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Photoexcitation mechanisms and photofission cross section for Bi
b 100—300 MeV quasi-monochromatic photons
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The photofission cross section of natural Bi was measured in the energy range 100—300 MeV by
means of a quasi-monochromatic photon beam. The nuclear fissility P~ was calculated using the
recently measured total photoabsorption cross sections. A discussion on the dependence of fissility

from the excitation energy E, shows that a linear dependence of lnP~ vs E„' can hardly be as-

sumed over all the considered energy range. The analysis of the data confirms this consideration
and shows an evident saturation effect at high excitation energy. As a consequence, in disagree-
ment with recent interpretations, inferring that the modified quasi-deuteron model is the only
efficient mechanism in inducing fission of Bi is less compelling, and also the pion photoproduction
excitation mechanism plays a role.

I. INTRODUCTION

The photofission process is a powerful tool for investi-
gating the complex dynamics of heavy nuclei excitation,
due to the well-known properties of the electromagnetic
interaction and to the large cross section for this process.
Particularly interesting is the study of the photofission of
elements lighter than uranium at excitation energies well
above the giant dipole resonance, where pion production
and isobaric excitation become energetically accessible.
Moreover, for preactinide nuclei, whose fission thresholds
are of the order of 20—30 MeV, fission events from giant
dipole resonance photons are practically suppressed.

However, for these nuclei, it is not completely clear
which mechanism of photon excitation —by a neutron-
proton pair inelastically scattered, or by pion
reabsorption —is relevant in producing fission. For these
reasons this process was extensively investigated at ener-
gies higher than 40 MeV employing principally brems-
strahlung photons. ' ' . A rapid increase of the
photofission cross section, with increasing energy up to
400 MeV, was observed for the first time by Bernardini
et al. ' on Bi and was interpreted as due to the onset of
pion photoproduction near 140 MeV. The same effect
was successively pointed out in other nuclei and was ex-
plained in the same way. ' On the contrary, in a work
of Moretto et al. , dealing with electron- and photon-
induced fission of heavy and medium-heavy elements, the
rapid increase in the photofission cross section was ac-
counted for by the increase of the fission probability with
increasing energy. Moreover, these authors deduced that
the photon interaction described by the quasi-deuteron
model is the dominant one in producing fission of lighter
nuclei, even at energies well above the pion threshold.

A few years ago, we measured the Bi photofission
cross section between 120 and 275 MeV by using quasi-
monochromatic photons from positron in-Aight annihila-
tion and suggested that both quasi-deuteron and pion
photoproduction mechanisms play a major role in pro-
ducing excitation leading to fission. Subsequently,
Arruda-Neto et al. ' studied the electron-induced fission
of Bi, in the energy range 43 —250 MeV, and determined
the photofission cross section by means of the virtual-
photon technique. Their results are in substantial agree-
ment with ours. Nevertheless, in contradiction with our
conclusions, they deduced, by applying in a questionable
way the prediction of the statistical model, that the

Levin ger's modified quasi-deuteron photoabsorption
mechanism accounts for all the compound nucleus for-
mation cross section, through which fission is induced,
even above 150 MeV.

These different interpretations of the experiments
motivated us in performing a careful study of
photofission of Bi, extending our previous measure-
ments and improving the data analysis procedure, in or-
der to investigate the energy dependence of nuclear fissil-

ity over a wider photon energy range. As a matter of
fact, unlike the case of uranium, for preactinides, the
fissility is a strong function of the excitation energy and,
consequently, depends on the photoexcitation process.
Therefore its knowledge can give crucial information to
disentangle the above controversial interpretations. For
this study we took advantage of the characteristics of
the Frascati quasi-monochromatic photon beam, which,
as it was shown in a previous work, " offers evident ad-
vantages by respect to a bremsstrahlung one in studying
fission of nuclei with high fission threshold.

In the present work we report on the fission cross sec-
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tion measurements of Bi in the energy range 100—300
MeV. The fission cross section was calculated from the
experimental yields solving the Volterra equation by using
an improved unfolding method. The nuclear fissility was
then deduced by taking advantage of the recently mea-
sured total photoabsorption cross sections. ' In dealing
with the energy dependence of fissility, the effective excita-
tion energy following the intranuclear cascade stage was
taken into account and properly used. From a discussion
on photoexcitation mechanisms and the analysis of the ex-
perimental results we deduced that also pion reabsorption
is relevant in the nuclear excitation leading to fission in
nuclei lighter than uranium.

