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Photon- and electron-induced fission of nuclei at energies from the pion-production threshold to
several giga-electron-volts is reviewed. Data on the cross sections of photon- and electron-in-

duced fission in the region of giant resonances and the region corresponding to the quasideuteron
mechanism of photoabsorption are also discussed. The virtual-photon method, which is used to
analyze experimental data, is described in the distorted-wave Born approximation and in the

plane-wave Born approximation with allowance for the nuclear sizes. Data on the energy, mass,
and angular distributions of the fragments of photon- and electron-induced fission are analyzed in
a wide range of excitation energies. Data on the dependence of the fissility of nuclei with Z<83 on
the parameter Z /4 are systematized. The mechanisms of photon- and electron-induced fission at

intermediate energies are discussed.

INTRODUCTION

Investigations of fission at excitation energies apprecia-
bly exceeding the fission barrier of the actinide nuclei have
developed strongly in recent years. The interest in them is
due primarily to the possibility of obtaining information
about fundamental nuclear properties manifested in cascade
meson—nucleon and nucleon—nucleon processes, the fission
and fragmentation of relatively light nuclei, the production
of hypernuclei, etc. The investigation of nuclear reactions
and, in particular, fission serves in this case as a tool for
solving problems encountered in high-energy physics.
Among them we can mention questions of the relationship
between exchange currents and the problem of quark bags,
which arise in the study of electrodisintegration of the deu-
teron or quasideuteron, in the measurement of the quadru-
pole moment of the A (1232) isobar in photo- and electropro-
duction of pions, and so forth. At the same time, there are
possibilities for obtaining new information about the influ-
ence of a nuclear medium on the nature of elementary pro-
cesses. A good example is provided by the differences ob-
served in the cross sections of total photodisintegration on
free deuterons and on quasideuterons in nuclei, in the pion
photoproduction cross sections on nucleons and nuclei, and
so forth.

It should be noted that the development of high-energy
nuclear physics was also stimulated by the need to solve im-
portant applied problems associated with the radiative
strength of materials, the creation of intense mneutron
sources, the development of radiation biology, medicine, etc.

Among the investigations in high-energy nuclear phys-
ics, those in which nuclei are excited by electrons, positrons,
and photons occupy an important position. To a large degree
this is the case because, as a rule, the electromagnetic inter-
actions of nuclei can be described in the framework of
simpler models than nucleon—nucleus collisions, and there-
fore the interpretation of the data in the former case is
simpler.

In this review, we shall largely restrict ourselves to the
range of electron and ¥ energies that is now usually referred
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to as the intermediate range,’ namely, from the pion-produc-
tion threshold to several giga-electron-volts. But we shall
also consider data on photo- and electrofission of nuclei at
low energies, which are needed to describe the observed ef-
fects in the considerd region. It should be noted that in reac-
tions induced by bremsstrahlung photons and high-energy
electrons an important part is played by processes with low
momentum transfer, leading to low excitation energies of the
nuclei. The reason for this is that the spectrum of brems-
strahlung and virtual photons is continuous.

The first experimental data on electron-induced fission
apeared at the end of the sixties, but for a long time the main
atiraction was devoted to photonuclear reactions, including
photofission. There are by now a number of reviews®™ that
systematize the results of photo- and electrofission investi-
gations at intermediate energies. However, they do not cover
the large amount of data, primarily on electrofission pub-
lished in recent years.

Itis interesting to note that whereas the development of
photonuclear investigations followed the traditional path in
the direction of ever higher energies, the first electrofission
studies were begun at energies above 100 MeV.>"

1. ASPECTS OF FISSION INDUCED BY PHOTONS,
ELECTRONS, AND POSITRONS. THE VIRTUAL-PHOTON
METHOD

The fission of nuclei at intermediate and high energies is
influenced by the entire nuclear-excitation mechanism pre-
ceding the fission. Therefore, experimental data on fission
cross sections and on the angular and energy distributions of
the fragments can be used not only to study the fission itself
(measure the height of the barrier, the level density at the
saddle point, etc.) but also to obtain information about the
paramters of the original interaction (excitation energies, the
number of cascade nucleons, and so forth). This aspect of
fission at high excitation energies is manifested especially
clearly in the case of nuclei with Z = 90, for which the fissi-
lity approaches unity when E, X 20 MeV, which made it
possible, by measurement of the photofission cross section,
to obtain data on the total cross sections of photoabsorp-
tion.® Moreover, the cause of high-energy particles made it
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possible to bring into the ambit of fission physics almost the
entire periodic table, which provided new possibilities for
testing different nuclear models and fission mechanisms.

The main difficulty in the study of photonuclear and
electronuclear reactions is that the spectrum of bremsstrah-
lung and virtual photons is continuous, so that processes in
the entire energy range—from the threshold to the upper
limit of the spectrum [{E, — m, ), where E, and m, are the
total and rest mass of the electron (positron)]—contribute to
the experimentally measured reaction yield. Work on the
creation and use of beams of monoenergetic photons has
only just begun (in the region of intermediate energies), and
their contribution to the study of photofission is as yet very
small (see below).

According to the virtual-photon method,® the electron—
nucleus interaction can be represented in the form of the
simple diagram

r
N My thy ) /A

Besides the purely electromagnetic vertex [Av (k,, E,, isthe
Méller potential for the scattered electron), the interaction
Hamiltonian contains the matrix element of the current op-
erator J, (k,, E, ) for the system 4—A4 *:

H (ky, Ev)=s\; fiv (Foyy Ey) Jo(ky, Ey), (1)

where k, 1s the momentum transfer, and E, the energy
transfer.

The electrofission cross section o, ¢ and the photofis-
sion yield per equivalent photo, o, are related to the pho-
tofission cross section ¢ by

Ee—mg

oo (E)=3 | Nip(Ee B) oy (B)dE,Ey; ()
AL 0
Ee—Te

oo (B)=3 | N E)o,®yaEm,. 0
AL 0

Here, N;, (E,, E, ) is the spectrum of the virtual photons,
which depends in the general case on the multipolarity L of
the interaction, and also on the mass of nucleus 4, its charge,
and radius; A is the electric or magnetic transition. The pho-
tofission cross section is represented as a multipole expan-
sion:

Oyr (Ey) =:§ oy (Ey). {4)

The virtual photons have both transverse and longitudinal
polarization, and therefore the summation in (2) for the elec-
tric multipole fields begins with zero, and not unity, as in (3)
for the photons.

Typical arrangements of experiments to study photo-
and electronuclear reactions at intermediate energies are
shown in Fig. 1.

It should be noted that if  bremsstrahlung is used the
spectrum N (E,, E, ) can be measured experimentally. This
spectrum is determined by the conditions of formation of the
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FIG. 1. Typical arrangement of experiments to study nuclear reactions
induced by photons (a) and electrons (b). M1 and M2 are analyzing mag-
nets, and M is a sweeping magnet; C, C,, and C, are collimators; IS is the
beam-intensity sensor (magnetoinduction, secondary emission, etc.); T is
the target; D is the detector of the reaction products (fission fragments);
FCis a Faraday cup {shown with a broken line, since it is usually removed
from the beam in the measurements); R is the radiator; Q is the quanta-

meter; and ET is an electron trap.

photon beam and does not depend on the investigated nu-
cleus. In contrast, the virtual-photon spectrum is deter-
mined by the properties of the target nucleus and the natue of
the investigated reaction. Therefore, the analysis of electro-
fission results, which are more informative than photofission
data, is much more complicated.

From the methodological point of view, the use of elec-
trons (virtual photons) has a number of definite advantages
compared with real bremsstrahlung photons. If one is work-
ing with a photon beam, only part of the bremsstrahlung
produced in the radiator is cut out by the collimators, and
because of the energy dependence of the cross section of mul-
tiple electron scattering the intensity and spectral composi-
tion of the bremsstrahlung beam incident on the investigated
target can vary strongly with the energy of the electrons and
depend on the quality of the guiding of the beam in the accel-
erator. By exposing the target directly to electrons, one can
have a constant flux of virtual photons virtually independent
of the electron energy. If an electron beam is used, the prob-
lems of focusing and monitoring the beam are more readily
solved.

