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An analysis of the photofission reactions in the quasi-deuteron
energy range of photonuclear absorption ( ~30-140 MeV) has been
performed for 209Bi and 238y nuclei. Experimental cross section
data available in the literature have been compared with cal-
culated values obtained from a model in which the incoming photon
is assumed to be absorbed by a neutron-proton pair { Levinger’s
quasi-deuteron photoabsorption ), followed by a mechanism of
evaporation-fission competition for the excited residual nuclei.
The model has been shown to reproduce the main experimental
features of 209Bi and 238y photofission cross section, although
unexplained differences still remain in the case of 238y-fission
by 30-50 MeV incident photons. '
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1. Introduction

The use of monochromatic photon beams of energy
greater than 20 MeV or so to study photonuclear reactions has
produced in the last twelve years a number of reliable data on
photoreactions, particularly those concerned with fission reactions
(photofission) of actinide nuclei [1-9]"and, to a lesser extent,

of heavy—metal auclei of mass number A < 210 [(8,10-14). For
incident photon energies in the range ~30-140 MeV, the photo-
fission data have been geﬁerally interpreted on the basis of a
model which considers the primary nucleaf photoabsorption gé
taking place between the incoming photon and a neutron-prorton
pair (quasi-deuteron photoabsorption mechanism first.proposed
by Levinger [15]) followed by a process of competition between
nucleon evaporatibn‘and fission experienced by the excited
residual nucleus [5,8,9;12—14,16,1?]. This model, although
strongly dependenp_on the values of some nuclear parameters
{level density ﬁafameter, for instance) involved in the calcul-
ations, has shown to be capable in explaining the trend of
fissility (total_fission probabiiity, f) with photon energy, k.
In addition, at fixed moderate incident energies (k = 50~70 MeV},
the model has accounted for the existence of shell effects in
fission which.are clearly observed in the-regionvof Z=82, N=126
shell closures when nuclear fissility is studied as a function
of parameter ZZ/A of the target nucleus. Such effects have been
put in evidence very recently [8,9].

Since a considerable number of measured photofission

cross section data has been accumulated from bremsstrahlungw[ls-ZSL
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electron- [24-27], and monochromatic_phéton-induced (3-13] .
fission experiments, we thought it worthwhile to perform a de-
tailed analysis of these data by evaluating the fission cross
section, Ogr as a function of energy from the referred current
photofigsion: model, and to compare it with thé experimental
results. Two representative target nuclei have been thus selected
for thé purposes of the present analysis, namely 20931 and 238U;
The reason for such a choice is twofold: first, among the nuclei
which have been used to investigate photofission reactions,

209 238

Bi and U are those for which the number of cross section

data available in the range 30-140 MeV is the greatest; second,

209Bi and 238

from a physical point of view, U exhibit a quite
complete different fission response to incident photons in view
of the extremely different values of fission barrier height of

these two nuclei. In fact, 238

U shows a pronounced resonant-like
structure in the fission cross section curve at photon energies
< 20 MeV, feollowed by an almost constant fission cross section
at energies up to about 140 MeV; on the contrary,'in the case

of 209

Bi, the photofission cross section increases by several
orders of magnitude from threshold (k = 23 MeV) on. The scope
of the present analysis is to give a detailed description of
the fission behavior for these two representative nuclei in the

quasi-deuteron energy-range (v 30-140 MeV) of photonuclear

absorption.

2. Photofission cross section

In order to compare the calculated photofission cross

section values with the measured ones, we constructed the curves
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209 38

og vs. k for 2%%8i ana 3% by taking the product of the total
nuclear photoabsorption cross section, cgtk), times the total

fission probability {(fissility, f(k)), i.e.,

oglk) = ol (K)XE(K) . (1)

The first quéntity is evaluated from Levinger's modified guasi-

~deuteron model [28], according to which
T -1 N2 -
o (k) = L = o4(klexp(-D/k) , (2)

where od(k) is the total photodisintegration cross section of
the free deuteron, NZ is the number of neutron-proton pairs in
the nucleus, and L and D are, respectively, the so-called
“Levingef's“ and "damping" parameters, béth depending on mass
number A. A systematic study by Terranova et al. [29] of total
nuclear photoabsorption cross section data taken in the range
35-140 MeV has shown that parameter ﬁ can be evaluated by

D=0.72A0'81

MeV, while from a very recent re-evaluation of
Levinger's constant of nuclei throughout the Periodic Table by
Tavares and Terranova [30] values of L have been calculated by

L=6.8-11.2a"2/3 —4/3

+ 5.7A . Finally, as far as cd(k) is concerned,
values have been taken from the recent fit to data compiled by
Rossi et al. [31].