II. EXPERIMENTAL

A. Photon beam

The measurement was carried out using the LEALE
(Laboratorio Esperienze Acceleratore Lineare Elettroni)
photon beam produced at Frascati by in-fiight positron
annihilation on a liquid hydrogen target. A detailed
description of this facility was previously given' and
therefore only its major features will be summarized here.
In Fig. 1 the experimental setup of the end station of the
facility is shown. The annihilation photons were obtained
by allowing the positron beam (typically 10—20 nA aver-
age current, 150 Hz repetition rate, and 4 ps beam burst
width) to impinge upon a 0.0118 radiation lengths thick
liquid hydrogen target with 0.012 cm kapton windows.
The intensity of the positron beam was continuously mon-
itored by a nonintercepting ferrite toroid M set on the
beam pipe immediately before the hydrogen target and
measured by a Faraday cup placed in the focal plane of
the dumping magnet S.

In addition to monochromatic annihilation photon s,
bremsstrahlung is also produced. In order to increase the
annihilation-to-bremsstrahlung photon ratio, measure-
ments were carried out collecting photons at an angle of
0.8'—1' with respect to the positron axis. The photon
beam spectrum was measured on-line with the experiment
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FIG. 1. Layout of the LEALE photon beam end station: B6,
magnet; M, ferrite toroid monitor; H, hydrogen target; S, dump-
ing magnet; B7, sweeping magnet; PS, pair spectrometer with the
associated electron (E;) and positron (P, ) detection system; C,
photon converter; T, photoreaction target; Q, quantameter.

by a pair-spectrometer' PS and the photon Aux moni-
tored by a gaussian quantameter. The simultaneous mea-
surement of the beam total energy and spectrum allowed
a few percent uncertainty in the determination of the an-
nihilation peak intensity. The used photon Aux was typi-
cally equal to about 5 &( 10 annihilation photons per
second.

B. Target assembly and fission fragments detector

The fission fragments were detected by means of the
glass-sandwich technique. ' We used metal targets of nat-
ural Bi with a surface area of (50&&50)mm and a thick-
ness of 0.1 mm, sandwiched between two glass plates
which covered all the sample surface. We employed a
thick target in order to get a sufficient number of fission
events in a reasonable irradiation time. However, the
sandwich was thin enough to negligibly degrade the pho-
ton spectrum. In all measurements the same sample of Bi
was irradiated. The collimated photon beam struck the
glass sandwich at right angles and had a circular spot
(P —4 cm) on the target position. After irradiation, the
glass plates were submitted to the procedure of chemical
etching and optical-microscope scanning as in our previ-
ous experiments. ' The irradiated surface of both glass
plates of each sandwich was entirely scanned, in order to
get also information on the forward-backward ratio of the
detected fragments. This ratio resulted weakly dependent
on the photon energy and values 1.05—1 ~ 10 were found in
agreement with the results reported in Ref. 16. We also
scanned the glass surface not in contact with the target
and estimated the background contribution due to spuri-
ous events in the glass plates themselves. In this way the
effect of radiation damages in the glass plates due to the
large irradiation dose was checked.

C. Data collection

The fission fragments yields were measured at 23
different energies in the positron energy range 120—300
MeV. The cross sections per equivalent quantum (shortly
called "yields" ) were obtained from the numbers of fission
tracks counted in the scanned surfaces and the exposure
dose measured with the quantameter. We averaged the
counts of the two glass plates of each sandwich to obtain
results free from a dependence on the forward-backward
ratio. The values were obtained in arbitrary units because
of the use of a thick target. At three positron energies,
specifically 150, 200, and 270 MeV, a thin Bi target was
also irradiated. The Bi layer was deposited by thermal
evaporation directly on the surface of one of the glass
plates. The thickness and the uniformity of the layer were
measured by an optical interferometer' and through the
back-scattering method. ' The thickness resulted
1.96+0.05 mg/cm . Having taken into account the
efficiency of glass plates, as described in Ref. 19, the error
in the normalizing factor turned out to be +7%%uo.

III. RESULTS AND ANALYSIS

A. Experimental yields

The experimental yields g(k ) are connected to the
fission cross section f (k) by the Volterra linear equation
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g(k )= J N(k, k )f(k)dk, (1)

where N(k, k )dk is the number of photons in the energy
interval (k, k +dk), kT is the fission threshold energy and
k is the maximum photon energy.

In Fig. 2 the experimental yields g(k ) are reported as
a function of k . The observed oscillations in our points
reflect the different experimental situations in each run
(photon collection angle, positron and photon beam emit-
tance, etc.). Obviously they do not affect the deduced
cross section f(k) values, since the photon spectrum
N (k, k ) was measured on line in each run. In the same
figure the relevant experimental data known from the
literature, ' ' ' all obtained by bremsstrahlung photons,
are also reported. It appears that our data have a steeper
behavior than the results obtained by bremsstrahlung
beams. This of course is due to the contribution of an-
nihilation photons in the high energy part of the spec-
trum.