At the same time, it should be noted that the cross sec-
tion of electron-induced reactions is approximately two or-
ders of magnitude lower than that of photonuclear reactions,
so that the electron beam must satisfy more stringent re-
quirements with regard to the various backgrounds, above
all photons and neutrons. The electron beam must be formed
in such a way as to reduce to a minimum the concomitant ¥
radiation produced in the collimators, chamber walls, and so
forth. For this, one uses parallel transport of the electron
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beam, and the scattering chamber is connected directly to
the vacuum electron guide of the accelerator. In addition,
scattering of the electrons by the target leads to appreciable
radiative backgrounds, which present difficulties for the de-
tecting apparatus.

In this connection, much attention is currently being
paid to the creation of beams of quasimonoenergetic and
tagged photons. However, the intensities of the beams ob-
tained by annihilation of accelerated positrons as well as of
beams of tagged photons are as yet very low and require the
use of thick targets. Therefore, at the present time such
beams are used mainly to study photoneutron reactions, and
it is only recently that such investigations have advanced
into the region of energies above the giant resonance to the
pion-production threshold.'® Fission data were then ob-
tained by analyzing the photoneutron yields. Direct mea-
surements of the photofission cross section of “**U induced
by quasimonoenergetic photons based on detection of the
fission fragments were made in the experiment described in
Ref. 11 (at E, = 11.5 MeV). For the region of intermediate
energies, there are results of investigation of the >**U fission
cross section by means of quasimonoenergetic photons from
a diamond crystal.'”

2. SPECTRUM OF BREMSSTRAHLUNG AND VIRTUAL
PHOTONS

The bremsstrahlung spectrum from a thin target, when
the electron ionization losses can be ignored, was calculated
by Schiff'® and has frequently been described in the litera-
ture devoted to the calculation of cross sections from yield
curves based on solution on the integral equations (2).
Among the numerous methods of cross-section calculation
we may mention the methods of Penfold and Leiss,™
Cook," and Thies.'® At y energies above 100 MeV, Schiff’s
spectrum has a form close to N~ 1/E, and Eq. (2) can be
readily solved analytically:
|
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FIG. 2. Bremsstrahlung flux for different £, .

Oyy (Ey) =dog; (£,)/d In E,. (3)

Figure 2 shows the y fluxes ¥ = [N (E,, E, )dE, for different
E,, from which it can be seen that with increasing E, the ¥
distribution gets closer to a right angle. The errors in the
calculation of o,; from the yield curves are analyzed in Ref.
17, where it is shown that the expression (5) can be used with
an error of 10-15% at energies above 100 MeV.

In contrast to the bremsstrahlung spectrum, the vir-
tual-photon spectrum cannot be directly measured in an ex-
periment, and its calculation is a rather difficult problem.
The virtual-photon spectrum is determined by inelastic elec-
tron-scattering processes and in the plane-wave Born ap-
proximation (PWBA) for an infinitely heavy nucleus has the
form®

Ni\.L (EE! E‘v)=N;‘L (Ees E'p)—i—NiL (Eea Ev)s (6}
where N, and N}, are the terms of the spectrum with

transverse and longitudinal polarization of the photons, re-
spectively:

(P+pr)?
[pe—pe ) =K1 1Ky — (pe— por )2 4283 (B2 — EL)*] | g, v2L B
Niz(Eg Ey) = o o Y : BV [ ) B By g e,
T (Pe—Per ) (hy—E3)* ‘Ev) B (ML, Ey) (vl 7
(Pt per) ( .
! & L PetPer)*—Ky ¢ ky \2L-2 B(CL, ky) 5,
Mele B mm J JTFR g — (7)) FarEr i ®)
= Pe')?

wherep, and p,. are the momenta of the initial and scattered
electron, k, =p, —p,.., E, = E, — E,, and B are structure
functions, which will be discussed below.

In the long-wavelength approximation (k, R<1, where
R is the nuclear radius), when the nucleus can be regarded as
a point, the structure functions become constant, and Eq. (6)
can be integrated analytically. The virtual-photon spectra
for a point nucleus have frequently been calculated for elec-
tric and magnetic transitions of all multipolarities.!”'8 Ex-
pressions for these spectra are given in a convenient form in
Barber‘s paper'®:
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1 I Ee—Eqy\2°
Nax (B By =2 - {[ 1+ (Z52))
2EEe—
X ].1'1 —W,—E;-m_E)"" CL} L] (9)
where e is the fine-structure constant, C;, = 2(E, — EV/E,

for AL=FE1 (electric dipole transition), C, =0 for
AL =M1, and

Co = — 5 (B — E)E

for AL = E 2. It can be seen that the difference between the
spectra due to the multipolarity of the interaction decreases
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with increasing electron energy.

The PWBA cannot be regarded as satisfactory, since it
does not reflect the dependence of the intensity of the virtual
photons on the charge of the nucleus and does not take into
account the distortions of the electron wave function in the
nuclear Coulomb field. The problem of the Coulomb correc-
tions to the virtual-photon spectrum was first considered in
Refs. 19-21. The most correct expression was obtained by
Gargaro and Onley*' using the distorted-wave Born approx-
imation (DWBA) as a result of expanding the electron and
positron wave functions with respect to a basis of Dirac Cou-
lomb functions. The nucleus was assumed to have a point
charge. The resulting spectrum has the form

ek

Nop (Be, By) = 2 520 38 (L) (27, 1) (20, +-1)

x|€ (sl —33) RE LK), (10

where S(L} is the operator that ensures fulfillment of the
selection rules for the electric and magnetic multipoles, R is
the integral of the product of radial solutions of the Coulomb
Dirac equation and the radial part of the electromagnetic
Green’s function, and C are Clebsch—Gordan coefficients.

The expression (10) is rather complicated for numerical
calculations. Such calculations and their results are de-
scribed in Refs. 22 and 23. In accordance with Ref. 22, the
expressions for the virtual-photon spectrum for the £ 1 tran-
sition can be represented in the form

Niy (E., Ey, Z)=NEY (E,, E,)
+E,[1.29-10% exp (1245212 — 0,052,)] EYE, (1)

for electrons and

NE (B, Evy Z2) =N\ (Ee, By)
— 3105 exp (0.67521/5 — 0.06135E,) E. (12)

for positrons. Here, N %Y is the virtual-photon spectrum for
the E'1 transition in the plane-wave approximation, E,,
E.>m,, E.>0.405 exp(0.206Z '/?),

Since electrons are attracted by the nucleus, and posi-
trons repelled, the amplitude of the electron wave function
near the nucleus is larger than the amplitude of the positron
wave function at the same energy. Since all the remaining
aspects of the interaction of the electron and positron with
the nucleus are the same, the number of virtual photons asso-
ciated with electron scattering by the nucleus is higher than
in the case of positrons.

The first distorted-wave Born approximation is entirely
adequate for the interpretation of the experimental data in
the region of the giant resonance if a limitation is made to an
error of about 10% (for the heaviest nuclei). As can be seen
from Eqs. (11) and (12), the Coulomb corrections decrease
strongly with increasing E, and decreasing Z. At E, = 100
MeV, their value does not exceed 1-2%.

To obtain a higher accuracy in calculations of the vir-
tual-photon spectra it is necessary to take into account the
nuclear structure. The first-order corrections taking into ac-
count the nuclear size were first considered by Barber?! by
exanding the electron wave function in powers of k. To
take into account the nuclear structure, Shotter®® used the
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general Helm model,*®*” which proved itself well in the de-
scription of inelastic electron scattering. These calculations
did not take into account the interaction of the nuclear mag-
netic moment with the electric field of the electron, i.e., mag-
netic transitions were not considered. In accordance with
the generalized Helm model, the ratio of the structure func-
tions [see Eq. (6)] has the form

B(EN, ky) [ Ey\20L+1) ji (kyR) .
(T.}') WBXP[—EZC%—E@L

B(Ch, ky) [ Ey\2L J} (kyR) : .
B(EM, Ey) (H) 72 (E4R) exp[—gZ(kf,_E\,)]. (13)

Here, j is a Bessel function, and g is a parameter characteriz-
ing the thickness of the surface layer of the nucleus, which in
Shotter’s calculations was taken equal to 0 and 1 F.