The second quantify in (1), £(k), is the gquantity which
gives all relevant physical differences in fission behavior for
the nuclei under analysis. The development of a model and calcul-
ation method as well to obtain the values of f at each incident
photon energy in the interval 30-140 MeV will be described in

the next Section.
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3. Calculation of nuclear fissility

Following the generally accepted, current two-step
model for intermediate-energy photofission reactions, the in-
coming photon is firstly absorbed by a neutron-proton pair, the
incident energy being shared between these two nucleons.
Depending on their final kinetic energies inside the nucleus
soon after the primary interaction, one of these nucleons, or
both, may, or may not,gscape from the struck nucleus leading to
a residual nucleus with a certain excitation energy E*, with
a probability p. In a second stage, after termodynamic equi-
librium was reached, fission will take place with a preobability
Pf(E*), as a result of a mechanism of competition between |
particle evaporation and fission experienced by the excited
residual nucleus. Fissility is, therefore, obtained by multi-
plying these two referred probability values and summing up
all possible modes of obtaining residual nuclei and of division
of the incident energy by the neutron-proton pair. Since for each
target nucleus and a fixed incident photon energy the quantities
E*, p, and Pf(E*) will depend on a qﬁantity ¢z suitable to describe
the kinematics of the primary interaction through a function
g(k,z), we can therefore write formally that

o Sy .
£ (k)= J [Z pi(k,;)Pf_tk.c)]'g(k,c)ac/j ~ gtk,0)Ag (3)
3 . ®1
where Zpi(k,c) = 1 always. Basically, the functions g(k,z),
Pi(k,C%, and Pfi(k,c) describe, respectively, the primary in-

teraction, the formation'of the residual nucleus, and the
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de-excitation of this latter leading to fission. These will be
briefly discussed below.

The primary interaction is considered to occur betw-
een the incoming photon and a quasi~deuteron, where relativistic
kinematics and the Pauli exclusion principle are applied to
determine the kinetic energies of neutron and proton (respect-
ively, T« and Tp*) in their final states. The angular dis-
tribution of the'photointeraction with a quasi-deuteron (referx -
ed to the proton poiar-angle in the center-of-mass system, 68')
was considered, to a first approximation, to be the same as that
for a free deuteron [32,33]. Preliminary calculations, however,
have indicated that the assumption of isotropy (do/dQ' = censt..).
did not give significant differences in the final results of
fissility as cbmpared with calculations performed by taking the

238

actual case of an anisotropic distribution (< 3% for U and

< 5% for 209Bi). This result led us to consider "a priori™ an
isotropic angular distribution for the interaction y+(n+p)-n*+p*
throughout the calculations. In this way, the quantity £ in (3)
is identified as 8', and the function g(k,z) as siné', from

which (3) becomes

. |
ew = [ [ Iogte0np, (c,6') | sine°a0’ /(cosez-cosoy) ,  (4)
g’ i i
m

where the limiting angles Bﬁ and Bé are determined from the
restrictions imposed by the Pauli exclusion principle on the
values of Tn* and Tp*.

Once the final neutron and proton kinetic energies

referred to the nucleus system were determined as a result of
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the primary interaction, a residual nucleus is considered to be
formed following one of the three possible modes: i) the neutron
escapes, at the same time that the proton remains within the nu-
cleus; ii) the proton escapes with retention of the neutron;
iii) both neutron and proton remain within the nucleus. There
is, of_course, a fourth possibility, namely, both neutron and
proton escape simultaneously from the nucleus, but in this case
no excitation energy is left to the residual nucleus, with the
consequence of null fission probability. The condition for

neutron escaping is Tox > Eg, and for proton escaping T > Eg,

p*
where Eg and Eg are the respective neutron and proton cut-off

energies (see Table 1). The probabilities of escaping of nucleons
(without suffering for any secondary interaction) are given by
the nuclear transparenéies to neutron and proton, which we shall