B. Photofission cross section of Bi

In order to calculate the photofission cross section f (k)
from the experimental yields we solved the integral equa-
tions (1) by using an unfolding method similar to the nu-
merical one proposed by Cook. We improved the accu-
racy in the representation of the f (k) solution, which was
approximated by a natural spline function instead of a
stepwise function. In Eq. (1) we have assumed k to be
equal to the incident positron energy and kT a suitable en-

ergy under which the product N(k, k )f (k) is negligible
with respect to its average value. We took into account
the fission cross section data at energies below 100 MeV
(Ref. 8) and we assumed kT =40 MeV. This could intro-
duce a systematic error in the f (k) solution that we es-

timated to be a few percent at energies k & 150 MeV and
negligible at higher energies.

The fission cross sections were evaluated for 11 photon
energies at intervals of 20 MeV from 100 to 300 MeV.
The unfolding method we used, applied to the experimen-
tal yields, gave an f vector, which represents an estimate
of the photofission cross section averaged in energy by a
matrix R, whose meaning is that of an energy resolution
function, as shown by Cook. The shape of the R matrix
rows and, consequently, the cross section values, depend
on the accuracy of the experimental yields, on the kernel
N(k, k ) of Eq. (1), as well as on the value of a smoothing
parameter y, chosen to regularize the f(k) solution. The
parameter y was selected by applying a Bayesian method,
suggested by Turchin et aI. ' This method allows to cal-
culate the probability density P(y

~
g) of obtaining some y

values for a fixed set of experimental g yields. The
P(y

~
g) function has a sufficiently clear-cut maximum for

a number of experimental yields larger than 15, as stated
in Ref. 21. For our analysis we had 23 experimental
points: this ensured a satisfactory estimate of the y pa-
rameter. The obtained P(y

~
g) probabilities are drawn in

Fig. 3 as a function of some y-parameter values. We as-
certained that there is not a significant change in the f (k)
results if one changes the y values in the range 0.02—0.6,
in correspondence of which the P(y

~
g) probability as-

sumes a value which is the 10%%uo of its maximum reached
at y =0.1. The rows of the energy resolution R matrix
obtained for the value @=0.1 are plotted in Fig. 4 for
some photon energies. As shown, the R matrix rows ac-
tually have the suitable form of an energy resolution func-
tion, except for some small physically meaningless un-
dershoots, with the maximum at the correct energy. This
result is a clear indication of the advantages in using an
annihilation photon beam for photofission measurements
of nuclei with high fission threshold.

The photofission cross section values obtained from the
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FIG. 2. Photofission yields of natural Bi vs the maximum
photon energy k . ~, our results; X, Ref. I; 0, Ref. 2; A, Ref.
6; 0, Ref. 7.

FIG. 3. Probability density P(y
~
g) as a function of the

smoothing parameter y.
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different experiments scatter also of a factor of 2. On the
contrary, it is significant that the recent data from this ex-
periment and from the experiment of Arruda-Neto et al. '

exhibit a substantial agreement, in spite of the different
techniques used. At this regard, it must be noticed that,
however refined the virtual-photon technique is, measure-
ments with monoenergetic photons are, in principle, a
more reliable way of obtaining absolute photofission cross
section.

0.25 C. Nuclear fissility
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From the measured photofission cross section f(k), it is
possible to calculate the nuclear fissility Pf defined as:

f (k)
(2)

cr r(k)

where o.T(k) is the total photoabsorption cross section. In

FIG. 4. R matrix rows for y=0. 1 at dift'erent photon ener-
gies.

1p -2C
I

t I I I
I

I I I I
I I I I I

I
I & I I

I I I I I

above procedure are reported in Fig. 5. The errors were
calculated by the usual propagation rule. They account
for the experimental errors as well as for the auxiliary
conditions imposed to the solution. The length of the
vertical bars of our results actually shows how much the
solution is free. In order to take into account the uncer-
tainties in the estimate of the normalizing factors and of
the contribution to the fission from photons at energies
below 40 MeV a further error equal to 8% should be add-
ed. In Fig. 5, all the relevant data concerning Bi deduced
in previous experiments' ' ' are also drawn for com-
parison. The data of Bernardini et al. and Minarik
et al. were obtained by analyzing the experimental yields
by means of the photon difference method and with a
theoretical bremsstrahlung spectrum. The results of
Jungerman et al. (solid curve) were deduced starting
from a smoothed curve of the yields and using the photon
difference method with a rectangular approximation for
the bremsstrahlung spectra. The dashed curve represents
the photofission cross sections calculated by Vartapetyan
et al. by fitting their experimental yields with an as-
sumed photoabsorption cross section and a constant fissil-
ity equal to 0.12. The data of Moretto et al. were ob-
tained by unfolding their electron-induced fission cross
section using a theoretical expression to represent the
virtual-photon spectra and a suitable numerical method to
solve the integral equation of the process. The dot-dashed
curve represents the recent data of Arruda-Neto et al. ,