The main problem in using these equations for the re-
gion of intermediate energies is that the form factors in them
give divergences already at energies E, above 120 MeV. To
smooth the diffraction minima in the form factor, the
squares of the spherical Bessel function were replaced in Ref.
28 by the expressions

k‘pR)ﬁjL (kv+e, R)—;—jL(Iﬂv*E, B) . (14)

o (

iL (Ej1 R) _)_fL (Eyte, H)“z‘fl. (Ey—e, R) .

The value of £ was taken to be 0.1, which in the case of nuclei
with A ~ 240 corresponds to averaging over the energy with
an interval of about 2 MeV. This procedure somewhat dis-
torts the energy dependence of the form factor and makes it
possible to avoid divergences.

We illustrate the above by examples. Figure 3 shows the
virtual-photon spectra for the E 1 excitation, calculated in
the PWBA and with allowance for the Coulomb corrections
for electrons and positrons with energy 20 MeV for a point
nucleus (Z = 92). It can be seen in Fig, 4 that the Coulomb
corrections to the virtual-photon spectrum decrease with in-
creasing energy of the electrons (positrons) and for E, > 100
MeV become negligibly small. The influence of allowance
for the penetration of the electron wave function into the
nucleus (allowance for the nuclear size) is shown in Fig. 5,
which gives the virtual-photon spectrafor £ 1 and E 2 excita-
tions, calculated for a point nucleus (continuous curves) and
for a nucleus of finite size (broken curves) with mass

107 —— F
aL [
" - Fg=20MeV
-
-2
70 - Ve
1079 : I
7 o £y, MeV

FIG. 3. Virtual-photon spectrum for E 1 emission for 20-MeV electrons
(or positrons), calculated in accordance with Egs. (11} and (12) for Z = 92.
The central cutve is obtained without allowance for the Coulomb effects.
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FIG. 4. Ratio of the number of virtual photons with energy 10 MeV ob-
tained for scattering by uranium nuclei of electrons (N 7, ) and positrons
(N &, with initial energy 100 MeV.

A = 238. It can be seen that allowance for the form factor
appreciably reduces the intensity of the virtual-photon spec-
trum, particularly for the E 2 excitation. Despite this, the
intensity of the quadrupole component in the spectrum is
appreciably higher than that of the dipole component.

A general conclusion can be drawn on the basis of the
above: At electron energy below 100 MeV, it is necessary to
take into account the Coulomb corrections in calculating the
virtual-photon spectra; at higher energies, it is important to
take into account the nuclear size. At the same time, it must
be borne in mind that the electron—nucleus interaction may
be due to the quasideuteron or single-nucleon mechanism.
The question of the form factor that must be taken into ac-
count in each specific case is as yet open.

Calculations of the spectra for the description of the {y,
d ) reaction were made by Bethe and Peierls,?® who took into
account only E 1 transitions. Pion electroproduction on free
nucleons was analyzed by Dalitz and Yennie,® who consid-
ered E 1, E2,and M 1 interactions and took into account the
influence of the nucleon size on N, .
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FIG. 5. Virtual-photon spectra for E 1 and E 2 emission without (contin-
uous curves) and with (broken curves)allowance for the nuclear size, cal-
culated in accordance with Eqgs. (7) and (13) for 100-MeV electrons with-
out allowance for the Coulomb effects for the uranium nucleus.
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FIG. 6. Yield of the photofission reaction for 2**U as a function of the
upper limit of the bresmsstrahlung spectrum. The open squares are the
data from Ref. 30, the black circles from Ref. 35, the open triangles from
Ref. 31, the black triangles from Ref. 32, and the open circles from Ref. 36.

3. PHOTOFISSION. YIELDS AND CROSS SECTIONS

In measurements with a bremsstrahlung beam, the
yield of the photonuclear reaction is normalized by the flux
of ¥ energy passing through the sample and detected by

means of ionization chambers of quantameters. Thus,
Ee—me

Ee | N(E., Ey)o,(Ey)dEy/Ey

T ; (15)
§ N (E,, Evy)dE,

UQ =

Here, N (E,, E; )dE, is the number of photons in the energy
interval E,—~(E, +dE,),and E, — m, = E,, ., is the limit
of the bremsstrahlung spectrum. The cross section o, (E, ) is
determined from o, by the methods indicated above.

The experimental data currently available on photofis-
sion cross sections at intermediate energies can be divided
into two regions: Z>90 and Z<83.

In the region of intermediate energies, the photofission
yield per equivalent photon, a?t, for nuclei in the region
Z>90 has been measured for >**Th (Refs. 30-39), 233U (Ref.
37), #**U (Refs. 30—40), and also for the isotopes 24’ Am and
**2Am (Ref. 8); there are also data on the relative yields for
#36U, 2"Np, and *Pu.*® The largest number of investiga-
tions have been made with ***U (Fig. 6). Note the large
spread of yields obtained in the different laboratories. The
discrepancy, which can be characterized by a factor 2, can,
in particular, be explained by the presence of variations in
the form of the bremsstrahlung spectrum at low energies
and, because of this difference, in the contributions of the
giant resonance to the total yield. At energies E,, ,,, = 100
MeV, the contribution from the £ 1 resonance to the photo-
fission yield is about 80%; for E, ,,,, = 1000 MeV it reaches
about 50%.®

At higher energies, data on the photofission yield are
available only for ***Th and ***U up to E, ,,,,, =6 GeV (Fig.
7). As can be seen from Fig. 7, the characteristic feature of
the energy dependence of the yield is the monotonic growth
of oy ¢ with increasing E, ., -

For moderately heavy nuclei (Z<83) the yields obtained
in different laboratories agree to within the errors, as can be
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FIG. 7. The ***U photofission yield in the range of E, ..., from about 0.1 to
7 GeV.?¢

seen for the example of the nuclei Bi and Pb (Fig. 8). For
nuclei with Z<83, the photofission reaction threshold lies
above the giant dipole resonance, and this to a large degree
determines the higher accuracy of the measurements despite
the relatively small cross sections in this region of energies.

Energy Dependence of Photofission Cross Sections

The cross sections o,(E, ) have been calculated from
the yield curves for nuclei with Z>90 by various authors,
mainly for the nucleus **U (Refs. 30-36); see Fig. 9. Almost
all solutions have a resonance nature (Refs. 30, 31, and 33—
36); in Refs. 30 and 33-36, two maxima were found, at
E, =300 and 600 MeV; only in Ref. 32 is the cross section
constant.

In the recently published paper of Ref. 11 the 2**U pho-
tofission cross section was determined using a beam of quasi-
monoenergetic photons produced by passing electrons
through a diamond single crystal. These data are also shown
in Fig. 9. The energy dependence of the cross section hardly
differs from that of the majority of curves obtained with a
bremsstrahlung beam, and the absolute values of the cross
sections also agree on the average.

The least studied region of energies in nuclear photofis-
sion is the region from about 20 MeV to the pion-production
threshold. Some points with fairly large errors were obtained
for ' Am and ***Am (Fig. 10) in Refs. 8 and 28, Figure 10
also shows the data of measurements of the total photoab-
sorption cross sections for lead,'® obtained using quasimon-
oenergetic photons with a correction for NA /Z in accor-
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FIG. 8. The photofission yield for Bi and Pb. The open circles are the data
from Ref. 60, and the black circles from Ref. 59.
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BE,, GeV

FIG. 9. The ***U photofission cross section as a function of the photon
energy. The black circles are the data from Ref. 11, the open triangles from
Ref. 32, and the open circles represent a calculation in accordance with
the cascade model." (Literature sources are indicated by square brackets.)

dance with the sum rule. It is only at energies below 20 MeV,
in the region of the giant dipole resonance, that the photofis-
sion cross section o, and total photoabsorption cross sec-
tion oy, can be regarded as known with sufficiently good
accuracy. The most reliable data were obtained using beams
of quasimonoenergetic photons for ***U and *’Np in Ref. 42
and for ***U and *°Pu in Ref. 43 (Fig. 11).