denote, respectively, by 1. and Tp. Nucleon absorption, on the

n

contrary, will occur if Tn* -4 Eg or Tp* s EE, and in both

cases T, = Tp = 0. The probabilities of absorption (i.e., non
escaping) of neutron and proton are, respectively, 1-1n and l-Tp.
Therefore, the probability of formation of an excited residual
nucleus following each of the three routes mentioned above is
given by Py = Tn(l-Tp), P, = Tp(l—Tn), and Py = (l-Tn)(l-Tp).
Nuclear transparencies, which depend essentially on neutron and
proton kinetic energies inside the nucleus, are thus the chief
quantities to be used in evaluating in what proportion residual
nuclei have been formed. The correspondent excitation energies
are calculated as EI =-k-Tn*+Bn' E; = k_Tp*+Bp? and E; = k,
where B, and Bp are the binding energies, respectively, for

neutron and proton.
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In the final stage of the reaction, the de-excitation
of the residual nucleus proceeds following a mechanism of com--
petition between figssion and particle evaporation. The signifi-
cant de-excitation channels are neutron emission and fissibn,
although a small contribution from proton and alpha-particle
emission channels has been also considered at energies E* > 80MeV

for.209 238

Bi target nucleus (in the case of U this contribution
turns out inessential). In the present calqulation not all
sucessive chance fission probabilities have been included, but
only the first-chance and the significant contribution due to
the second-chance fission probability, in such a way that,
starting from a.certain residual nucleus (Z;, A;, E;),i =1,2,3
as before, the total fission probability expected for such a

nucleus is obtained by

. 1 1l 2
P = p + (1-P: )P (5)
fi fi fi fi

{ superscripts denote here the order of the chance fission.) Since
for excitation energies up to 140 MeV neutron emission predomi-
nates strongly over proton and alpha-particle emissions, it was
sufficient to consider for the second-chance fission a residual
nucleus formed from its precedent by loosing of one neutron.
Besides, from the kinetic energy distribution of evaporated neu-
trons, the excitation energy of the new residual has been con-
sidered, on the average, 10 MeV less than that of the precedent
one. |

So far, the above description has dealt, in a summary
form, with the esgsentials and the basis of the method adopted

to calculate nuclear fissility. Details will be seen in the
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sub-sectionsbelow.

3.1. Nuclear model and kinematics of the primary interaction

The nucleus is considered to be a degenerate Fermi
gas of non-interacting neutrons and protons confined within a
spherically symmetric nuclear potential of radius R, the value
of which is given by the equivalent root-mean-square radius of
the nuclear charge distributioh (see Table 1). The Fermi energies
for neutrons (E;) and protons (Eg) ‘ as_well as the respective
cut-off energies (Eg and Eg), have been calculated by the usual
way, and the values used for these quantities are listed in
Table 1.

To calculate the kinetic energies of neutron (Tn*) and
proton (Tp*) after nuclear photoabsorption by a neutron-proton
pair, the following simplifying assumptions are made: i) neu-
trons and protons move at random in their respective Fé@rmi gases;
ii) the kinetic energy distributions of neutrons and protons
before the interaction are replaced by the respective average
Fermi energies, in such a way that the kinetic energies of the
neutron and proton in the initial state are considered constant

and equal to

- = - n Pl _ n,.p
T =T =T-= (1/2)[(3/5)EF+(3/5)EF:| = (3/10) (E}+ED) . (6)

The relativistic energy-momentum conservation laws applied to
the interaction vy+(n+p) +»n*+p* give, for the total energy

available in the center-of-mass (CM) system,

1/2
E’ =-{2E@2+(T+m)(2k+T+m)-E.(§n+§p)-§n.§;]}
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where i, En and E are the initial momenta, respectively, of

P
the photon, neutron, and proton as referred to the nucleus sys-—
tem, and m is the nucleon rest mass expressed in energy units.
The transformation back from the CM to the nucleus system yields

the following result for neutron and proton kinetic energies in

the final state

T + = a{l=b cosB') - m - (8)

Tp* = a{l+b cosb') -m (9)

in which

a=T+m+ k/2 . 410)
5 . 1/2 .

b= {[1-(2m/E') “] [1-(E'/ (k+2T+2m) ) “] } . (11)

In these expressions 8' 1is the polar-angle of the proton direction
in the final state as referred to the CM-gystem, ahd, in view of
the assumption i) above, E'2 is replaced by the average value of
the square of the quantity expressed by (7), the value of which

is calculated as

——

E'?2 = 2 [m%+(T+m) (2k+T+m)] . (12)

Note that whatever o', Tn*+Tp* = k+(3/5)(Eg+Eg). Since the pri-

mary interaction can only take placé if T & 2 ES and T > EP

F p* F’
it follows that the present model is applicable only to photon

209g; ang %38y target nuclei.

o~

energies k > 26 MeV in the case of
Figure 1 shows two illustrative examples of how is the photon
energy shared between neutron and proton after the primary
interaction with a quasi-deuteron.

