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Photofission cross-section of 238U was measured using bremsstrahlung radiation energy
7.4-9.0 MeV with energy step of 0.4 MeV by employing Lexan polycarbonate film as
solid state nuclear track detector (SSNTD). The photon intensity from the Microtron
accelerator at a distance of 15 cm from the bremsstrahlung converter (tantalum target)
facility was estimated to be 10 photons/sec using the code EGS-4. In this paper,
details of the fission fragment angular distribution measurements of 238U target using
Lexan polycarbonate have been discussed. The photofission cross-section was calculated
using the angular distribution of fission fragments and the results were compared with
those obtained using the code EMPIRE-II and various barrier parameters of the RIPL-
1, RIPL-2 libraries and with the new analytical fission barrier formula based on the
Hugenholtz—Van Hove theorem. The present experimental measurements were in good
agreement with the results obtained from the Empire-II code predictions for potential
parameter taken from RIPL-1 and a newly developed analytical fission barrier formula.

Keywords: Fission bremsstrahlung; 238U(~,f); angular distributions; fission yields;
SSNTD; photofission cross-sections; photon difference method.
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1. Introduction

Photofission is interesting by means of studying the fission process, since it possesses
some unique properties, such as simplicity of the spectrum of angular momentum
transfer to the nucleus undergoing fission. Near fission threshold, most excitation
energy is converted into nuclear deformation energy and so fission proceeds through
only a few low-lying fission channels. This makes interpretation of experimentally
measured cross-sections easier for photon induced fission than fission induced by
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other particles, such as neutrons.! There are many reports on photofission of 233U
carried out using bremsstrahlung, quasimonochromatic photons from positron an-
nihilation, variable energy Compton scattered gammas, proton capture gammas
and tagged photons.? In most of these experiments, only photofission cross-sections
have been measured. From the review of the Rabotnov et al.,® fission fragment
angular distribution studies of the heavier actinides indicate a negligible amount
of quadrupole component in the energy region 6-9 MeV, while other measure-
ments®® do indicate the presence of a significant electric quadrupole component. It
is our interest to study the dipole and quadrupole contribution in photofission near
threshold to understand the transition state properties of the fissioning nuclei. With
this aim, we measured the angular distribution of fission fragments of 233U using
bremsstrahlung radiation over the energy range 7.4-9.0 MeV. The present measure-
ments were compared with the results of theoretical EMPIRE-II nuclear reaction
code® prediction for various potential parameters, a newly developed analytical
fission barrier formula” and results taken from the EXFOR library.® Microtron
accelerator at the Mangalore University provides variable energy bremsstrahlung
radiation to carry out photofission experiment near threshold.

2. Methodology

The fission fragment angular distribution of 238U nuclei measurements were per-
formed using bremsstrahlung radiation from the Microtron installed at the Man-
galore University. The extracted electron beam hit a water-cooled bremsstrahlung
converter, made of 0.188 cm-thick tantalum target. The electron beam is supplied
by a pulsed electron gun at a pulse repetition rate of 50 Hz. The maximum current
of the analyzed beam is 4 pA and electron energy resolution is £28 keV. The detail
of the machine has been published elsewhere.? ' The electron beam was monitored
by a FCT (fast current transformer), placed before the bremsstrahlung converter
for photofission experiments. Bremsstrahlung yield simulation was carried out using
Monte Carlo EGS-4 code.'? The method followed for target thickness estimation,
angular distribution, and bremsstrahlung yield of various energy estimation was
discussed elsewhere.'?

A 238U target was placed in the centre of a cylindrical vacuum chamber, making
an angle of 45° with the incident beam direction. The target was made by deposit-
ing 200 pg/ cm?-thick 238U on an aluminum backing. Amount of electrodeposited
238U target on aluminum was determined by X-ray diffraction method. A simple
illustration of the target geometry is shown in Fig. 1. The fission chamber used in
the experiment was 8 cm high and had a diameter of 8 cm. The fission fragments
were detected using Lexan polycarbonate films placed at different angles with re-
spect to the incident beam direction and the target was irradiated for 5 h. After
irradiation the Lexan films were cut into equal strips and etched in 6 N NaOH
solution for about 1 h to develop the fission tracks.'* These etched Lexan films
were washed, dried and analyzed under optical microscope with a magnification of
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Fig. 1. Schematic diagram of experimental setup.

