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Abstract The 238U(y, n)237U reaction cross-section at the
end point bremsstrahlung energies of 8 and 10 MeV was
measured by using an activation technique. Induced
gamma ray activities were measured by high resolution
gamma-ray spectrometer with high-purity germanium
detector. The photo neutron cross section on >*U is also
calculated theoretically using TALYS 1.2 computer code.
The experimentally obtained reaction cross sections were
compared with the flux weighted average values from the
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literature data based on mono-energetic photon as well as
the value from TALYS. It was found that the cross section
of 238U(y, n)?"U reaction increases with increase of
bremsstrahlung energy and were closer to the flux-weigh-
ted experimental data from literature and the values from
TALYS based on mono-energetic photons.
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8U(y, pH and "7AU(y, n)'*°Au flux monitors - End point
bremsstrahlung energies of 8 and 10 MeV - Off-line y-ray
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Introduction

Nuclear data of photon-induced reactions play an important
role both in applied research and in variety of applications
[1]. The incident photons having energy below 30 MeV is
the important region in most of the applications. This is
because the giant dipole resonance reaction cross-sections
of most of the reactions lie within incident energy range of
30 MeV. Natural uranium is a mixture of >®U
(99.2739 %), **3U (0.7204 %), and 2>*U (0.0057 %). The
233U is a fissile material, whereas the 2337 is a non-fissile
material, which plays an important role in nuclear reactors.
The more abundant **®U, capable of serving as a source
material for the production of fissile **Pu in a nuclear
reactors by neutron capture followed by two successive
B—decays. Therefore *®U is used as a source material for
creating 239py, which can be used as a nuclear fuel [2].
Thus nuclear reaction and fission data of ***U are very
important for fission, fusion and accelerator driven sub
critical system (ADSs) calculations [3, 4]. In particular in
ADSs, sufficient flux of high energy gamma photon in the
form of bremsstrahlung is always produced along with the
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neutrons. Thus the present work is focused to determine the
photo-neutron cross-section of ***U.

In published literature [5—7] number of experiments
were carried out to calculate the 238U(y, n)237U reaction
cross-section. Most of the data available in published lit-
erature are for mono-energetic photons [8, 9] using linear
accelerator facility. Goncalez et al. [10] carried out the
study of photo-neutron cross section of **U from 5.61 to
10.83 MeV, by using 30 different neutron capture gamma
rays with high resolution in energy produced in an exper-
imental arrangement at the IPEN-IEA-R12-MW research
reactor. However, there is no data available in the literature
using bremsstrahlung beam. In view of this, the present
work was carried out to find the photo-neutron reaction
cross-section of 2**U using the electron accelerator facility.
The selected end-point energies of the bremsstrahlung were
8 and 10 MeV and the method used was activation
technique followed by off-line y-ray spectrometry. The
28U(y, n)*"U reaction cross-section induced by 8 and
10 MeV bremsstrahlung was also calculated theoretically
using a TALYS 1.2 code [11] and the results were com-
pared with experimental value of the present work.

Experimental procedure

The experiments were performed by using the brems-
strahlung beam with end point energies of 8 and 10 MeV,
produced from 8 MeV Microtron accelerator at Mangalore
university, Karnataka, India and 10 MeV electron linear
accelerator (Linac) of the electron beam center, Kharghar,
Navi-Mumbai, India. The salient features of the 8 MeV
Microtron [12—14] and 10 MeV electron Linac [15, 16] are
as follows:

Microtron Electron Linac
Beam Energy 8 MeV 10 MeV
Beam current 50 mA 100-200 mA
Pulse width 2.5 ps 10 ps
Pulse repetition rate 250 Hz 300-400 Hz

In the Microtron accelerator, the bremsstrahlung beam
with end point energy of 8 MeV was produced when a
pulse electron hits a 0.188 cm thick tantalum target [14].
On the other hand in electron linac the bremsstrahlung
beam with end point energy of 10 MeV was produced by
impinging the electron beam on a 1 mm thick Ta target
[15, 16]. In both the cases the Ta targets, which act as
electron to photon converter were located at a distance of
3 cm from the beam exit window and the samples were
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kept at a distance of 10 cm from the Ta target. The
arrangement used for bremsstrahlung irradiation is shown
in Fig. 1.