'

obtained by applying an improved version of the unfold-
ing and virtual-photon technique in the distorted-wave
Born approximation to electrofission measurements. The
low energy data of Lemke et a/. were obtained by using
the quasi-monoenergetic photon beam facility of Mainz:
they are the only ones —together with the present work's
results —to have taken advantage of a monochromatic
photon beam.

All data show a similar behavior, even if results of
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FICr. 5. Photofission cross-section of Bi vs photon energy. ~,
our results obtained for y=0. 1; )&, Ref. 1; '7, Ref. 3; K, Ref. 6;
0, Ref. 8. The solid curve represents the data of Ref. 2; the
dashed curve is the cross section assumed in Ref. 7; the dot-
dashed curve represents the results of Ref. 10. As far as the er-
rors on Ref. 10 results, they are not quoted since not deducible
from the original paper.
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our case, it must be considered that the obtained
photofission cross section values were averaged in energy
by the matrix R. Consequently the nuclear fissility was
calculated as follows: RPf o T

——f, where the product
Pfo. T was also averaged by means of the R matrix.

For cr T(k) we used the experimental results of Carlos
et a/. ,

' who measured the o T(k) for a different set of
heavy nuclei, and whose findings strongly suggest a linear
dependence with 3 of o.T(k), ranging from beryllium to
uranium. In Fig. 6 are shown the results we obtained for
Pf versus k. The error bars take into account all the ex-
perimental errors. In the same figure are also plotted the
P& values deduced from the Lemke et al. f (k) measure-
ments by using the o T(k) values of Lepretre et al. In
the figure are also reported the fission probabilities calcu-
lated by Moretto et al. and by Arruda-Neto et al. ' by
considering the quasi-deuteron mechanism to represent
the part of the total photoabsorption cross section leading
to compound nucleus formation followed by fission. Their
different values over all the energy range are to be as-
cribed, besides to the different f (k) values, to the different
quasi-deuteron models adopted.

As far as the comparison between the present experi-

ment and that of Arruda-Neto et al. ' is concerned, it is
clear that —owing to the already found agreement be-
tween the photofission cross sections up to 150 MeV
(i.e., under the photopion threshold) —the fissility values
do also agree, since in this energy range the total photo-
absorption cross section is mainly due to the quasi-
deuteron mechanism. Above the pion threshold, the
different ways of calculating the fission probability lead
to diverging Pf values, with an evident saturation effect
in our case. The reasons why it is correct to calculate
Pf with the full photoabsorption cross section and the
physical implications on the photoexcitation mechanisms
are discussed in the next section.

IV. DISCUSSION

A. Fission cross section

It is known that, for not too high excitation energies,
i.e., according to Table VII-1 of Ref. 23, for energies
lower than 50—80 MeV, the fission probability Pf, i.e., the
ratio of the fission cross section o.f to the reaction cross
section o.~, can be approximated by the ratio of the fission
width I f to the neutron width I „:
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since I f/I „&~1. This approximation holds, in particu-
lar, for medium-heavy nuclei, such as Bi, which have
fission barriers Bf much larger than neutron binding ener-
gies B„(typically B~=20—30 MeV, B„=6 MeV). For
these nuclei, in fact, only a small fraction of the reaction
cross section goes into fission and the relative probability
for fission compared to neutron emission is a strongly in-
creasing function of the excitation energy E, , so that the
so called "second-chance" fission (fission after the emis-
sion of the nth neutron) can be neglected. Also, charged
particle evaporation is small, with respect to neutron
emission, because of the inhuence of the Coulomb barrier
at high Z values.

At higher excitation energies (E & 80 MeV), the ratio
I f /I increases more slowly with energy, the contribu-
tion from "second chance" fission becomes significant,
and charged particles emission begins to compete so that,
according to Ref. 23(a), the approximation (3) is no longer
valid, since the ratio o'y/o~ is sufficiently large () 10 )

that it cannot be reproduced by the values of the ratio
I f/I, .