400x for the tracks formed during irradiation. During photofission experiments the
possible contamination of the bremsstrahlung beam with secondary electron and
neutrons were estimated using EGS-4 code and it was found to be negligible.'®

3. Results and Discussion

The measurements of fission fragment angular distribution of 233U nuclei as a func-
tion of the maximum bremsstrahlung end point energy (Ep,.x) is as shown in Fig. 2.
The fission fragment angular distributions were obtained at various energies by nor-
malizing the fission track counts to the solid angle and photon intensity. The photon
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Fig. 2. Fission fragment angular distribution of 233U induced by bremsstrahlung in the energy
range 7.4-9.0 MeV.
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intensity was estimated to 10! photons/sec along the beam axis at all energies us-
ing EGS-4 code.'? The measured fission fragment angular distributions were least

square fitted with the expression'®:

W(6) = a + bsin® 6 + csin® 26 . (1)

The solid curves are the curves determined by least square fit to the data using
Eq. (1). The individual coefficient of Eq. (1) was determined by the least square fit
and is listed in Table 1. The experimental error shown in Fig. 2 has been determined
by using statistical error in detector output which is given by 1/v/N, where “N?”
is the number of counts. The statistical error is low at high energies and increases
due to smaller numbers of events collected at low energies. The standard error
propagation formula is,

ou\ > ou\ >
= - 2 - 24 ...
o \/(896) U‘”+(8y> (AR @

The values of fitted coefficients a and b in Table 1 agree within experimental error

with the values obtained by Rabotnov et al.> who had employed the technique quite
similar to the one described here with the exception that the fragment emission
direction was determined by track angles making use of SSNTD technique. The
values of “c” obtained by Rabotnov et al.? also agreed within the experimental error
to our present measurements. The present experimental results are also shown in
Table 2. Figure 3 shows the ratio b/a which represents contribution of the dipole
in photo absorption and its variation as a function of end point energy (Epax)
of bremsstrahlung photons and hence are compared with the values of Rabotnov
et al.'” and Baerg et al.'®

Figure 3 clearly shows that the anisotropy decreases with increasing energy.
According to Bohr hypothesis (Aage Bohr, 1956),'% the ratios b/a decreases with
increasing excitation energy. This result agrees with our experimental measure-
ments. The anisotropy values (b/a) are in good agreement with the measurements
of Rabotnov et al.,'” and the obtained values are quite high in comparison with the
Baerg et al.'®

Table 1. Values of the coefficients a, b and ¢ obtained by fitting the
experimental data to the function W () = a + bsin? 0 + csin? 26.

Energy (MeV) a b c
7.4 0.217 £ 0.056 0.783 £ 0.34 0.0212 £ 0.002
7.6 0.240 £ 0.041 0.760 £ 0.33 0.0002 £ 0.003
7.8 0.342 £ 0.055 0.658 £ 0.32 0.0311 £ 0.002
8.0 0.357 £0.039 0.643 £0.23 0.0259 £ 0.003
8.2 0.400 + 0.064 0.600 £ 0.3 0.0196 £ 0.002
8.4 0.478 £ 0.068 0.522 £0.25 0.0570 £ 0.002
8.6 0.490 £ 0.049 0.510 £ 0.18 0.0570 £ 0.003
9.0 0.500 £ 0.061 0.500 £ 0.18 0.0225 £ 0.001
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Table 2. Values of the coefficients a, b and ¢ obtained by fitting the experimental data

to the function W (0) = a + bsin? § + csin? 20.

Energy (MeV) a b c

7.38 0.708 £ 0.013* 0.3292 £ 0.042 0.057 £ 0.008
0.66 £ 0.08P 0.38 £0.07 0.64 £0.25

0.31 £ 0.04¢ 0.786 + 0.008 0.044 + 0.008

0.217 £ 0.0564 0.783 +0.34 0.0212 £ 0.002

7.64 0.689 + 0.008 0.424 + 0.024 0.051 £ 0.004
0.67£0.11 0.40 £0.10 0.47 £0.36

0.359 £ 0.004 0.750 + 0.007 0.041 £ 0.008

0.240 + 0.041 0.760 4+ 0.33 0.0002 £ 0.003
7.91 0.832 + 0.018 0.217 4+ 0.054 0.04 £0.01
0.63 £0.24 0.48 £0.20 0.39 £0.43

0.382 &+ 0.006 0.641 + 0.007 0.033 £ 0.007

0.357 + 0.039 0.643 +0.23 0.0259 4+ 0.003

8.99 0.839 + 0.007 0.215 4+ 0.021 0.033 = 0.004
0.88 +0.08 0.13 +0.07 0.24+£0.24

0.554 + 0.007 0.495 4+ 0.008 0.017 + 0.008

0.500 £ 0.061 0.500 + 0.18 0.0225 4+ 0.001

2The constants appearing in the first row for each energy are from Ref. 36.