As a practical consequence for the routine of calcul-
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ations, it was useful to transform in (4) variable 6°' into_Tn*.
From (8) we have sin6'd8' = dT ,/(ab), and cosf!-coso, =
= (Tﬂ*—Tﬂ*)/(ab). Since the new limits are Tﬂ* = EE and

™. = k + (3Ep-2ER}/5, it follows that cos8!-cos), =
= [k-2(Eg+E$)/51/(ab). By substituting these results into (4)

we therefore obtain

k+(3Eg-2EF) /5 4
f(k) = J

. - n p
[ 1Pk, T .)Pe (k,T ,)1dT, ,/ [k-2(EG+EL) /5] .
gD i=1 i

F . (13)
This is the final formula from which fissility values have been
calculated as a function of photon energy. Thus, the basic
assumptions of motion of neutrons and protons at random before
the primary interaction, and isotropy in the CM angular distri-
bution make the evaluation of the details of the kinematics of

the primary interaction unnecessary.,in such a way that all the

subsequent quantities to be wused in calculating fissility can be

expressed as functions of Tn*' which is allowed to vary continuocusly

n

in the interval EF

n _ ,op
S T. Sk + (3B - 2ER)/5.

32 Nuclear transparencies and excitation enengy of the residual nucleus

Nuclear transparency is the chief quantity to evaluate
the probabilities of excitation of the residual nuclei. It gives
the probability of a nucleonto escage;from the nucleus without

suffering for any secondary interactions. This problem was solved

in the past by several authors [36-40] who used different approaches

to obtain closed formulae or Monte Carlo calculation for evalua-
tion of nuclear transparencies to both nucleons and pions pro-

duced within the nucleus. In the present analysis option has
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been made for the formalism developed by de Carvalho et al. [38]
based on the optical model and on the idea of an équivalent nu-
cleus, i.e., a nucleus for which the transparency to a particle
coming from ocutside is the same as the transparency to the same
particle but emerging from inside the nucleus. Accordingly,

Tj = [}?/(ZRizi]X[E—(1+2R'/lj)exp(-ZR'lAj{] + J=n or p, (14)

where R' = 0.589R is the radius of the equivalent nucleus (R is

that of the actual nucleus), and lj - (pEj)_1 is the mean-free-

-path of particle j in nuclear matter. Here, p is the nucleon
density, and .Ej is the average total cross section for inter-
action of particle j with a nucleon. This latter is calculated as

g. = |20 + (A-Z)g A 15
3 3p + A-Zyog |/ , (15)
where U?P and O?n are the total c¢ross sections for the inter-

action of particle j with, respectively, a bound proton and

a bound neutron, i.e., cross sections corrected for nucleon motion
and the Pauli exclusion principle. Such "bound" nucleon-nucleon
cross sections have been obtained from the respective "free"
nucleon-nucleon cross sections by the method developed by

Kikuchi and Kawai [41}. The result is

f )
o® = ofxply) , y=E /T (16)

-~

where, for kinetic energies T < 150 MeV, the correction factor
PB(y) can be calculated to good approximation by the relation-

ship (the so-called "approximation B" of Kikuchi and Kawai [41])



CBPF-NF-008/92

C=12-
1 - 1.44y ' 0 sy s l1/2
Pely) = an
1 - 1.44y + 0.44y(2-1/y)%°17 , 172 <y 1.
By making further the approximation cgn = ng' and using the
fact that ogn-= ogp, the precedent equations can be handled to

give the following result for the nuclear transparencies to

emergent neutrons and protons:

Tj=(2530/x§)[}-(1+uj)exp(-uji] , u.,=0.0281277x, , j=n or p ,

] J .
(18)
where
ZU: +(A—z}of n _
x, = ___IL:;F___JHE.x PB(EF/Tn*) (19)
£ f
{(A~Z)0__+Z0
= np PP P
xp R2 X PB (EF/TP*) {(20)

in which cross sections are expresséd in mb, and nuclear radius
in fm. The values of the "free" nucleon-nucleon cross sections
used throughout the calculations have beén taken from the
smoothed curves reported by Metropolis et al. {42]. Figure 2

209 238U nuclei to

shows the values of transparency for Bi and
emergent neutrons and protons as obtained by the method described
above,

The distributions of excitation energy can be now
constructed for the different possible modes of formation of
residual nuclei following the procedure outlined in Section 3.

An example of such distributions is given in Fig. 3, where the

2OgBi target

case for absorption of a 85-MeV incident photon by a
is considered. In this example it is seen that simultaneous

escaping of: neutron and proton occurs in 3.3% of cases (Fig.3-a);
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neutron alone has a 29% chance of éscapihg,producing a residual
nucleus with v 26 MeV of average excitation energy (Fig. 3-b);
for escaping of the proton, these figures become 6% and ~ 23 MeV
(Fig. 3-c); finally, neutron and proton remain simultaneously

absorbed within a 209

Bi target in almost 62% of cases, in which
the excitation energy equals to the photon incidente energy of

85 MeV (Fig. 3-d}.

3.3. Parntial fission probabilities

The residual nuclei which are formed afte:esdaping or-
absorption of the neutron and/or proton participating in the
primary interaction de-excite by a mechanism of competition
between particle evaporation and fisgion. As stated before,along
with neutron emission, proton and alpha-particle emissions may
also compete to some extent with the fission mode, specially in
those cases where fission barrier is comparable with Coulomb-
-plus-separation energy of the particle. Thus, working in a sys-
tematic way, the partial fiSsion probabilities have been calcul-

ated by
Pp = F/(1+F+G+H) , (21)

where F, G, and H represént, respectively, the probability of
fission, proton emission, and alpha-particle emigssion relative
to neutron emission. Expressions for these three quantities have
been obtained from the statistical model by Weisskopf [43] and

Vendenbosch and Huizenga [44]:

1/2 _1/2 1/2 . '
F= n -+ - exp 4 2a}/2 E:UZ(E*-Bf)1/2-(5:*-3“)1/2]}:
4r A" 7 (E*-B,) _ . '

(22)
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E*-B_-V 191
G = "ET:E;“R exp {Zailz[}E*-Pp-vp)1{2-(E*-Bn)1,2:]} ; (23)

2(E*-B_-V )'_ ' )
E*-gn o exp {2&11;/2 [(E*-Ba-_va) 1/2_ (E*_Bn) 1/2:| } 3 (24)

in which

o
I

B. = CB ;s V. = CV i V. = CV ’ . (25}
f fO P Py a - %9

where C = 1-E*/B 1is a correction factor which takes into account
Ifor nuclear temperature effects [45]. Most of the quantities
appearing in the above equations, and the values used in the
calculations for the various residual nuclei as well, are defined
in Table 2. The Coulomb barriers for proton and alpha particle

at the nuclear surface have been calculated, respectively, by

K (z-l)e2
\ A P VEFOS MeV (26)
Py ro(a-1)"/7+1.14
2na(z-2)e2
0 r,(A-4)"'"+2.16 S

where Kp = 0.70 and Ky = 0.83 are the penetrabilities through.the
barriers, the values of which having been chosen following the
work by LeCouteur ‘[47]; ry, = 1.20 fm is the nuclear radius para-
meter as deduced from the systematics of chargé radii by Myers
and Schimidt [48]: e2 = 1.44 MeV.fm is the square of the electron
charge, and 1.14 fm and 2.16 fm are the equivalent root-mean-square
radii of the charge distribution, respectively, for proton and
alpha particle as evaluated from data compiled by Brown et al.[34].
For the level-density parameter of the residual nucleus
after neutron evapt:iratit:m.r a.r it has been adoﬁted the expression