High-purity uranium metal foils of thickness 3.0363 and
1.6575 g/cm? weighing about 0.6587 and 0.9050 g were
separately wrapped with 0.025 mm thick super pure alu-
minum foil and were irradiated separately by end point
bremsstrahlung energies of 8 and 10 MeV, respectively. In
the case of end point bremsstrahlung energy of 10 MeV, a
4.6007 g/cm® thick gold (Au) metal foil weighing
0.05434 g is separately wrapped with 0.025 mm thick
super pure aluminum foil and was also irradiated along
with the aluminum wrapped uranium metal foil. The Au
foil was used as a monitor to find the bremsstrahlung flux.
During the 8 MeV irradiation the Microtron accelerator
was operated with a pulse repetition rate of 50 Hz, a pulse
width of 2.42 ps and the average beam current of 33 mA.
On the other hand, the electron linac was operated with a
pulse repetition rate of 400 Hz, a pulse width of 10 ps and
the average beam current of 50 mA. The irradiation time
for the 8 and 10 MeV experiments were 3 and 4 h,
respectively. The irradiated samples were cooled for suf-
ficient time and then the gamma rays activities emitted
from the activation foils were measured by using two dif-
ferent high purity germanium (HPGe) detectors. For
10 MeV bremsstrahlung irradiation experiment, the HPGe
detector has a volume of 80 cm® and was coupled to a PC-
based 4 K channel analyzer. On the other hand for 8 MeV
bremsstrahlung irradiation experiment, the HPGe detector
has a volume of 41.1 cm?® and was coupled to a PC based
16 k channel analyzer. The energy resolution of the
detector systems were 2.0 keV full width at half maximum
(FWHM) at the 1332.0 keV peak of ®°Co. The cooling time
and the measuring time were chosen based on the activity
and the half-life of uranium and gold radionuclide. In order
to optimize the dead time and the coincidence summing
effect the appropriate distance between the sample and the
detector was chosen for each of the measurements. The
dead time of the detector system during counting was
always kept as less than 10 %. The sample was counted
for several times in order to obtain decay curves for the
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Fig. 1 The experimental arrangement of irradiation
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photo-peaks as well as to observe the linearity of the
experimental results. The typical y-ray spectrum of the
irradiated uranium and gold with bremsstrahlung is shown
in Figs. 2 and 3, respectively. The activation products were
identified based on y-ray energies and half-life of radio-
active isotopes.

Data analysis and results
Calculation of the photon flux

The net peak area (A, corresponding to the full energy
peak was obtained from the total counts after subtracting
the linear Compton background. In the case of end point
energy of 10 MeV, the photon flux was calculated from the
y-ray activity of '?®Au obtained from the "7 AU(y, n)'*°Au
reaction as well as from the y-ray activity of the fission
products '**Te and °’Zr from ***U(y, f) reaction using
experimental yields (Y) from Ref. [16, 17]. On the other
hand in the case of 8 MeV, the photon flux was calculated
only from the y-ray activity of fission products '**Te and
77r and using experimental yields (Y) in the bremsstrah-
lung induced fission of 238U from Ref. [16, 17]. In the
calculation of photon flux, the activity (A, of the y-lines
228.1 keV of "**Te and 743.4 keV of *’Zr produced from
the **U(y, /) reaction and 355.7 keV of '"°Au from the
Y7AU(y, n) reaction were used. The following equation
was used for the photon flux calculation:

_ Anet(CL/LT) A
¢ = N<o > Yae(l — e—/ll)(e—ﬂ)(] — e /CLY” (1)

where N is the number of target atoms calculated from the
exact weight of the target material. < ¢ >is the flux
weighted average value of ***U(y, f) and '"*’AU(y, n)'*°Au
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Fig. 2 Typical y-ray spectrum from the activated 2**U foil with
10 MeV bremsstrahlung beam
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Fig. 3 Typical y-ray spectrum from the activated '°’Au foil with
10 MeV bremsstrahlung beam

reaction cross-section respectively. ‘Y’ is the cumulative
yield of the fission product '**Te and *’Zr. ‘a’ is the
branching intensity of the y- rays of the fission and acti-
vation products and ¢ is the detection efficiency of the
v- rays of interest. ‘A’ is the decay constant of the isotope
related to its half-life (T,,,) as A = In2/T,. ‘t” and T are the
irradiation and cooling times whereas, CL and LT are
the clock time and live time of counting, respectively. In
the above equation the CL/LT term has been used for dead
time correction. The y-ray energies and the nuclear spec-
troscopic data such as the half-lives and branching ratios of
the fission products are taken from Refs. [18-20] and given
in Table 1.

The flux weighted average cross-section (< g >) for
28U(y, ) and "7AU(y, n)'*°Au reactions were calculated
using the relation

2 (o9)
>0
where ¢ is the photon flux for 284(y, ) and "7AU(y, n)'*°Au

reaction.