PThe constants appearing in the second row for each energy are from Ref. 19.
®The constants appearing in the third row for each energy are interpolated from
the data in Ref. 17.
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Fig. 3. Energy dependence of b/a for the photofission of 238U.
Figure 4 shows the variation of ¢/b as a function of bremsstrahlung end point

energy range. The quadrupole absorption gives a small, but systematically different
from zero contribution at all energies. The statistical error is large so as to reach
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Fig. 4. Energy dependence of ¢/b for the photofission of 238U.

any conclusion about its behavior as a function of energy. It can be said that “¢”
seems to be almost constant in the energy range 7.4-9.0 MeV.

3.1. Anisotropy calculations

Figure 5 is a plot of comparison of theoretical and experimental values of b/a
for photofission of 238U irradiated by bremsstrahlung radiation. The anisotropy is
calculated using the equation

Banax E3(Emax - E)ZT/\f(l -0 E)
2 B 2E%(Ermax — E)zTAf( =0, E)
/0 {Tm(l’ VE) +Top(1,—,0,E) + 2T (1, -, 1 E)}

The anisotropy values substantially deviated at the higher energies. The dis-

ISERS

crepancies arise due to theoretical values of b/a are forced toward the asymp-
totic value of 1/2 at higher energies, since barrier penetrabilities approach unity.
However, the experimental value of b/a is greater than one at higher photon ener-
gies. We assume that this is due to the opening of additional dipole K # 0 fission
levels. This is indicated by a decrease in b/a as is evident by the experimental data.

To make a quantitative analysis of the measured fission fragment angular dis-
tributions, it is assumed that J =17, K =0 and J = 1—, K = 1 are responsible
for the angular distributions and J = 2% and K = 0 states lead to a quadrupole
absorption which gives a small but systematically different from zero contribution
at all energies. From values of the coefficients obtained from the least square fit, we



Measurement of Photofission Cross-Section of 238U Using Microtron Facility 2367

10° —— . . : . . , , T
L Theoretical
® Presentwork |[]
10' | E
o t
— 3
\J\\\\{
10° B LI
F \\ ]
10'1 | " | s 1 " | ) 1 "
7.2 7.6 8.0 8.4 8.8 9.2
E (MeV)

max

Fig. 5. Comparison of theoretical and experimental values of b/a for photo fission of 238U with
bremsstrahlung. The theoretical values are derived from Eq. (3) [ — Present experimental results].

can determine the three angular components Y, (Fmax)s Yo(Fmax) and Ye(Emax) of
the yield, which corresponds to isotropic, dipole and quadrupole terms which are
related by Eq. (5) and are shown in Fig. 6. These are related by the equations,

Y=Y, +Y+Y,
Y.

Ya:_aa
v

2b
“:Y<@>’ (4)
n:y<§»’

15v

= + 2b + 8
v=latg =¢)
All the quantities in Eq. (4) are functions of Epax.

The total fission cross-section o(FE) is obtained by integrating the differential
cross-section,

o
dQ

and the total cross-section is,

0) = a + bsin® @ + csin? 20 (5)

o0(E) = 4r (w%ﬁf—é) . (6)
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Fig. 6. Photofission yield of 233U, Y, as a function of maximum bremsstrahlung energy.
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maximum photon

The fission yield for a particular electron end point energy is related to fission

cross-section (0(E)) and bremsstrahlung gamma ray intensity (N (E, Fiyax)) by the

relation,

Emax
Y (Fmax) = C/ 0(E)/N(E, Enax)dE .
0

(7)
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Fig. 8. Photofission cross-section of 238U, o, as a function of photon energy, Eq.

