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Fission of complex nuclei induced by 52-MeV monochromatic and polarized photons
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Experimental fissility data from photofission reactions of Th, U, and U nuclei at 52 MeV have
been obtained using monochromatic and polarized photon beams and dielectric fission-track detectors.
These data, along with literature data for Np, ' 'U, ' Th, Bi, ' 'Pb, and ' Yb nuclei have been
analyzed within the framework of a simple two-step model for photofission reactions, i.e., absorption of
the incident photon by a neutron-proton pair followed by an evaporation-fission competition mechanism
for the excited nucleus. For nuclei in the Ta-Np region the trend of calculated fissilities clearly shows
shell effects in the vicinity of Pb. In the case of U the effect of photon polarization on fission direc-
tion has also been studied, and isotropy was observed in the fragment azimuthal distribution.

The influence of shell effects on fissility of nuclei in the
vicinity of Pb has been studied by us in a previous pa-
per [1] which reports both experimental and calculated
results on fission cross section and fissility for a number
of nuclei for incident photons of 69-MeV mean energy.
For target nuclei in the region of actinides, the
photofission cross section has shown almost to exaust the
total reaction channel, whereas for nuclei with A ~210
the total fission probability amounts to 10 —10 only,
reaching values as low as 10 as one goes towards the
lanthanides.

The experiment reported in Ref. [1] has been per-
formed by using the monochromatic and polarized LA-
DON photon beams obtained by laser light backscattered
against high-energy electrons circulating in the storage
ring ADONE (Frascati National Laboratories) [2,3]. The
data collected from this experiment as well as those ob-
tained in other laboratories have been interpreted on the
basis of a simplified model for the photofission reactions.
Following this model the primary interaction is described
according to Levinger's quasideuteron mechanism of nu-
clear photoabsorption and is followed by a process of
evaporation-fission competition for the excited nucleus.
The trend of fissility with parameter Z /A calculated for
nuclei along the P-stability valley, from silver up to nep-

tunium, has shown structures due essentially to shell
effects, mainly in the region of z =82, N = 126, where the
data have been reproduced quite well. Since the model
predicts that such structures should occur more clearly at
lower nuclear excitation energies, we felt therefore
worthwhile to extend our investigation of shell effects by
a study at an incident photon energy of 52 MeV.

In the present paper we report the measured
photofission cross section and fissility data for some ac-
tinide nuclei ( Th, U, and U) at 52-MeV photon en-

ergy, together with fissility values calculated according to
the previous model for nuclei in the Ta-Np region. No
attempts were made to measure photofission cross section
for nuclei of mass number A ~ 210 in view of both the
low total fission probability expected for such nuclei at 52
MeV (less that 10 ) and the value of the total dose
( —10' y's) which can be attained during the exposures.

The experimental procedure has been described in our
previous paper [1], but some details of interest to the
present measurements are given as follows. The target
materials (0.21 —0.30 mg/cm thin films of Th02,
"'UO3, and 93%-enriched UO3 oxides prepared on
mica sheets as supports) were contacted with a 100-pm-
thick makrofol N (Bayer AG) which served as detectors
for fission fragments. In the case of thorium the micas
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themselves were used as fission-track detectors. The total
eff'ective number of target nuclei (in units of 10' cm )

for the different stacks was 3.4, 8.1, and 1.9, respectively,
for Th, U, and U. The packs were exposed per-
pendicularly to monochromatic (with an energy resolu-
tion of —10%%uo FWHM) and fully polarized LADON
photon beams of maximum photon energy of 59.5 MeV
and intensity of 10 y/s. The integral photon doses tak-
en by a large Nal(T1) crystal monitor were 3.7X 10 for

Th and U targets, and 3.4X10 for U target. The
energy spectra continuously taken by a magnetic pair
spectrometer did not show significant deviations from the
mean energy profile. An effective photon mean energy
k =52 MeV has been deduced. The background contri-
bution due to continuous bremsstrahlung over the entire
energy range was estimated to less than 1/o. The track-
etch detectors were processed and analyzed by the
methods previously described [lj. The data have been
treated by considering the geometry of exposure, statis-
tics, counting and registration efficiencies, and fission-
track background from both spontaneous (in the case of

U) and low-energy (k ~ 30 MeV) photon-induced
fission (for all cases studied). The final numbers of
photofission tracks were 62+8, 268+19, and 112+11,re-
spectively, for Th, U, and U. By taking into ac-
count the associated mean total efficiencies (89—96% ) we
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obtained the absolute fission cross sections at photon en-
ergy k =52 MeV.