proposed by Iljinov et al. {16], which incorporates corrections



CBPF-NF-008/92
-15~

due to excitation energy and shell effects as well. Accordingly,

an#(0.134A—1.21x10-432){1+[1—exp(-0.061E*)]ﬂM/E*} Mev'l, (28

where AM is the shell correction to the nuclear mass (Table 2).
- The quantity r = a./a  represents the ratio of the
level-density parameter at the fission saddle point to a. Since
the final results of calculated fissility afe very sensitive to
the values of r, it is essential to obtain an evaluation of the
r-values as accurate-as possible. Calculations have indicated
that, althougg not negligible, the contributions plel and p2Pf2
to the sum ] pyP.  in (13) have shown small. Thus, we can
i

i=1
write to a first approximation that

iy - ol s | |
£ = Pp Byl (29)

i.e., fissility is given approximately by the first-chance fission
probability of the target nucleus excited to_Eg = k times the
average probability for this mode of excitation to occur (like

the example showed in Fig. 3-d). p, = (l-Tn)(l—Tp), so that 53

is easily obtained from nuclear transparencies to neutron and
proton in the energy interval allowed for Tn* at each fixed wvalue
of k. Finally, semi-empirical values of r = af/an can be obtained
by solving (29) in such a way that experimental fissilities
(oixPer'log ) be reproduced. The above procedure has been applied

209

to phptofission data of Bi in the range 30-140 MeV, and,

surprisingly, results have indicated that the ratio af/an
decreases with increasing of excitation energy in such a proportion
that ag remains rather independent of excitation energy. Assuming

this result is alsovalid for the other. residual nuclei which are
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209

formed successively after the primary photoabsorption by Bi

238y targets, it was possible to deduce a closed formula to

and
evaluate ag within 1-2% accuracy, and hence r = af/an to be in-
serted into (22). By making use of the appropriate expressions.
for r = af/an pfeviously obtained at 69-MeV excitation energy

[8], it follows that

ag=[1+0.05917 (22/A-34.34) ] (1+0.0143AM) (0.134a-1.21x10"#a%) mev™?!,
22/A » 34.90 (30)
a,=[1+0.08334(22/A-30.30) ] (140.0143aM) (0.134a-1.21x10"%a%) mev?,

31.20 < 22/A < 34.00 ,  (31)

where AM is expressed in MeV. The dependence of r = af/an on
excitation energy obtained in this way is depicted in Fig. 4 for
some selected residual nuclei, which shows results consistent
with data reported in the literature [44].

The trends 'of fission probability with excitation energy
for the first three residual nuclei formed after the primary in-

9Bi target) and Fig. 6 (238U

teraction are shown in Fig. 5 (20
target). In the former case, the calculated fission probabilities
increase very steeply at low excitation energies, exhibiting an
asymptotic behavior as nuclear excitation increases from about

60 MeV; many orders of magnitude are displayed according to the
different residual nuclei as exéitation increases from threshold
up to 140 MeV (Fig. 5). This is the typical behavior of fission
probability of nuclei located in the Pb-Bi region, caused by a
relatively large value (22-24 MeV} of the height of fission

238

barrier of these nuclei. On the contrary, in the case of U
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target nucleus, since the fission barriers of the residual nuclei
are not too high (5 MeV), the trends are quite different (Fig.6},
showing values of fission probability near unity, with minim& in
the curves Pf vs. E*, as consequence of the strong competition

with neutron evaporation,

4. Results and comparison with'experimental data

For the sake of clarity, we present first the variation
of the three quantities of interest (oz, £, and cf) with photon

energy as obtained in the present analysis. Figures 7 and 8 show

209 238

these results, respectively, for Bi and U. The trends of

T

g, are very similar to each other (solid curves in part a)); for

20%93; a decrease in oT of about 36% is noted as one goes from

a
2380 it reduces to about 27%. Some

30 up to 140 MeV, whereaé for
experimental data are also shown to allow a compariscon with the
calculated trends. These data were taken from the measurements by
Leprétre et al. [49]. Since unfortunately such data are not
available for Bi, we decided in this case to represent the Pb
data of {49] in view of the strong dependence of Uz with mass
number (cf. (2)). For both Bi.and U cases guite good agreement
is indeed observed between calculated and experimental results.
Nuclear fissility is represented in part b) of Figs. 7

209

and 8. In the case of Bi { Fig. 7) fissility increases mono-

tonically from about 1075 up to 107!, reflecting the trends of
the partial fission probabilities discussed before (cf. Fig. 5).