The experimentally observed energy dependence of the
photofission cross sections from 10 to 1000 MeV can be qual-
itatively explained in the framework of the currently adopt-
ed ideas about the mechanism of photon interaction with
nuclei and nuclear fission. Figure 12 shows the curves of o,
and o for **U calculated in accordance with these ideas (see
below).

In the region of the giant dipole resonance, the cross
section ¢_; can be represented as the sum of two Lorentz
curves:

— [

— 9 i
Oys = DOyor = Dy 0 —ob 2 + C—w? 43
Cmhe (P
I m.I‘” m{‘i

(16)
Here, » and o, are the frequencies, o and o, the ampli-
tudes, and I' | and I', the half-widths of the longitudinal and
transverse resonances, and D is the fissility of the nucleus.
Relations of the type (16), which are confirmed experimen-
tally for a wide range of nuclei, follow from almost all the

existing models of the giant dipole resonance and have a
common nature.*
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FIG. 10. Photofission cross sections averaged for the 2*!Am and 2*Am
nuclei.®?® The thin vertical lines show the cross sections of total photoab-
sorption obtained in Ref. 10 for Pb, multiplied by (NZ /A4 ) /(NZ /A4 Jpy;
the continuous curve is calculated in accordance with the quasideuteron
model; the broken curve with allowance for the Pauli principle; and the
chain curve shows the tail of the E 1 giant resonance [calculation in accor-
dance with Eq. (16)].
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FIG. 11. Cross sections for total absorption of photons by nulcei: 1) 2°U;
2) U (Ref. 42); 3) ™*U (Ref. 43); 4) 'Np (Ref. 42); 5) °Pu (Ref, 43).

The cross sections corresponding to the absorption of
photons with multipolarity higher than E 1 make up a small
part of the total cross section (~3%) and therefore can be
effectively ignored. Some data on the quadrupole compo-
nent obtained by analyzing the electrofission cross sections
are discussed below.

In the region of energies up to the meson-production
threshold, beginning with E, ~ 50 MeV, the photoabsorp-
tion cross sections can be satisfactorily described by means
of the modified model of Levinger* [quasideuteron (gd )
mechanism of photoabsorption]:

Ot = qu=L¥Uwe_S’EV, (17)
where L, the Levinger constant, is calculated in Refs. 46 and
47 (L ~10 for 4 ~240); o, is the photodisintegration cross
section of the free deuteron*®; and § = 60 MeV is a param-
eter introduced to take into account the suppression of the
cross section in accordance with the Pauli principle at low
momentum transfers (below the Fermi limit). Allowance for
the Pauli principle has the consequence that the cross section
is transformed from a rapidly decreasing exponential into a
nearly constant cross section equal approximately to 30 mb
(see Fig. 10).

Recently, good agreement between the calculations of
o, and experiments was obtained by Laget (Ref. 1, p. 275)

on the basis of a model that takes into account the exchange

o, mb
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o
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/
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7 17 199 1000
E,, MeV

4
=1 1 11l

FIG. 12. Energy dependence of the total hadron cross section for photoab-
sorption for ***U (continuous curve) and of the photofission cross section
(broken curve), calculated in accordance with Egs. (16)—{(18).
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FIG. 13. Total hadron photoabsorption cross section o, (Ref. 49), multi-
plied by A = 241 (points) and averaged over the momentum distribution of
the nucleons in the nucleus (continuous curve). The broken curve is the
cross section calculated in accordance with the quasideuteron model.

part of the cross section o, . The constant L, determined by
comparison of theory and experiment, was found to be
L =11 4 2 for both light and heavy nuclei. Closer examina-
tion of the question of the value of L {4 ) is obviously of great
interest from both the theoretical and experimental points of
view.

At energies above the meson-production threshold, the
cross section g, is usually taken equal to the sum of the
cross sections of pion photoproduction on the nucleons of
the nucleus (averaged over the momentum distribution of
the nucleons in the nucleus):

(18)

Figure 13 shows the experimental points of Ref. 49, through
which the smoothed curve 47, is drawn. the broken curve
also shows the cross section o, calculated using the quasi-
deuteron mode.**

A dependence of the photofission cross sections on the
photon energy similar to the one shown in Fig. 12 also holds
for other nuclei, except that for nuclei with Z<83 the peak
corresponding to fission at the giant dipole resonance is ab-
sent. The continuous curve in Fig. 14 for the >*°Bi nucleus is
obtained in accordance with the relation (3) with average
(over the complete given energy interval) fissility D, = 0.11.

Gyor = Ao, .

Fissilities and Absolute Values of the Cross Sections

Whereas the shape of the curves of the photoabsorption
cross sections and the similar photofission cross sections (for

LA

o.r,mbl llgllll! T

ol !

a1 as 1
E,, GeV
FIG. 14. Photofission cross section for bismuth nuclei. The points are

obtained by solving Eq. (3) using the yields given in Ref. 36. The curve is
explained in the text.
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heavy nuclei) can be satisfactorily described in a wide range
of energies—from the fission threshold to 1000 MeV—the
dependence of the fissility on the excitation energy has been
well studied only in the region of E 1 giant resonance. It has
been shown that for a number of nuclei with Z>90 the fissili-
ties can be well described by
r r T;
Df:r,,-ir,"’ rnfr, 1‘,14:1*;, Tewni

(19)

where the ratio of the neutron, I',,, and fission, I'",, widths
(I, ¢ and I'; ; are the widths for the initial nucleus and for
the nucleus formed after neutron emission) remains constant
to excitation energies of order 40 MeV.>® The fissilities in-
crease by jumps as the excitation energy exceeds the energy
of binding of the neutron to the residual nucleus. In the case
of transuranium nuclei, which have a high initial fissility [for
E, below the threshold of the (y, rf) reaction] already when
E, >20MeV, i.e., after emission of two or three neutrons, the
fissilities becomes effectively equal to unity, but for 2**U
(I';/I", + I'; ~0.20) and for nuclei with even smaller Z 2/4
they continue to increase weakly. At energies £, > 100
MeV, fission is preceded by an intranuclear cascade and the
statistical model [Eq. (19)] becomes invalid.

Calculations of the mean excitation energies in accor-
dance with the cascade model were made in Refs. 51 and 52.
In accordance with these calculations, the average numbers
of cascade neutrons (4n, ~3) and protons (4n, ~1.5) de-
pend weakly on the y energy in the angle 100 <E, <1000
MeV for nuclei with Z>90. Experimentally, the influence of
the intranuclear cascade on the fission process has been little
studied. It is probable that in the case of nuclei with a low
fission barrier the emission of a small number of cascade
protons hardly affects the fissibility, and it remains close to
unity. For ***U, ***Th, and lighter nuclei the emission of
even one proton may appreciably reduce the fissility. Experi-
mental data on the fissility of nuclei with Z>90 at intermedi-
ate energies are given in Ref. 40 (for ***U, *"Np, and *°Pu,
**'Am, and **Am) (see also the reviews of Refs. 2-4).

Assuming that the photofission cross sections of the nu-
clei **' Am and ***Am are equal to the total photoabsorption
cross sections in the region of energies above the pion-pro-
duction threshold, Vinogradov ez al.® obtained an unexpect-
ed result, namely, o, exceeds by a factor of approximately
1.5 the sum of the cross sections of pion photoproduction on
nucleons (47,, ). (The error in the measurement of the inte-
grated cross section was about 15%). Other data on the total
photoabsorption cross sections for heavy nuclei in this re-
gion of energies are as yet unavailable.