B. Energy dependence of fission probability

The following "high energy limit" can be obtained from
statistical considerations for the I f/I „ratio under the
assumptions E ~~Bf, E )&B,:

10 g I y g I I I I I I ~ I & I I I I
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FIG. 6. Fissility vs photon energy k. ~, our results; A, Ref.
6; O, Ref. 8; 0, Ref. 10. As far as the errors on Ref. 10 results,
they are not quoted since not deducible from the original paper.

where C is a quantity varying slowly with energy,
D =a ' (B~ B„), a =a—~=a„: level density parameters
at the fission saddle point and for the residual nucleus
after neutron evaporation, respectively.
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On the full validity of this expression some considera-
tions have to be made. The high energy behavior of
rf/I „ is not yet entirely understood. If expression (4)
does hold, for nuclei such as uranium, for which Bf=8„,
little excitation energy dependence should be expected. In
fact, spallation cross sections for reactions induced by
protons with energy above 300 MeV, were reproduced
fairly well by treating the initial stages of the reaction by
Monte Carlo techniques with the assumption of a con-
stant value for I f /I „,while calculations in which I fyr„
was allowed to vary according to Eq. (4) were less
successful.

Another way to check the validity of (4) is the deter-
mination of the relative numbers of prefission and
postfission neutrons from the angular correlation of the
neutrons with respect to the fragment direction, which
are, respectively, essentially isotropic and strongly corre-
lated with the fragment direction. In an U fission ex-
periment induced by 155 MeV protons the ratio of the
above figures was found qualitatively consistent with the
energy dependence given by Eq. (4). However, addition-
al background processes appear, such as emission of
binary fragments, whose kinematic characteristics do not
correspond to those of fission fragments and whose cross
section can be appreciably larger than fission cross sec-
tion.

In spite of the seemingly still open problem of the ener-

gy behavior of the l~/I „ratio at higher excitation ener-

gy, Moretto et al. and, subsequently, Arruda-Neto
et al. ' assumed that fission probability retains at high en-

ergy the same energy dependence of I f/I „, as given by
Eq. (4):

lnPf ——C' —D'E

where C' is a quantity varying very slowly with the ener-

gy, D'=(a)' ((Bf)—(B„))and (a), (Bf), (B„) are
expected to be some kind of averages of the respective
quantities a, Bf, B„ for the nuclei along the evaporation
chain.

E„',consequence of an extrapolation of a statistical ap-
proach for the nuclear fission; (ii) the use of the MQD
cross section, instead of the total photoabsorption cross
section, in calculating the fissility; (iii) the equality be-
tween excitation energy and photon energy. It must be
noticed that only by making both the assumptions (ii) and
(iii) the above authors could achieve the point (i).

(i) Linearity of lnPf versus E ' . This statement can
be submitted to some experimental verifications. Arruda-
Neto et al. recalled that the linear behavior of lnPf as a
function of E ' was beautifully demonstrated for the
first time by Moretto et al. analyzing systematic mea-
surements of He-induced fission. This claiming indeed
must be regarded with some caution. The fact that the
energy of the experiment did not exceed 120 MeV al-
lowed, in principle, to approximate the fissility with the
ratio I f/I „and therefore, according to Eq. (4), to get the
linear behavior of lnPf. However, as shown in Fig. 7,
adapted from Fig. 13 of Ref. 6, a careful inspection of
those old data might show a different slope already above
60—80 MeV, so that it does not seem that one can extra-
polate some further high energy linearity. Moreover, in
calculating the fission probability of Fig. 7, Moretto et al.
evaluated the effective cross section o.o for compound nu-
cleus formation by an optical model calculation. At this
regard, Ignatyuk et al. observed recently that studies
carried out on the spectra of scattered charged particles
showed that nonequilibrium (noncompound) processes
make a rather large contribution o.„, to the optical model
cross section o.,z, . o.o

——o.,~,
—o.„,. Therefore, also the

low-energy linearity could be argument of discussion.
(ii) Total photoabsorption cross section As show. n by

Arruda-Neto et al. ,
' above 140 MeV and up to 250

IO

C. Photoexcitation mechanisms leading to fission

According to Moretto et al. , a straightforward conse-
quence of the linearity of lnPf versus E ' was that the
photoabsorption cross section predicted by the quasi-
deuteron model can account for all the interactions lead-
ing to fission in elements lighter than uranium, even at en-
ergies well above the pion threshold. Recently, Arruda-
Neto et al. ,

' assuming both that the Levinger's modified
quasi-deuteron mechanism (MQD) is eft'ective for com-
pound nucleus formation up to 250 MeV and that almost
all the photon energy is converted into nuclear excitation
(k =E„), found that the "MQD fission probability"
defined as Pf ——o f /o. , where o was the cross
section given by a modified version of the quasi-deuteron
model, satisfied Eq. (5) up to high energy, strongly sug-
gesting that only the MQD photoabsorption mechanism
was efficient in inducing fission of Bi at all energies.