238

For U (Fig. 8) figsility first decreases from a value near

1 down to 0.5, then it increases asymptotically towards 0.9,
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showing that fission predominates over neutron emission at in-
cident photon energies beyond 60 MeV. The apparent minimum
around 40 MeV comes from the main contributions to fissility

237 238y, for which residuals fission

due to the residuals U and
probability has a minimum (cf. Fig. 6).

Finally, the product ozxf at each energy k gives the
photofission cross section curves, Uf(k), depicted in part c)
of Figs. 7 and 8, which curves we shall compare with the exper-
imental data.

209Bi(y,F). The calculated

Figure 9 shows the case for
trend obtained from the model discussed in the precedent Sections
{(solid curve) can be considered in substantial agreement with
both the low- and high-energf cross section data, especially with
the data taken from electron- and monochromatic photon-induced
fission experiments. As one cén see, the model is able at repro-
ducing a variation of four orders of magnitude displayed by the
measured photofission éross section. Some disagreement is noted,
however, in the range " 70-120 MeV, where the calculated cross
section differs from the measured one by an average factor of 2.
Such a diécrepancy may be ascribed mainly to difficults in

defining a more accurate dependence of the guantity ag (and so

af/an) on excitation energy (cf. (31)).
238

The case for U is presented in Fig. 10. Most 6f the
experimental cross section data is dispersed within the interval
10-20 mb, showing that the cross section is not well defined in
the energy range 30-140 MeV. The measurements by Leprétre et al.
[5] (open circles) constitute the unique comprehensive set of

data covering the region 40-105 MeV, these data being compatible

with a constant mean value of 16:2 mb, in good agreement with



CBPF-NF-008/92
T

Monte Carlo calcul&tions at energies up to 75 MeV (solid curve
from [5]). For photon energies beyond ~ 60 MeV, the result of the
present calculation (dashed curve) agrees quite well with that
reported in [5]), although marked differences there exist at the
lower energies. In particular, neither the exﬁerimental data nor
the Monte Carld calculation . by_Leprétre et al. [5] are repro-
duced by the calculated curve of the present work in the range

v 30-50 MeV. It is, however, interesting to note a decrease in
the cross section showed by the measurements by Arruda-Neto et
al.[25] (dash-dotted curve).At the higher energies (k 2 110 MeV),
but below the meson photoproduction threshold, the present cal-
culated cross section equals to about 12 mb, thus differing from
most of data by v 40%. Howevéf, at these energies, the available
measured photofission cross sections pass beyond the total nuclear
photoabsorption cross sections by 10;56%. Although serious
difficults there still exist in obtaining both experimental and

calculated results, the data for 238

U as a whole show that the -
photofission cross section is father independent on incident
photon energy, and that it amounts to about 80-90% of the total
reaction channel in the quasi-deuteron region of photonuclear

absorption.

5. Summary and conclusion

In the course of the present work, photofission cross

209Bi and 238

section data of U nuclei available at energies co-
vering the quasi-deuteron region of photonuclear absorption
{30-140 MeV) have been analysed and interpreted on the basis of

a model which considers a primary photointeraction with neutron-



CBPF-NF-008/92
=20-

-proton pairs followed by a de—gxcitation process of the residual
nucleus in which particle evaporation competes with fission. A
Fermi gas of neutrons aﬁd protons has been assumed for the target -
nucleus, and the Pauli exclusion principle has been used
.throughout in evaluating the neutron and proton kinetic energies
after the primary photointeraction. The distributiohs of excit~
ation energy of the residual nuclei have been constructed from
calculated nuclear transparencies to neutrons and protons based

on the optical model and on the concept of an equivalent nucleus.
Neutron, proton and alpha particle emissions have been considered,
in a systematic way, to compete with fission during the stage of
de-excitation of the residual nucleus. First- and second-chance
fission probabi;ities have been taken into account throughout the
calculations, and appropriate semi-empirical formulae for evalu-
ating the level-density parameters have been introduced in order
to obtain fissility #alues as accurate as possible. Calculated
photofission ¢ross sections have been then compared with experimen-
tal data, and satisfactory agreement has been found at various

209 38

incident photon energies on both Bi and 2 U targets,

although discrepancies there still exist, particularly in the
low-energy (30-50 MeV) photofission of 238U.