It should be noted that the adopted values o,,, = 47,
are undoubtedly only an estimate, since they ignore interfer-
ence effects, nucleon correlation at short distances, etc.,
which may begin to play an important part on the transition
to heavy nuclei. It is possible that part of the quasideuteron
cross section o, or the disintegration cross section of hea-
vier clusters is added to the total cross section. The question
of the contribution of fragmentation to the photodisintegra-
tion cross section of heavy nuclei remains open.

The experimental data on o, for lighter nuclei are also
quite insufficient. According to Ref. 53, the values of Oy In
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FIG. 15. The quantity 4 = (4 o, + Co,,/40,,) — 1 calculated in accor-
dance with a model that takes into account the contribution of meson
exchange currents.* The continuous line corresponds to C~ A 2, and the
broken line to C~A. The experimental data are taken from Ref. 53 (black
circles) and Ref. 8 (cross).

the region of the P, resonance for Al, Ni, Mo, and W nuclei
exceed by 30% the theoretical values. These data were ob-
tained from electron-scattering experiments by extrapolat-
ing the measured inelastic-scattering cross section to the
zero point as a function of the momentum transfer,
0., g°—0), and also need to be determined more accurate-
ly. The data obtained for the lightest nuclei (Li, Be) show that
O 18 ~80% of A7, (see, for example, the papers of Arends
et al. in Ref. 1).

As was noted in Ref. 54, the increase in the total pho-
toabsorption cross section in the region of the baryon reson-
ances could be due to the contribution of meson exchange
currents. For E, above the pion-production threshold, the
total cross section may contain besides the term Ao, acor-
rection Ca@,, , where C characterizes the number of pions in
the nucleus, and @, is the cross section for total absorption
of photons by nuclear pions, averaged over the momentum
distribution of the pions in the nucleus. If it is assumed that
the number of exchange pions is proportional to the number
of nucleon pairs in the nucleus [C = 4 (4 — 1)/2], then even
at comparatively small 7., ~ 0.017,, the exchange currents
may make a contribution of ~50% for heavy nuclei (Fig.
15). The clarification of this question both experimentally
and theoretically is important for understanding the interac-
tion of photons with nuclei at energies corresponding to the
baryon resonances.

Study of the fissility of heavy and moderately heavy
nuclei as a function of Z 2/ 4 is of great interest. This is due to
the paper of Nix and Sassi,>® who predicted a minimum of
the fissility as a function of Z */4 in the region of A ~ 108, and
to the experimental discovery of an anomaly in this depen-
dence for rare-earth nuclei.®*’ From the methodological
point of view, measurement of the fissilities of nuclei with
Z<83, which have small photofission cross sections, is rath-
er difficult.

The experimental data so far obtained are shown in part
in Fig. 16, from which it can be noted that the fissilities ob-
tained in experiments with photons, protons, and & particles
in the region Z*/A>25 are approximately the same but for
Z*/A4 <25 differ rather strongly.

Analyzing the method used to determine the photofis-
sion yield, it is easy to note some deficiencies. First, in the
experiments of Refs. 58 and 59 thick targets were used, the
thickness exceeding the range of the fragments. The detec-
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FIG. 16. Fissility as a function of the parameter Z 2/4, measured in experi-
ments with photons (black circles, Ref. 30), protons (open circles, Ref. 56),
and a particles (plus signs, open squares, and black squares, from Refs. 61
and 62).

tors, glass in the given case, were placed right next to the
surface of the target and, therefore, were irradiated by the
beam. With decreasing mass of the fissioning nucleus, the
photofission cross section and the fragment energy decrease.
In this situation it becomes possible to detect not only frag-
ments but other products of the nuclear reaction—recoil nu-
clei, nuclear fragments, and so forth. Therefore, the exis-
tence of a minimum in the Z?/4 dependence of the fissility
cannot be regarded as proved.

We now turn to the region of the rare-earth nuclei (Z %/
A = 25-28). In Refs. 56 and 57, an irregularity was found in
the dependence of the fissility on Z ?/4, this taking the form
of a large value of the fission cross section of the heavy rare-
earth elements compared with the predictions of the liquid-
drop and cascade-evaporation model. The anomaly in the
fission of the rare-earth nuclei is evidently a reflection of the
irregularity in the fission barriers due to the deformation of
these nuclei, i.e., ultimately shell effects, which must be tak-
en into account correctly in calculations.

Thus, intheinvestigation of the Z 2/4 dependence of the
fissility there are two unresolved problems: the existence of
an anomaly in the region of the rare earths (in Refs. 58 and
59, this anomaly was not noted) and the increase in the fissi-
lity with decreasing Z 2/4 for nuclei lighter than silver. Itis
here necessary to make additional and more careful investi-
gations.

Hitherto, we have assumed that at intermediate ener-
gies the fissility does not depend on the photon energy and
we have given averaged valued. The determination of this
dependence is hindered by the absence of reliable data on the
total cross sections of nuclear photoabsorption and on the
photofission cross sections. In recent experiments with qua-
simonoenergetic photons obtained using a diamond crystal
the dependence of the fissility on the photon energy was
measured for the **U nucleus,'* and it was shown that there
is a weak growth of the fissility with increasing photon ener-

gY-

4. RELATIONSHIP BETWEEN THE CROSS SECTIONS OF
PHOTOFISSION AND ELECTROFISSION

The yield of a photonuclear reaction from a target bom-
barded with electrons can be represented as the sum of the
contributions of the electro- and photonuclear reactions:
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FIG. 17. Ratio of the photofission yield to the electrofission cross sections
for the 2**U nucleus. The experimental data are taken from Ref. 30 (open
circles) and Ref. 60 (black circles). The continuous curve is calculated in
accordance with the expression (22); the broken curve, in accordance with
Helm’s generalized model with allowance for the nuclear structure.?®?”

Y (E., At) = O + Ug At;
Ak = }

g (20)

Here, At is the electron bremsstrahlung mean freepath ex-
pressed in radiation units, and r,y is the number of equiva-
lent photons [Eq. (20) is valid if the bremsstrahlung path is
short compared with the radiation unit (4z<1)].

Usually, the contributions of the photo-and electronu-
clear reactions are separated by measuring the reaction yield
as a function of the thickness of the radiator. In the simplest
case, two measurements are sufficient—one with and one
without the radiator. Then

9 Y7,

0 ALY, ?

(21)

where Y, is the reaction yield with the radiator, and ¥, is the
yield without it. In (20), the thickness of the target is ignored
for simplicity.

Figure 17 represents the available experimental data on
the energy dependence of oy ¢/0, ¢ for the uranium fission
reaction. It can be seen that the ratio og¢/0.¢ decreases
slowly with increasing electron energy from 75 at E, = 20
MeV to 35 at E, = 300 MeV. The two upper curves in Fig.
17 were obtained by calculation in accordance with Eqs. (2)
and (3); the continuous curve was obtained in accordance
with the spectrum N, (E,, E,) calculated in the PWBA
without allowance for the nuclear structure, and the broken
curve was obtained in accordance with Helm’s generalized
model (for E 1 excitation of the nucleus). We should also
mention the dependence most frequently used to express the
connection between the photofission and electrofission cross
sections® (the chain curve in Fig. 17):

9q; T s 1
oo 2elnEg/m, ’ =

22
137 * 22)
This is obtained under the assumption of the E 1 photoab-
sorption mechanism and under the condition that the effec-
tive ¥ energy satisfies

§ Eyoyy(Ey) N (Ee, Ey) dEy/Ey

: 23
[ 0v7 (Bx) N (Be, Ev) dEy/Ey (23)

B3P0 — & By

The last condition means that the contribution to the mea-
sured yield is determined mainly by processes with low ener-
gy transfer compared with the initial electron energy.
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5. RATIO OF CROSS SECTIONS OF ELECTRON- AND
POSITRON-INDUCED FISSION

Measurement of the ratio of the cross sections for fis-
sion induced by electrons (o ~) and by positrons (o) is one of
the main experimental ways of testing the virtual-photon
method. Figure 18 shows the values of o~ /o obtained for
the uranium and thorium fission reactions.**” For E, > 100
MeV, the ratio o~ /0" is near unity, which confirms the
conclusion drawn earlier that the influence of Coulomb ef-
fects on the electron-nucleus interaction process becomes
slight as the energy increases.