We want to enter into discussion upon this issue by ex-
amining separately the three controversial points on which
it is based: (i) the supposed linearity of lnPf versus

IO
2 I 0
B.pb--
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„Te =-

0 IO
V)
V)

60s

(0.07) (O. IO)

IO I I I I
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I
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FIG. 7. Fission probability as a function of E„' for the re-

actions 06Pb( He,f), ;
' Au( He,f), ~; and " W( He,f),

Adapted from Fig. 13 of Ref. 6. For convenience the scale of
the abscissa gives directly the energy in MeV. In parentheses
some values of E, ' are reported. The lines are guides for the

eye.
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MeV, a straight line for lnPf versus E, ' was achieved
only if Pf was calculated using the MQD cross section,
under the hypothesis that all the photon energy was con-
verted into nuclear excitation energy. On the contrary,
the Pf values calculated using the measured photoabsorp-
tion cross sections could not be explained in the grounds
of the above extrapolation of the statistical model.

Now, above the photopion production threshold, two
competing mechanisms play a role in the nuclear photoab-
sorption: quasi-deuteron and pion production. Accord-
ing to Arruda-Neto et al. ,

' the pion reabsorption is
ineffective in producing excitation leading to fission of Bi.
We now examine this point.

In order to transfer energy, ~ meson has to be reab-
sorbed by annihilation on a pair of nucleons (true pion ab-
sorption): mNN~NN. Otherwise, pion can be inelasti-
cally rescattered before leaving the nucleus or can under-
go nonelastic processes such as the Ericson-Ericson-
Lorenz-Lorentz effect. In the photon energy range con-
sidered 100—300 MeV, the pions are produced with ener-
gies between 0 and —150 MeV. The mean free path of a
pion in a nucleus has a minimum ( —l fm) at the first iso-
baric resonance, while it is about 7 fm at 40 MeV, and
since the nuclear radius of a nucleus such as Bi is -7 fm,
the pion can leave the nucleus with a small energy deposi-
tion. In this case, however, both the height of the fission
barrier and the compound nucleus excitation energy dis-
tribution come into play. In fact, a strong inAuence on the
fissility can be exerted by effects due to the change in the
properties of highly excited nuclei: calculations carried
out with the Thomas-Fermi model and the Hartree-Pock
method predict that the height of the fission barrier
should decrease appreciably with increasing of the excita-
tion energy. Therefore it is reasonable to take into ac-
count the pion photoproduction mechanism in producing
excitation leading to fission of elements lighter than urani-
um. As a consequence, in the calculation of Pf, it is
straightforward to use the total photoabsorption cross sec-
tion cr T instead of that given by the MQD model only. As
previously said, an accurate knowledge of 0.T was recently
made available by measurements' which suggested a sim-
ple linear dependence of o.T on 3 for 9 & 3 & 238. There-
fore, it looks just to use these values in the calculation of
Pf, destroying the deduction that quasi-deuteron is the
only photoabsorption mechanism eScient in inducing the
fission of Bi.

(iii) Equality between photon energy and excitation ener
gy. It is widely accepted that experimental data on fission
of nuclei by particles of intermediate energy are satisfacto-
rily described on the assumption of a two-stage nature of
the process. In the first, fast stage, the incident particle
initiates an intranuclear cascade. As a result, an excited
compound nucleus is formed in which, after a certain
time, thermodynamic equilibrium is established. Finally,
in the second, slow stage, the excited residual nucleus suc-
cessively evaporates particles or undergoes fission. The
produced compound nuclei have a broad distribution in
the nucleonic composition, in the angular momentum,
and in the value of the excitation energy, the distributions
being broader, the higher is the energy of the incident par-
ticle. Detailed and systematic Monte Carlo calculations

Then, being useless to follow what appears an arbitrary
extrapolation of the statistical model, it is no longer possi-
ble any inferring of a specific excitation mechanism. Fig.
9 shows the fissility values versus E„' deduced from
our data (solids dots), together with the results of
Arruda-Neto et al. ' and of Lemke et al. (open squares
and open circles, respectively) calculated with the total ex-
perimental cross sections' ' and with the excitation ener-
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FIG. 8. Fission probability of Bi vs E ' . Data from Ref.
10 with the excitation energy deduced from Ref. 30. The lines
are guides for the eye.