In the above equation, the “C” depends on the normalization of the spectrum
and on the total number of fissile nuclei in the sample and on the total flux of
incident photons. The resulting fission cross-section is obtained using photon differ-
ence method or iterative method or minimum directional discrepancy. In the present
work, photon difference method has been employed to calculate the photofission
cross-section. The photofission cross-section evaluated from the measured values is
discussed below. The photofission excitation function was determined in the photon
energy range 7.4-9.2 MeV. The fission yield for particular electron end point energy
is related to fission cross-section (o(E)) and bremsstrahlung gamma ray intensity
(N(E, Fanax)) [Eq. (7)].

The photofission yield has been obtained from the measurement of fission frag-
ment angular distribution of 238U in the energy range 7.4-9.2 MeV. Katz et al.?°
found the photofission threshold of 238U to be 4.6 MeV. The photofission yield
of bremsstrahlung end point energy is the contribution of photons from thresh-
old to end point energy. To evaluate the resulting photofission cross-section, it is
necessary to have the knowledge about the photon spectrum. In the present in-
vestigation, measurement data is available in the energy range 7.4-9.0 MeV; but
below 7.4 MeV to threshold data is not available. Data from the studies carried out
by Rabotnov et al.® was used for photofission cross-section measurements for the
energy range 7.4 MeV up to threshold and were multiplied with bremsstrahlung
spectrum N (E, Epax) obtained by EGS-4 code,'? to obtain the yield curve which
is represented by solid triangle for energies below 7.4 MeV in Fig. 7 along with the
yield curve of the present measurements. The yield curve of the present measure-
ment is in good agreement with the Rabotnov et al.® photofission yield. The total
yield curve is unfolded using photon difference method.?! The resulting photofission
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cross-section in the entire energy range 4.6-9.2 MeV is shown in Fig 8. The
measured photofission cross-section is compared with the results reported in lit-
erature and are shown in Figs. 9-11.

The resulting photofission cross-section obtained in the present work indicates
prominent resonance structure at 6.2 MeV and another resonance near 7.4 MeV.

60 T T T T T T T T T T T
= P A Dickey et al (1975)
¢ OY Mafra et al (1972)
| 4 A Manfredini et al (1966)
® Present result
Barrier formula :
40 ; -
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Fig. 9. Photofission cross-section of 233U, o, as a function of photon energy, E,.
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Fig. 10. Photofission cross-section of 238U, o, as a function of photon energy, E-.
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Fig. 11. Photofission cross-section of 238U, o, as a function of photon energy, E..

Khan and Knowles?? have used Compton-scattered vy-rays to measure the photo-
fission cross-section of 233U which we have compared with the present measurement
in Fig. 10. Both cross-sections exhibit a large peak in the region of 6.2 MeV, but the
two measurements do not agree above 7 MeV in excitation. Khan and Knowles??
had considered that the photon beam striking the target could be assembled from
discrete lines with an energy spread associated with each line and obtained cross-
section from the yield by considering the presence of the discrete lines only. In
their work, energy spread of each line was experimentally measured and was un-
folded from the effective cross-section to get the actual cross-section. Smoothing
was not applied during the analysis. To use the techniques employed by Khan and
Knowles?? the relative contribution to the scattered beam from each discrete line
in the direct beam must be well known. In the present work, a representation of
the beam could not be constructed in this manner since contaminant lines from the
(n,~y) reaction on Fe and Al in the reactor contributes to the photon spectrum. The
relative contribution of these non-localized sources to the overall intensity for each
end-point energy is not known analytically. Hence, the photon spectrum was mea-
sured directly and was unfolded from the yield curves to obtain the cross-sections.
Figures 9 and 10 show the data of Manfrenidi et al.,?3 Mafra et al.2* who employed
the same method as Khan and Knowles?? and Fig. 11 shows data of Andrel et al.,?°
Caldwell et al.?% who employed neutron-capture vy-rays as the photon source. The
photon spectrum used in both of the above measurements consisted of discrete
lines a few electron volts wide. Therefore, one must be careful in making a detailed
comparison with these results since data are obtained at certain discrete energies
only, and the photon energy may be on or off resonance with narrow states in the
compound nucleus.
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3.2. Theoretical calculation of fission cross-sections