The photon flux (¢) as a function of photon energy was
calculated by using GEANT4 code [21, 22]. GEANT4 is a

<o> =

(2)

Table 1 Nuclear spectroscopy data used to obtain the reaction
products: y-ray energies, intensities and half-lives

Nuclide T Ey (keV) Iy (%) Reactions Eg, (MeV)
=1y 6.75d  208.0 212 B30y, n)  6.1543
1327e 32d 228.1 88.0 28U, H 5.8
7y 1691 h 7434 93.0 B80(y, H 5.8
1% Au 6.183d 332983 229 7Au(y,n)  8.073
355.689 87
426.0 7
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computer code and a toolkit for the simulation of the
passage of particles through matter. In GANT4, there is a
option to calculate the energy of photon (bremsstrahlung)
from the interaction of electron with heavy-Z target like
Ta, W, Th, U etc. However, during the calculation it needs
to define the energy of the electron, the dimension of the
target and its distance from the electron beam aperture. In
our calculation, we have used GEANT4 code [21, 22] to
generate the bremsstrahlung spectra by impinging electron
beam energies of 8 and 10 MeV on a 1.88—1 mm thick Ta
target with 5 cm x 5 cm area situated at a distance of
3 c¢cm from the end of the electron beam exit. The brems-
strahlung spectra with end point energies of 8 and 10 MeV
are shown in Fig. 4.

The values of < ¢ > for the end point bremsstrahlung
energies of 8 and 10 MeV were calculated from the for
238U(y, J) reaction cross-section of literature data [8] for
mono-energetic photon as well as from a theoretical value
based on TALYS 1.2 [11] computer code (Fig. 5). For the
same end point bremsstrahlung energy of 10 MeV,
the < ¢ > value was also calculated for ]97AU()), n)]%Au
reaction cross-section from the literature [23] and TALYS
based on mono-energetic photons (Fig. 6). The flux-
weighted average ¢ values for B8U(y, f) and "7AU(y,
n)'?°Au reactions from the literature as well as from
TALYS are shown in Table 2. The < ¢ > value was used
in Eq. (1) to calculate the photon flux (¢). The ***U(y, f),
197AU(y, n)l%Au and 238U(y, n)237U reactions having
different thresholds are presented in Table 1. Thus the
weighted average flux obtained from *®U(y, f) and
TAU(y, n)'*°Au reaction was multiplied by the flux ratio
values of 2>¥U(y, /) or "7AU(y, n)'*°Au reaction from Ey,
to E.x to the 238U(y, n)237U reaction from Ey, to E .. At
the end point bremsstrahlung energy of 10 MeV, the
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'f ¢ 10 MeV electron
¥ e 8 MeV electron
10°F 1
@
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g
=
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Fig. 4 Bremsstrahlung spectrum obtained by impinging electrons of
8 and 10 MeV energies
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photon flux calculated from the activity of the fission
products '**Te and *’Zr in ***U(y, f) and the reaction
product 96Au from the "7AU(y, n)'°°Au reaction are in
good agreement to each other. At the end point brems-
strahlung energy of 8 MeV the photon flux was calculated
only from the activity of the fission products '**Te and *’Zr
in 2*®U(y, f) reaction. This is because the threshold energy
of "AU(y, n)'°°Au reaction is 8.073 MeV. Experimen-
tally obtained photon fluxes in the above ways presented
above are summarized in Table 2.

23 23 . :
The SU(y, n) U reaction cross section

The photon (bremsstrahlung) irradiation on ***U resulted in
the production of **’U through (y, n) reaction. The radio-
nuclide 2*’U from the » 8U(y, n) reaction was identified by
the photo-peak activity of the 208.0 keV characteristic y-
line from the y-ray spectrum of a sufficiently cooled
sample (Fig. 2). The decay data of the radio-active prod-
ucts, contributing reaction process and threshold energy are
taken from the Ref. [20] and are presented in the Table 1.

The net activity under the photo-peak (A,e) of the
reaction product »*’U was used to calculate the average
photo neutron cross-section (< ¢ > of ***U using the Eq. 1
and is rewritten as

Aner (£7)

=07 = Noag(1 — e ) (e *T)(1 — e=#CL)"

(3)

All the terms have the similar meaning as in the Eq. (1)
except ¢ which is the average flux for >U(y, m)*'U
reaction .