have been performed for different kinds of inelastic pho-
tonuclear reactions for E~ & 1.3 GeV, in the framework of
the intranuclear cascade model. This model has made it
possible to calculate the different characteristics of pho-
tonuclear reactions as a function of the mass number of
the target and of the y-ray energy. In particular, the
average excitation energy E for nuclei produced follow-
ing the cascade stage has been evaluated. For photon en-
ergy k )40 MeV the behavior of E versus k is not linear
and the average values are both significantly lower than
photon energy and smaller for lighter nuclei. In dealing
with the dependence of fissility on excitation energy, it
seems reasonable to use these predictions instead of the
simplified 6-shaped photon energy.

As a consequence of all the complex effects connected
with the role played by the excitation energy, one can
hardly apply the simple statistical considerations leading
to Eq. (5). As a matter of fact, if one plots the results of
Arruda-Neto et al. ' with the correct excitation energy, as
deduced from the calculation of Barashenkov et al. , a
different slope at higher energy is clearly shown (Fig. 8).
In other words, also adopting the same conceptual scheme
of Arruda-Neto et al. ,

' i.e., by giving the compound nu-
cleus cross section the same magnitude of the MQD cross
section, if one uses the correct average excitation energy,
again linearity is destroyed.
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model of fission were used by Iljinov et al. to describe in
a unified way the probabilities of fission by different ha-
dronic and electromagnetic probes of intermediate energy
(( 1 GeV): m, protons, ct particles, y rays. The role of the
most relevant effects was separately examined.
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FIG. 9. Fission probability of Bi vs F. ' . The excitation en-

ergy is deduced from Ref. 30. ~, our results and, Ref. 10 re-

sults with the photoabsorption cross section values from Ref. 12.
0, Ref. 8 results with the photoabsorption cross section of Ref.
22. As far as the errors on Ref. 10 results, they are not quoted
since not deducible from the original paper.

gy deduced from Ref. 30. As a consequence of the al-
ready found agreement between the photofission cross sec-
tions, there is now of course agreement —also above 150
Me V—between our data and those of Arruda-Neto
et al. ' As far as the latter are concerned, in the figure
the errors are not quoted, since they are not deducible
from the original paper. As shown, while it is obviously
still impossible to extrapolate a linear dependence of 1nP~
versus E '

up to 300 MeV, an evident saturation effect
is displayed by the fission probability at high excitation
energy. This is in agreement with purely probabilistic
considerations which predict that fissility must saturate
from some energy on. But it is also in agreement with the
Glassel et al. ' consideration that it may become ques-
tionable to express the fission probability in terms of the
ratio I I/I „,once the statistical model compound nucleus
lifetime for neutron (and light particle) emission becomes
small compared to the time scale of both the contact time
of the prime complex and the dynamical evolution time
needed for a fission process —both of the order of several
10 ' s—for E„&100 MeV.

The comparison of our results with the intranuclear
cascade calculations allows in particular the investigation
of the inAuence on the fissility of effects such as spread in
composition and excitation energy of the residual nucleus,
preequilibrium emission, shell effects, uncertainty on the
liquid-drop model parameters and dependence of the
fission-barrier height B~ on the excitation energy E„. The
cascade model of nuclear reactions and the liquid-drop
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FIG. 10. Fissility behavior vs Z /2 by 600 MeV photons ob-

tained by the intranuclear cascade calculation of Iljinov et al.
(Ref. 32) coupled to the modified liquid-drop model of Krappe
et al. (Ref. 33) (dash-dotted line). ~, our result for 300 MeV pho-
tons and, Ref. 10 result for 250 MeV photons.

(a) Preequilibrium emission B. etween the fast and slow
stages of the process there can exist an intermediate stage
of establishment of statistical equilibrium in the residual
nucleus. The emission of preequilibrium particles in this
stage will change the excitation energy and nucleonic
composition of the initial compound nucleus. The calcu-
lations showed that, other things being equal, allowance
for preequilibrium emission will inhuence greatly the
fissility in the sense of a substantial reduction. The effect
is enhanced for weakly fissile nuclei (A & 150) which un-
dergo fission in the first steps of the evaporative cascade
where the compound nucleus has a high excitation ener-

gy.
(b) Shell effects. At high excitation energy (hundreds of

MeV) the influence of shell effects is greatly attenuated
both by the high value of the excitation energy and by the
large spread of the nucleonic composition.

