥f) reac-
tion.

It is a pleasant duty to thank G. A. Petrov for interest-
ing discussions and constant interest in the work, Yu. P.
Popov, who made a number of valuable comments about the
data of the investigations of the (#, ¢f) reaction made by the
present author, and also I. V. Maninen for assistance in the
preparation of the publication.
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