Results have been reported in Table I (4th column) to-
gether with those obtained in other laboratories. The er-
rors indicated represent a combination of statistical plus
systematic errors associated with the different quantities

FIG. 1. Azimuthal angle distribution of U fission frag-
ments obtained from normal incidence of a polarized and mono-
chromatic photon beam of 59.5-MeV maximum energy (photon
beam energy of 52 MeV).

TABLE I. Absolute photofission cross section and fissility at 52-MeV photon mean energy.

Target
nucleus Z /A

Total nuclear
photoabsorption

cross section
o., (mb)

Photofission
cross section

o.f (mb) Expt.

Nuclear fissility

Calc.

237Np
235U

238U

209B

208Pb

l74Yb

36.49
36.02

35.56

34.91

32.96

32.33

28.16

17.6
17.6

17.5

17.5

17.4

17.3

16.7

20+2'
16+4
16+2'
16+2b
32+2
14+2'
25+3'
10+1'

8.6+0.6"
6+1'

( 16+1)X10-'
( 70+12)X10
( 24+3) X10-'

36X 10
( 1.9+0.3)X10

3.0X 10
( 3.2+0.5) X10

1.1+0.1

0.91+0.23
0.91+0.11
0.91+0.11

1.8+0. 1

0.80+0. 11
1.4+0.2

0.57+0.06
0.49+0.03
0.34+0.06

(0.92+0.06) X 10-'
(4.0+0.7) X 10-'
(1.4+0.2) X 10-'

2. 1X10-'
(1~ 1+0.2) X 10

1.7 X10-'
(1.9+0.3) X 10

0.97+0.01
0.85+0.04

0.81+0.05

0.55+0.09

(0.72+0.21)X 10

(0.50+0. 14)X 10

(2.3+0.7) X 10
' Extrapolated value from data of Ref. [4]." Interpolated value from data of Ref. [5].' This work.

Reference [6].' Reference [7].
"Reference [8].

Interpolated value from data of Ref. [9].
"D.Tiirck et al. , quoted in Ref. [9].
' Reference [10].
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directly related to the determination of the cross sections.
The effect of photon polarizaton on the direction of the

fission fragments has been investigated in the case of U
nucleus by measuring the aziinuthal angle P of the
recorded fission fragment tracks. The P distribution ob-
tained (Fig. 1) did not show meaningful anisotropy in

U fission under the conditions of the present experi-
ment. This result may be an indication that for incident
photon energy of 52 MeV, fission occurred rather after
the primary photoabsorption stage of the reaction when
the absorbed energy was already completely distributed
into the whole nucleus.

Nuclear fissility (total fission probability) has been de-
duced for the nuclei listed in Table I by taking the ratio
0&/o, of the photofission to the total nuclear photoab-
sorption cross sections. This latter quantity has been
evaluated by using Levinger's modified quasideuteron
model [11],according to which

o, (k, A)=L(NZ/A)oq(k)exp( D/k)—, (1)

where o.
& is the total photodisintegration cross section of

the free deuteron, XZ is the number of neutron-proton
pairs in the nucleus, and D and L are parameters depend-
ing on mass number A. A systematic study of total nu-
clear photoabsorption cross-section data by Terranova
et al. [12] has shown that the parameter d can be evalu-
ated by D =0.723 ' MeV. As far as the parameter L is
concerned, a very recent reevaluation by Tavares and
Terranova [13] gives L =6. 8 —11.2A ~/3+ 5.7 A

Taking o.
&
=0.152 mb for the cross section of free-

deuteron photodisintegration induced by monochromatic
photons of 52 MeV [14], we evaluated the o., values and,
accordingly, deduced the fissility values for the nuclei un-
der study. These data are reported in Table I (3rd and
5th columns, respectively).