It can also be seen from Fig. 18 that the dependence o/
o™ is periodic, as was pointed out in Ref. 64. The oscillations
with period of about 8 MeV were explained as follows. Since
the ratio ¢~ /o* depends on the multipolarity of the excita-
tion, and o(E 2) > o(E 1), the oscillations indicate that with
increasing energy of the electron (or positron) the relation-
ship between the contributions of the £ 1 and E 2 excitations
to the fission changes periodically. In the general case, the
E 1 transition is predominant, but at low excitation energies
the quadrupole transition may be predominant. This can
happen if the low probability of E 2 excitation is compensat-
ed by a higher probability of fission through the 27 fission
barrier, which is lower than the 1~ barrier. The nucleus may
have a low excitation energy not only near the fission thresh-
old but also at the points corresponding to the evaporation of
one, two, etc., neutrons.

It can be seen from Fig. 18 that on the average the 0~/
o ratios are well described by the DWBA calculation. This
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FIG. 18. Ratio of electron- and positron-induced fission cross sections for
232Th and **U nuclei.”
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FIG. 19. Dependence of o~ /o on the charge of the nucleus: open circles
from Ref. 66, open squares from Ref. 67, and black circles from Ref. 68.

theory also gives a good description of the experimental data
on the dependence of 0~ /o on the nuclear charge (Fig. 19).

6. ELECTROFISSION CROSS SECTION

The energy dependence of the electrofission cross sec-
tions is close to the dependence of the yield of the photofis-
sion reaction on the maximal energy of the bremsstrahlung
spectrum [in the first approximation, it differs by the loga-
rithmic factor (7/2a) In(E, /m. ) (22)].

At low energies, detailed investigations of o,, were
made by Arrudo Neto et al.°®"® Figure 20 shows the 238U
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FIG. 20. Electrofission cross section for the ***U nucleus (the curve is the
calculation of o' in accordance with Eq. (2)) (a) and 052 = =P — !
(Ref. 70) (b).
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FIG. 21. THE ***U photofission cross section in the region of the isoscalar
quadrupole resonance.”

electrofission cross section and the difference between the
measured experimental points and the calculated curve:

oef (Eg) = 0%f* —opi', (24)

The cross section o5 was calculated in accordance with Eq.
(3), and the photofission cross sections corresponding to E 1
photoabsorption were taken from Ref. 42; the virtual-pho-
ton spectra were calculated by the DWBA.

Analysis of the electrofission cross-section curve shown
in Fig. 20 made it possible to determine o* (Fig. 21). Similar
results were obtained for >**U and 226U. Table I gives data on
the properties of the isoscalar quadrupole resonance ob-
tained from reactions with & particles’! and °Li nuclei,”* and
also average data on the fissilities of these nuclei, taken from
Ref. 50. Note the discrepancy between the fissility data ob-
tained in experiments with electrons and with strongly inter-
acting particles. It was asserted in Refs. 69 and 70 that in the
case of E 2 excitation the fissility is higher than in the case of
E 1 (see Table I).

To confirm their experimental data, Arruda Neto et al.
made additional experiments at Stanford,®® in which they
measured coincidences of scattered electrons with fission
fragments and, thus, determined the nuclear-excitation en-
ergy. The measurements were made with incident electrons
of energies 80.1 and 117.7 MeV at scattering angles 40° and
emission angles 0-180° of the fragments (Fig. 22). The results
of these measurements confirmed the data obtained earlier
for 2**U (Fig. 23).°

However, subsequently published preliminary results
of new measurements made at Stanford by other authors™
using a similar method (with detection of coincidences
between fission fragments and scattered electrons) gave a

TABLE I. Data on the isoscalar quadrupole resonance obtained in differ-
ent nuclear reactions for nuclei with Z>92.

probability near 16% for decay of the isoscalar quardrupole
resonance for the Z*®U nucleus. It should be mentioned that
the authors of Ref. 74 do not yet regard their data as defini-
tive.

Recently published data™ contradict the results of the
Brazilian group. As can be seen in Fig. 24, which is taken
from Ref. 75, the results of this work give no grounds for
drawing a conclusion about the contribution of the E 2 reso-
nance to ***U photo- and electrofission. Thus, the problem
of the accuracy of the measurements of the absolute values of
o, remains the main problem, and new experiments are
needed to study the contribution of the E 2 excitation to elec-
trofission.

It should be noted that an increase in the fissility of the
28] nucleus in the region of the E 2 resonance was observed
in reactions induced by ¢ mesons.” In case this the nucleus
is excited mainly by a muon transition between the 3p and 1s
shells, the energy of the photon captured by the nucleus in
the nonradiative process being 9.44 MeV. The presence of
the muon in a nuclear orbit strongly changes the fission bar-
rier, and therefore the data obtained in electron and muon
reactions can be compared only qualitatively. It is interest-
ing to note that the statistical model gives a different depen-
dence of the ratio of the neutron and fission widths for E 1
and E 2 excitations on the excitation energy.”®°

The data” on the electrofission cross sections at ener-
gies from 20 to 120 MeV give information about the integrat-
ed cross sections o' dE, and o, dE, (Fig. 25). In esti-
mating the integrated cross sections, it was assumed that the
E 2 resonances are concentrated at E, ~9 and 22 MeV.

The electrofission cross sections of 2*2Th, U, U,
238, 2¥Np, #°Pu, **' Am, and ?**Am at energies above 100
MeV were measured in Refs. 78 and 79. Data for some of
these nuclei are given in Fig. 26. It can be seen that for all the
transuranium nuclei the cross sections are equal to within
the errors.

Comparing the results of the measurements of o, for
2331J obtained by different authors, we conclude (Fig. 27)
that is the data of Ref. 7, obtained in 1969, are ignored, the
uncertainty in the absolute value of the cross sections is
about + 10%, which is much better than for the investiga-
tions made using the bremsstrahlung beam (see Fig. 9).

r .

Reaction Nucleus | E,,MeV | AE Mev | D=2 iy

; ? tot pa

(e, f) 2347 8.240.4 | 4,841,0 |0.7040.15 | [65]
(e, ) 288 894604 | 4.7+1,0 | 0.6030.10 | [69]
{e. D 2387] 8.340,4 | 5,021.0 |0,402-0.10 | [70]
(e, e'f) 238]] 9,5 0.16 [74])
{a, a'f) 2387 11 4+0,5 0,10 [71]
(°Li, Lif) 287 10,5 7 0,20 72]
(e, &'f) 238y 10,6 2.240,2 | 0.253:0,10 | 172]
{e, f) 2387 No resonance [75]

* Cpepusa penumocts Dy=0,41, 0,34, 0,20 pas smep 24U, 2300 y 2387 coor-

BeTcTBeHHO [50].
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FIG. 22. Spectra of coincidences of the products of the
#2U(e, e'f ) reaction measured at scattering angle §, = 40°
and electron energy E, = 80.1 MeV (a) and E, = 117.7
MeV (b). The continuous curves show the contribution of
the E 1 giant resonance; £ » isthe energy transferred to the
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FIG. 23. Photofission cross sections o’ obtained from the experiments of
Ref. 65 for **U (¢, f the broken curve, and e, ¢'f the points).
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FIG. 24. Electrofission cross sections measured in different studies for the
38U nucleus. (References are indicated in square brackets.)
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nucleus by the virtual photon.

The results of the calculation of o,  shown in Fig. 28 by
the continuous curves were obtained using Eq. (3). Separate-
ly shown are the contributions of the E 1 and E 2 resonances
(in accordance with the cross sections of Refs. 42 and 70,
respectively), and also the contributions from quasideuteron
photoabsorption [0% = 10(NZ /4 )o..¢ ~*™ (see Fig. 10)]
and pion photoproduction on nucleons of the nucleus
oy = Ad,, (see Fig. 13). The spectra N;; were calculated in
accordance with (7) in the PWBA without allowance for the
nuclear size. In the calculation it was assumed that the quasi-
deuteron interaction and the photoproduction are due to E 1
absorption. Therefore, the error in the calculations should
not exceed 15%.