In spite of the uncertainties associated with both the

" measured and calculated results, the model developed in the present
work has accounted for the main features of the observed trend of
photofission cross section. Future work on this line is of course

needed for to clarify some physical aspects of the photofission

behavior which have not been explained yet.
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Figure Captions

Fig. 1. Tllustrating the division of incident photon energy, k,
into neutron and proton kinetic energies, T » and TP*' after
absorption of the incoming photon by a neutron-proton pair (quasi-
-deuteron) inside the target nucleus. The cases for a 50-MeV (a)
and 140-MeV (b) incident photon on 238
- proton Fermi energies, E; and Eg, are indicated to show the range

U are shown. Neutron and

of proton CM-angle, 8', within which the primary interaction is
allowed according to the Pauli exclusion principle.

Bi and
emergent neutron, L and proton, TP, as a function of kinetic

209 238

Fig. 2. Calculated transparency of U nuclei to

energy inside the nucleus.

Fig. 3. Distribution of excitation energy of the residual nuclei
which are formed after the primary photoabsorption by a quasi-

-deuteron. It is shown the case for a 85-MeV incident photon on
20981 target nucleus. The percentage of formation of the different

residual nuclei are indicated for the example considered.

Fig. 4. The ratio r = af/an is plotted against excitation energy
of the residual nucleus. The numbers near the curves refer to
different residual nuclei as indicated.

Fig. 5. Calculated first-chance fission probability plotted against
excitation energy of the residual nuclei which are formed after

209

absorption of the incoming photoh in a Bi target nucleus.

Fig.'s. The same as in Fig. 5 for 238U target nucleus.

Fig. 7. Total nuclear photoabsorption cross section, cg (part a),

nuclear fissility, f (part b), and photofission cross section, o
209,
Bl.

The curve in part a) is the result obtained from Levinger's mo-

f
(part c)}, plotted against incident photon energy, k, for

dified quasi-deuteron model (equation (2)), and the experimental
points (referred to Pb) have been taken from [49]; the curve in
part b) results from the present photofission model as discussed
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in the text; in part ¢}, Og = fxog.

238

Fig, 8. The same as in Fig. 7 for u. Experimentalldata in

part a) have been taken from [49].

Fig. 9. Comparison between calculatéd-and experimental photofission
cross section data for 2ogBi in the range 30-140 MeV. The calcul-
ated trend (full line, present work) is reproduced from Fig. 7-c.
Experimental data are as follows: O, Lemke et al. [10); ~--, Tlrck
et al. {quoted in [10]); @ , Martins et al. [8]; A , Minarik and
Novikov [20]: +=-=+—, Arruda-Neto et al. [26]: [0 , Moretto et al.
[24]; (@ . Martins et al. [13]; A , Jungerman and Steiner (19];

® , Bernardini et al. [18}; Bl , Bellini et al. [11]: O
Vartapetyan et al. [22]; ¥V , Guaraldo et al. [12): ¥ , Warnock

and Jensen [21].

Fig. 10. Comparison between calculated and experimental photo-

: 238U in the range 30-140 MeV. The

- dashed line is the calculated trend as obtained in the present
work {cf. Fig. 8-c); the full line is the result of the Monte
Carlo calculation by Leprétre et al. [5}1. Experimental data are

as follows: @ , Bellini et al. [23]; @ , Bellini et al. [4];

O , Leprétre et al. [5); [0 , Moretto et al. [24]; { , Ivanov
et al. [7); ¥ , Ahrens et al. [3]§JA.-, Minarik and Novikov [20];
@ , Bernabei et al. [6]; B , Martins et al. [8]1; A , Tavares
et al. {9];-v~+=., Arruda-Neto et al. [25]. '

fission cross section data for
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Tabel I - Values of the Fermi energy and cut~off'energy used in the
present analysis.

Target Nuclear Fermi energy Cut-off energy(*)
nelons 2 A radius Ep (MeV) Ec (MeV)
: R(fm) () protons neutrons protons neutrons
Bi 83’ 209 7.126 28.63 37.77 46.78 45,23
1] 92 238 7.543 27.37 37.19 50.18 43.34
) _ )

{*) This is given by R = (5/3)172?‘1‘251/2: where values of <r2>1/2
those reported in [34]; o

are

(*) The cut-off energy is calculated as the Fermi energy plus the binding
energy of the loosest nucleon plus, in the case of protons, the

Coulomb energy at surface; binding energy values have been taken
from [35].
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