(c) Uncertainty in the parameters of the liquid drop mo-d

el. In the region of medium nuclei (A =100) the fission
barrier height is determined mainly by its liquid-drop
components. The effect is less relevant for higher masses.
According to Iljinov et al. the most widely used liquid-
drop parameters give the fission-barrier height maximum
values such as to prevent to describe the experimental
data on fissility. Therefore preference must be given to
those versions of the liquid-drop model which give lower
values of B&, such as the modified liquid-drop model
which takes into account the finite range of nuclear forces.

(d) Dependence of B& on F. . The sensitivity of the
fission barriers to "thermal effects" such as the excitation
energy was predicted within the framework of the
Thomas-Fermi model and the Hartree-Fock method. 28

Using the results obtained by the Hartree-Fock method Il-
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jinov et al. calculated how Bf depends on E: for in-
stance, at E =200 MeV for nuclei with A =100, Bf de-
creases =15 MeV, while for nuclei with 3 =200 the de-
crease is = 8 MeV. Of course, the increase of fissility due
to the "thermal" decrease of Bf will be strongly compen-
sated when taking into account preequilibrium emission.

In Fig. 10 the fissility behavior versus Z /A by 600
MeV photons calculated by an intranuclear cascade
Monte Carlo coupled to the modified liquid-drop mod-
el is shown. Within the accuracy of calculating the
mean excitation energy E, it was assumed that in the
500—1000 MeV photon energy range the fissility depends
weakly on E . This is in agreement with the saturation
effect displayed by our results at high excitation energies
(Fig. 9). The saturation value of fissility obtained from
this experiment is reported, as solid circle, in Fig. 10 for
comparison. In the same figure the fissility value obtained
by Arruda-Neto et aI. ' at their maximum photon energy
(250 MeV) is also displayed (open square). It is
worthwhile to remark the agreement of the intranuclear
cascade calculation with our experimental result.

As a matter of fact, at high energy the deexcitation of
the nucleus seems to follow channels different from
fission, which asks for a new kind of experiment in which
not only the photofission cross section, but also the mass
and energy distribution of particles and fragments are
contextually measured, in particular with lower A targets
in which the overa11 effects are greatly enhanced.

V. SUMMARY OF THE RESULTS
AND CONCLUSIONS

Here we summarize our main results and conclusions.

(a) We measured the photofission cross section of nat-
ural Bi in the energy range 100—300 MeV by taking ad-
vantage of a quasi-monochromatic photon beam (Fig. 5).

(b) The nuclear fissility Pf was calculated using the re-
cently measured total photoabsorption cross sections (Fig.
6).

(c) The energy dependence of fissility was explored by
taking into account the average excitation energy E„cal-
culated in the framework of the intranu clear cascade
model (Fig. 9).

(d) The saturation fissility value was compared with the
intranuclear cascade calculation result (Fig. 10).

(e) The linear dependence of lnPf versus E ' at
high excitation energy () 150 MeV) was demonstrated to
represent a questionable extrapolation of a prediction of

the statistical model and a consequence of the use, in
calculating the fissility, both of the quasi-deuteron cross
section instead of the total photoabsorption cross sec-
tion, and of an arbitrary identification of the photon en-
ergy with the nuclear excitation energy.

(f) It was deduced that, inferring that the quasi-
deuteron model is the only efficient mechanism in pro-
ducing fission, is a less compelling issue if the linearity
between lnPf versus E ' does not any longer hold at
high excitation energy.

(g) The role played by pion reabsorption as a way to
produce nucleus excitation leading to fission was ad-
dressed. It was recognized that also this mechanism can
come into play, owing to the energy dependence of the
height of the fission barrier and to the broad energy distri-
bution of the compound nucleus.

(h) The infiuence on the fissility of effects such as
spread in composition and excitation energy of the residu-
al nucleus, preequilibrium emission, shell effects, varia-
tions of parameters of the liquid-drop model, dependence
of fission barrier height on excitation energy was explored
through a comparison with intranuclear cascade calcula-
tions which showed the necessity of taking into account
all the above effects and, in particular, displayed the role
of the modified liquid-drop model.

(i) As a rather slow process in comparison with particle
emission (at least for excitation energies of several tens of
MeV) fission can be used as a natural indication of the es-
tablishment of statistical equilibrium in the residual nu-
cleus. Therefore in the region of nuclei for which the
fission barrier heights are known, from the study of fission
it is possible to obtain information on the process of
thermalization of the residual nucleus and on the proper-
ties of compound nuclei formed. Also, experiments on
lighter nuclei, in which not only the total photofission
cross section, but also mass and energy distributions of
particles and fragments are measured, could possibly elu-
cidate without ambiguity the effective mechanisms of the
fission process at high excitation energies.
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