The calculated curves give a basically good description
of the relative dependence of the experimental data, but in
absolute magnitude the experimental points lie somewhat
higher than the calculated curves at all energies from 100 to
1000 MeV. This can be regarded as an indication that the
photofission cross sections used in the calculation are some-
what too small. For comparison, in Fig. 28 we show calculat-
ed curves in which o7; = 45,, were replaced by values 1.5
times larger. However, the insufficient accuracy of the ex-
perimental data, as well as the ambiguity in the calculation
of the virtual-photon spectra make it impossible to draw a
definitive conclusion.

Calculations made with allowance for the nuclear size
(R = Ryd %) in Ref. 28 showed that the introduction of a
form factor merely increases the discrepancy between theory
and experiment. Figure 29 shows the calculated curves for
the nucleus **’Np (for the remaining nuclei, they are basical-
ly similar), in which o' and o were obtained by integra-
tion over the spectra N, and Ny, calculated in accordance
with (11) and (12). The spectra corresponding to the quasi-
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FIG. 25. Electrofission cross sections in accordance with the data of Ref,
77.
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FIG. 26. Electrofission cross sections of the transuranium
nuclei "Np (open squares), **’Pu (open triangles), ***Am
(black circles), and ***U {open circles).”®

190 200 700
deuteron mechanism of photoabsorption (N, ) and photo-
production (¥, ) were taken without allowance for a form
factor in this case too.

In Ref. 28, an attempt was made to explain at least part-
ly the discrepancy between the theory and experiment as due
to the contribution from quasielectric scattering. If it is as-
sumed that the energy E,y transferred to the proton in the
quasielectric scattering is used entirely on excitation of the
nucleus, then beginning with energies Egz > B/ is the fission
barrier, the nucleus can fission and beginning with energies
Eyr>8 MeV the fission probability becomes appreciable.
Therefore, it is possible to estimate an upper limit on the
electrofission cross section due to quasielectric scattering:

da

off . =2nZ f (22-)  sin@4do, (25)
<]

dQ
mn
where Z is the charge of the nucleus, (do/df2 ) is the cross
section of electron scattering on hydrogen, € is the scattering
angle, 8., is the angle determined from the condition
¢* = 2Eyg /m,,, where Eor = 8 MeV, and m,, is the nucleon
mass. The cross section of quasielastic electron-neutron
scattering is small and can be ignored. The estimates of 0%*
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FIG. 27. Comparison of data on **U electrofission cross sections ob-
tained in Ref. 6 (crosses), Ref. 7 (open diamonds), Ref. 28 (black circles),
Ref. 77 (open squares), and Ref. 78 (black diamonds)at intermediate ener-
gies.
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in accordance with (25) give a value of about 1 mb for the
region E, = 100-1000 MeV. However, this is a strong over-
estimate, since it does not take into account the Pauli princi-
ple as in the modified quasideuteron model.** In contrast to
free nucleons, nucleons in a nucleus cannot acquire an ener-
gy below the Fermi limit, and therefore E,; should be not 8
MeV but about 35 MeV, which decreases 0%” by about four
times. Thus the question of the electrofission cross sections
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FIG. 28. Comparison of experimental o, values for ***U, **"Np, Py,
and *Am with calculations: 1) o,=0%" 2) oo =0, +05% 3)
oy =05+ 0% 4) 0, = 03+ 0%; 5) 05 = g, + 0.507.
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FIG. 29. The ®'Np electrofission cross section calculated with allowance
for the nuclear structure (broken curve) and compared with experimental
data (open circles).”® The continuous curve is the calculation without
allowance for the form factor (the same as curve 4 in Fig. 28).

at intermediate energies remains open from both the experi-
mental and the theoretical point of view,

7. PHOTO- AND ELECTROFISSION CROSS SECTIONS OF
NUCLEI WITH Z<83 NEAR THE THRESHOLD

Study of the fission near the threshold gives informa-
tion about the barrier, the density of levels at the saddle
point, and the photon-nucleus interaction mechanism. For
nuclei with Z< 83, data on fission near the threshold are very
sparse. This is mainly due to the very small cross section in
this region of energies. Thus, for bismuth in the interval of
E, ... from 140 to 40 MeV the photofission yield decreases
by seven orders of magnitude, as can be seen in Fig. 30.

Advance into the region of small cross sections was
made possible by solid-state track detectors. Data have been
obtained for the nuclei of gold,** bismuth,®' ledd isotopes,*
and tungsten.®?

In the overwhelming majority of cases, the near-thresh-
old fission experiments were made directly in the electron
beam, since in this case the highest (compared with photons)
density of events is achieved. Figure 31 shows the electrofis-
sion cross sections of the lead isotopes as functions of the
electron energy.®” Note the presence of the resonances in the
cross section at E,,_ ~ 35 MeV for the 2°Pb and 2°’Pb nuclei
but the absence of such a resonance of >°*Pb. The nature of
these resonances cannot be explained in the framework of
the existing models, and therefore further experimental in-
vestigations are needed in this direction. Analysis of the ex-
perimental data on the basis of the evaporation model give
fission barriers of 26.0 + 0.5, 26.2 + 0.5, and 27.7 = 0.5
MeV for the nuclei *°Pb, **’Pb, and *°*Pb, respectively.
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FIG. 30 Photofission yield for the bismuth nucleus (references are indicat-
ed in square brackets).
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FIG. 31. Electrofission cross sections for 2°Pb, 27Pb, and 2°%P, 2

It should be noted that the use of photons or electrons as
bombarding particles has, as noted above, definite advan-
tages in the study of below-barrier fission over heavy parti-
cles, which introduce a large orbital angular momentum into
the nucleus.

8. ANGULAR DISTRIBUTIONS OF THE FRAGMENTS OF
PHOTO- AND ELECTROFISSION

The angular distributions of the fragments of photo-
and electrofission are anisotropic at low energies, when the
number of fission channels is limited and the probability of
emission of the fragments at a definite an gle is determined by
the orbital angular momentum introduced into the nucleus.
Figure 32 gives the results of Ref. 84 at E, =6 MeV, which
show that in the case of 2*U electrofission the contribution
of the quadrupole component is appreciably higher than in
photofission. The dependence of the coefficient C (E2)in the
expansion of the angular-distribution function

F (8) =a+ bsin®@ 4+ C sin? 20 (26)

is shown in Fig. 33. This coefficient characterizes the frac-
tion of the quadruple excitations in the nuclei. Note the good
agreement between the DWBA calculations and the experi-
mental data: CP"PA/C™P =0.94 4+ 0.14 for U and
1.07 4 0.04 for ***U.

Estimates of the contribution of the quadrupole (isosca-
lar) component to the electrofission cross section of transur-
anium nuclei on the basis of an analysis of the angular distri-
butions were made in Ref. 83. It was shown that for 2*2Th
this contribution remains appreciable (about 10%) in the re-

a L I L |
20 40 606y, deg

FIG. 32. Angular distribution of the fragments of photo- and electrofis-
sion of 25U at E, = 6 MeV.%*
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gion of energies 5.5-7.0 MeV, which lie appreciably lower
than the maximum of the E 2 resonance.

At energies above 12 MeV up to 2 GeV the angular
distributions of the fragments of photo- and electrofission of
heavy nuclei (Z3>90) are isotropic to within the errors of the
measurements (about 2-3%), but for moderately heavy nu-
clei at intermediate energies there is a weak anisotropy due
to the motion velocity of the fissioning nucleus.®**® If the
angular distribution of the fragments in the system attached
to the nucleus is isotropic, then in the laboratory system it
takes the form

2~ 142 c0s 0, (27)
where Vis the velocity of the fragment in the frame attached
to the nucleus, and v is the velocity of the nucleus before
fission.