A comparison between each fissility data shows that
quite a good agreement is found in the case of U. The
experimental results for U are scattered within the
range -0.6—1.8, but the weighted-mean value of
0.9+0. 1 from all quoted results indicates that the
photofission reaction almost exhaust the total reaction
channel. The large differences observed in the fissility
data in the case pf U may be ascribed to rather
different experimental procedures (photon sources, target
preparation, and detection methods) used in such mea-
surements as well as to some systematic errors, the origin
of which is difFicult to detect. For Th, the result of the
present work differs from the interpolated value of the
data reported by Lepretre et al. [5] by —30%%uo (a
weighted-, mean fissility of 0.46+0.04 is found in this
case). Some disagreement is noted also when the results
for Bi are compared with each other, but all mea-
surements lead to fissility data of the same order of
magnitude, giving a weighted-mean value of
(1.06+0.08) X 10 . Finally, the results quoted for Pb
show a difference of —35—54 % when compared with
each other.

Experimental fissility data listed in Table I have been
compared also with values calculated for incident pho-
tons of 52 MeV by applying the previously discussed
two-step model for photofission reactions [1]. The calcu-
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FIG. 2. Nuclear fissility plotted against parameter Z'/A.
Experimental results (points) obtained at 52-MeV photon mean
energy are those as reported in Table I: (R), Np and U
(Ref. [4])' (0) U U, and Th (Ref. [S]); (2 ) U Bi
and '"'Pb (Ref. [6]); (W), ""U (Ref. [7]); ( ) '"'Bi (Ref. [8]); ('7)

Bi (Ref. [9]); (A) "Bi (D. Turck et al. , quoted in Ref. [9]);
(0) Pb (Ref. [10]); (~ ) 'U, U, and " Th (this work). The
broken lines connect fissility values estimated at 52- (this work)
and 69-MeV (Ref. [1]) excitation energy. The dashed lines are
used for regions of Z /3 where the ratio a&/a„ is not known
from experiment (for details see text).

lation has been extended, in a systematic way, to nuclei
located along the /3-stability valley from tantalum up to
neptunium. A detailed description of the model, also
with the values of the different physical quantities in-
volved in the calculations, has been presented in Ref. [1].
As remarked before, the present calculation does not ap-
ply to preactinide nuclei, since for these nuclei the lack of
experimental data prevents one from evaluating the ratio
a&/a„of the level density parameter at the fission saddle
point to that of the residual nucleus after neutron eva-
poration.

When comparing calculated with experimental fissility
values one observes that the calculated ones as a whole fit
the experimental data within a factor of -2, which can
be considered a satisfactory agreement (an exception is
found in the case of ' Yb nucleus, for which a discrepan-
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cy of about two orders of magnitude is noted). Substan-
tial agreement is indeed found for various fission cases
studied such as Np, U, U (Refs. [4,5]), Th (Ref.
[5]), and Bi (Ref. [6]). Deviations are noted, on the
contrary, for U (Refs. [6,7] and this work), Th (this
work), Bi (Refs. [8,9]), and the data quoted for Pb.

Figure 2 reports all fissility data plotted as a function
of Z /A. It is seen that at incident photon energy (exci-
tation energy) of 52 MeV the calculated fissility extends
over six orders of magnitude in the Ta-Np region. Calcu-
lated fissilities at 69 (previous work [I]) and 52 MeV
(present work) rather coincide in the region of actinides,
where for the heavier nuclei fissility is found close to uni-
ty, in agreement with experiments. As expected,
remarked differences (one order of magnitude on the
average) appear when comparing the trends of fissility ob-
tained at 52 and 69 MeV for nuclei of Z /2 (33.3. For
target nuclei of A & 210 in both cases calculations give
rise to similar structures, particularly in the region of
Z =82, %=126, where shell effects are clearly Inanifest.
In addition, such effects are seen indeed Inore pro-
nounced at the lower excitation energy.

In concluding this paper we would stress the fact that,
in spite of a limited number of fissility data obtained from

photofission experiments at 52 MeV, and of their uncer-
tainties, results reported here are consistent with a model
which indicates the presence of shell effects in fission of
nuclei in the region around the Z =82, %=126 shell clo-
sures. For actinide nuclei both experimental and calcu-
lated results give a total fission probability close to unity
and which seems to be independent of excitation energy
in the quasideuteron region of nuclear photoabsorption.
The present results, together with those achieved in the
previous experiment carried out at 69 MeV, seem to indi-
cate that the proposed mechanism of photointeraction is
valid in describing photofission reactions in the energy
range considered.
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