In order to get a quantitative evaluation of the present experimental data, model
calculations by using Empire-II code® for 238U (+, f) reactions was carried out. The
parameters for the optical model were chosen by a global parameter set of Kon-
ing and Delaroche.?” It should be noted that the level densities are important
ingredients of statistical reaction models. The Empire code includes several level
density models. Some of them are, (i) Gilbert—Cameron,?® (ii) Fermi gas model
with deformation-dependent collective effects, (iii) HF-BCS (Hartree-Fock-BCS
approach).?? The excitation energy dependence shell correction in the level density
is given by Ignatyuk.?? In the present work, calculations were done in the frame work
of HFBCS model. The fission barrier height, width and transmission coefficient val-
ues were taken from the empire predictions of RIPL-1 and RIPL-2 (Reference Input
Parameter Library). The RIPL-1 fission barrier parameters are compiled by Maslov
nuclei beyond thorium systems while RIPL-2 fission barrier parameters are derived
theoretically from the extended Thomas—Fermi plus Strutinsky integral (ETFSI)
method.31:32 The level densities at the saddles were calculated by using the Em-
pire specific dynamical approach for normal states (BCS+ modified Fermi gas). No
sub-barrier effects were included in the present calculation. However, discrete states
above the fission barrier for nucleus are considered. The photoabsorption of both
E1 (electric dipole) and E2 (electric quadrupole) are included in the present calcu-
lation. The calculation was carried out for 23¥U(y, f) reactions with the above set
of parameters and the prediction of EMPIRE-II were compared with the present
measurements and is shown in Fig. 12. The photofission cross-section has been
calculated with newly developed analytical fission barrier formula’ based on the

60 T T T T T T T T
A Rabotnov et al.,(1965)
e present results
----------- RIPL-1
40
)
S
N
©
20
0

Fig. 12. Photofission cross-section of 238U, o, as a function of photon energy, E-.
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Table 3. Values of the parameters used in the barrier formula.

I=a/b a b
B 0.03174 0.010290
B —0.01653 —0.06258
T 0.120 £ 0.023 —0.225 £ 0.029
v 0.013£1.2 0.044 £ 0.015
k —-10.3+1.2 16.8 £ 1.9
Oz —0.16 £+ 0.06 —0.22 +0.08
N —0.32 +0.06 —0.22 +0.07
X2 /degree of freedom 1.56 1.50
Table 4. Barrier heights and curvature for 238U.
Vo (MeV) Vi (MeV) hwa (MeV) hwy (MeV)
RIPL-1 6.30 5.50 1.040 0.600
RIPL-2 5.70 4.90 1.040 0.600
Barrier formula 5.69 5.69 1.040 0.600

celebrated Hugenholtz—Van Hove theorem.?® The pairing energy depends upon the
single particle level density and varies along the potential energy curve. The ana-
lytical fission barrier formula for the barrier Vi = a/b of the nucleus (A4, Z, N) is
given by,

Vi = asBsiAz/S + achiZ2/3
+7Z +uN +k+1/2[1+ (=1)Z]6, +1/2[1 4+ (=1)V]dn . (8)

In the above equation, the first two terms (as and a.) are the fitness terms —
the surface and the coulomb. For the barrier formula parameters as = 19[1 — (N —
Z)/A)?] MeV and a. = 0.72 MeV was taken. The next three terms (7, v and k) are
the infinite matter terms satisfying the Hugenholtz—Van Hove theorem. The last
two terms (dz and dy) are the proton and neutron pairing terms. The surface and
coulomb terms By; and B,; are taken from Brack et al3* and the remaining five
parameters w, v, k, 0z and dy are obtained by fitting the fission barrier data of
Bjgrnholm and Lynn?® and are listed in Table 3.

The present measurement is also compared with the predictions of RIPL-1 and
RIPL-2 fission barrier parameter of EMPIRE and analytical fission barrier formula
and is shown in Fig. 12 and corresponding values of fission barrier used in the
calculation are shown in Table 4.

4. Conclusion

Summarizing, we have measured the photofission cross-section of 233U induced by
bremsst‘rahlung radiation of 7.4-9.0 MeV with the energy step of 0.4 MeV. The
anisotropy decreases with increasing energy and quadrupole absorption is small,
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but it systematically different from zero. The cross-section is obtained using photon
difference method by unfolding present experimental measurements with the result
obtained by Rabotnov et al. The theoretical photofission cross-section was estimated
using Empire-II code using fission barrier parameter of RIPL-1 and RIPL-2 and a
newly developed analytical formula for fission barrier. The present study shows
that good agreement with the results obtained by a newly developed analytical
formula for fission barrier and RIPL-1 from Empire-II. The present experimental
results also compared with the results taken from literature, consistent with the
experiment carried out using Bremsstrahlung gamma rays.
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