Figure 34 shows the angular distribution of the photo-
fission fragments of the bismuth nucleus.®® It can be seen
that there is a directionality of the forward distribution, the
anisotropy coefficient being about 0.1 and weakly dependent
onE, . inthe range 1 — 1.5 GeV.

If one fragment is detected, the velocity of the fissioning
nucleus is determined as an averaged quantity over many
fission events. If both fragments are detected in coincidence,
this velocity can be determined for each event separately. It
follows from the coincidence measurements of Ref. 87 that
the emission angle of the fragments is less than 180°, which
indicates that the nucleus has a certain velocity before fis-
sion.

The angular distributions of the clectrofission frag-
ments of nuclei with Z»>90 at E, >50 MeV are, as in the case
of photofission, isotropic.®®
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FIG. 34. Angular distribution of the photofission fragments of bismuth

nuclei.®®
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FIG. 33. The coeflicient Cin the angular distribution F (&)
as a function of the electron energy for the *“U nucleus.®

9. DISTRIBUTIONS OF THE MASSES AND KINETIC
ENERGIES OF THE FRAGMENTS

Study of the mass and kinetic-energy distributions of
the fragments gives more detailed information about the fis-
sion mechanism. With regard to photo- and electrofission,
this means above all the possibility of establishing the pro-
portion of E 1 and E 2 excitations in the nuclei. The main
results in this direction in the region of intermediate energies
were obained by Shotter®* and Aschenbach et al.°! In the
first investigation, the fragments were detected by semicon-
ductor surface-barrier detectors, and in the second by dielec-
tric track detectors, the dependence of the track diameter on
the fragment mass being used. Figure 35 shows the depen-
dence of the relative number of counts on the track diameter
for 2**U. The resolution AM was about 2.5 amu. The mass
distribution is characterized by a two-hump distribution, the
magnitude of the dip decreasing with increasing electron en-
ergy because of the increase in the contribution to the fission
of the symmetric component. Similar distributions are ob-
served in different reactions for the majority of heavy nulei
with Z>90.%°

The fragment mass distributions of electron- and pho-
ton-induced fission were compared in Refs. 89 and 90. Fig-
ure 36 shows the ratio of the yields of symmetic and asymme-
tric fission Y, /Y., fOr the reactions ***Ule, ¢'f), ***Ule,
e'f), and ***U(y, f) measured in the electron-energy range
E, = 20-120MeV. In this case, the energy of the upper limit
of the bremsstrablung spectrum, E, ., = E, — m,, was ef-
fectively equal to E, . It can be seen that the contribution of
the symmetric component for 238U in the case of electrofis-
sion is higher than in the photofission of the same nucleus.
This result was interpreted qualitatively in Ref. 89 as a mani-
festation of a dependence of Y, /Y., on the mean excita-
tion energy of the nucleus, which according to the obtained
data must be higher in the case of electrons than for photons.
Since in photofission the nucleus is excited predominantly,
as was noted above, by the giant dipole resonance, the ob-
tained data may mean that in electrofission an important
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FIG. 35. Distribution of the >*®U electrofission fragment masses at elec-
tron energy E, = 13 MeV (open circles) and 60 MeV (plus signs).”!
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FIG. 36. Ratio of the fragment yields of symmetric and asymmetric fission
from the reactions: 1) **Ule, f); 2) 2*Ule, f); 3) 25Uy, f) (Refs. 89 and 90).

part is played by excitations at higher energies, for example,
an isovector E 2 resonance. At the same time, it should be
noted that the virtual photon spectrum falls off more rapidly
with increasing energy than the bremsstrahlung spectrum
(see Figs. 2-3), so that if the absorption cross sections for
bremsstrahlung and virtual photons are due solely to £ 1 in-
teraction the mean excitation energy in the first case (for
irradiation by bremsstrahlung photons) must be higher. This
contradicts the dependence shown in Fig. 36. Obviously, it
would be very interesting not only to make the experimental
data mentioned above more accurate but also to obtain simi-
lar results for a greater number of nuclei.

From Fig. 36 it can also be seen that the contribution of
the symmetric component for 2*°U is higher than for 238U,
This result agrees with the data obtained in other nuclear
rections and confirms the well-known ideas about the part
played by shell effects in the formation of the fission frag-
ments.>°

If we consider the distribution of the average kinetic
energics (E;,) of the fission fragments, a difference in the
data due to the type of excitation (electron or photon) is also
manifested in the experiments,®® although it lies mainly
within the errors of the measurements (Fig. 37). Figure 37
shows the dependences of ., and of the distribution width
AE , on the mass of the heavy fragment for the nuclei 2°°Bi,
?32Th, and ***U, measured at E, = 120 MeV, in comparison
with the data obtained using a bremsstrahlung beam with
E ax = 600 MeV.%%*? It can be seen that E,,, for 2**Th and
8U is 10 MeV higher in the case of electrofission than for
photofission. The comparison is rather qualitative because
of the large difference between E, and E oz, Dut it is justi-
fied, since the main contribution at these energies is, as was
noted above, made by collective excitations (giant reson-
ances), which lie at low energies. Moreover, to a higher value
Of E, .., there corresponds a larger value of the average exci-
tation energy of the nucleus and an increase in the contribu-
tion of symmetric fission. In the experiment, as in the case of
the measurement of the mass distributions, the opposite de-
pendence is observed.

The dependence of E;, on the mass of the heavy frag-
ment for **°U and ***U at E, = 30, 50, and 115 MeV is
shown in Fig. 38. The broken curve is calculated using the
liquid-drop model. Thse data are obtained under the as-
sumption that the mass distributions can be approximated
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FIG. 37. Dependence of E,,, and AE, onthe heavy-fragment mass in
*°Bi, 2**Th, and 2**U fission. The open circles are for the {7, f) reaction,
and the crosses for the (e, f) reaction.

by two Gaussian curves corresponding to symmetric and
asymmetric fission.®

On the basis of the few available data it can be conclud-
ed that the most interesting question is that of the mecha-
nism that increases the contribution of the symmetric com-
ponent in the electrofission of nuclei with Z>90. It is as yet
not possible to say whether this is 2 mechanism with excita-
tion of E 2 resonances or whether it has a different nature.
For this, new experimental data are above all needed.

10. FUTURE EXPERIMENTS

The main features of photon- and electron-induced fis-
sion at intermediate energies have now been clarified. The
main method used to analyze data on electrofission cross
sections is still the virtual-photon method. Further progress
in the study of fission will be governed by increasing accura-
cy of the experiments and, to no lesser degree, by the quality
of the theory. The most effective ways of raisin g theaccuracy
will be to use quasimonoenergetic photons and tagged pho-
tons, and to perform correlation electrofission experiments
with detection of the inelastically scattered electrons and the
fission fragments.

Among the promising problems for the next yearsin the
investigation of photo- and electrofission are the study of the
total cross sections for photoaborption of real and virtual
photons in nuclei.

An important direction is still the investigation of giant
multipole resonances and their manifestations in the proper-
ties of the observed distributions of the fission fragments.
Very important is the measurement of the mass and energy
distributions of the fission fragments in a wide range of pho-
ton and electron energies.
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Also topical is the study of spontaneously fissioning
isomers®® in reactions induced by electrons and photons,
especially at intermediate energies. At these energies, the
isomer production probability depends weakly on the excita-
tion energy, and therefore, as was noted in Ref. 94, measure-
ment of the isomer yield can significantly extend the possibi-
lities of the method of induced activity for the investigation
of partial nuclear reactions. The isomer half-lives known in
the region of the nuclei U, Np, Pu, Am, Cm, Bk differ strong-
ly, and therefore different isotopes can be readily identified.
Despite the relatively low isomer yield (10~*~10~°) relative
to prompt fission, the background conditions are easier for
the detection of delayed fragments.

The study of hypernuclei in photon- and electron-in-
duced reactions, which has begun in recent years,% is of
great interest.

Photofission experiments using beams of polarized
photons and oriented nuclei are very promising. The infor-
mation which they will yield will undoubtedly be of interest
for both fission physics and the electromagnetic interactions
of heavy nuclei.
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