The 238U(y, n)237U reaction cross-section determined in
the present work at end point bremsstrahlung energies of 8
and 10 MeV are presented in Table 2. At 8 MeV, the
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Fig. 5 Plot of experimental and theoretical 2 8U(y, ) reaction cross-
section as a function of photon energy
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Fig. 6 Plot of experimental and theoretical 197AU(y, n)'*°Au reaction
cross-section as a function of photon energy

28U(y, m)?"U reaction cross-section obtained to be
10.575 £ 0.16 mb for a bremsstrahlung flux of
(2.130 & 0.042) x 10° Photons/cm?/s using the flux
weighted average value based on literature [8]. For the
same energy using the flux weighted average value from
the TALYS 1.2 code [11], the 238U(y, n)237U reaction
cross-section obtained as 22.467 £ 0.347 mb for a
bremsstrahlung flux of (1.003 £ 0.020) x 10° Photons/
cm?/s. Similarly, at 10 MeV, based on the flux weighted
average value from literature [23], the 238U(y, n)237U
reaction cross-section obtained as 49.033 4+ 0.191mb for a
bremsstrahlung flux of (2.007 + 0.072) x 10° Photons/
cm?/s. For the same energy using the flux weighted value
of TALYS [11] the 238U(y, n)*"U cross section obtained as
69.776 £ 0.272 mb for a bremsstrahlung flux of 1.406 +
0.0514 Photons/cm?/s. The range of **U(y, n)**"U reaction
cross-section for same end point bremsstrahlung energy is
due to the use of two different types of photon flux based
on experimental and theoretical ***U(y, /) and 'AU
(7, n)'°Au reaction cross sections.

The uncertainties associated to the measured cross-sec-
tions come from the combination of two experimental data
sets. The overall uncertainty is the quadratic sum of both
statistical and systematic errors. The random error in the

observed activity is primarily due to counting statistics,
which is estimated to be 5-10 %. This can be determined
by accumulating the data for an optimum time period that
depends on the half-life of nuclides of interest. The sys-
tematic errors are due to uncertainties in photon flux esti-
mation (~3.6 %), the irradiation time (~0.5 %), the
detection efficiency calibration (~3 %), the half-life of the
reaction products and the y-ray abundances (~2 %). Thus
the total systematic error is about ~5.12 %. Thus the
overall uncertainty is found to be in the range between 7.16
and 11.23 %, coming from the combination of a statistical
error of 5-10 % and a systematic error of 5.12 %.

Discussions

The 238U(y, n)**"U reaction cross-section at an end point
bremsstrahlung energies of 8 and 10 MeV shown in
Table 2 are determined for the first time. It can be observed
from the Table 2 that, the measured reaction cross section
of ?®U(y, n)*’U reaction based on 208.0 keV y-line
varies from 10.575 to 22467 mb at 8 MeV to
49.033-69.776 mb at 10 MeV. The variation of the
experimental and theoretical cross sections for both ener-
gies is due to the use of different types of photon flux based
on experimental and theoretical flux weighted average
cross section values of 2**U(y, f) and "7AU(y, n)'*°Au
reactions.

In the published literature, number of experimental data
were available to calculate the 238U(y, n)237U reaction
cross section using mono-chromatic photon beam but for
the present investigation we have only considered the Ref.
[8]. The authors in Ref. [8] calculated the 238U(y, n)238U
reaction cross-section in the Giant Dipole Resonance
(GDR) region using the Livermore Linear accelerator
facility and the photons produced in electron—positron
annihilation. It can be seen from the literature data that the
238U(y, n)237U reaction cross-section increase with increase
of photon energy up to 11 MeV and thereafter decreases
due to opening of other reaction channels. The higher
238U(y, n)238U reaction cross-section within the photon
energy of 10-12 MeV is due to GDR effect. In the present
work the higher cross section at end point bremsstrahlung

Table 2 Measured reaction cross-section of ***U(y, n)**"U at end point bremsstrahlung energies of 8 and 10 MeV

Bremsstrahlung  Reaction used for ~ Flux-weighted < ¢ > for 238U(y, ) and Flux (¢) x10° Experimentally measured 238U(y, n)
energy (MeV) flux calculation 197AU(y, n) reactions (< ¢ > (mb)) [Ref] (Photons/cmz/s) reaction cross-section (< ¢ > (mb))
B3U(y, 1) 4.17 (Expt.) [8] 2.130 & 0.042 10.575 £ 0.163
U, 1) 8.86 (TALYS) [11] 1.003 + 0.020  22.467 + 0.347
10 7AU(y, n) 38.65 (Expt.) [23] 2.007 £ 0.072  49.033 £ 0.191
10 Y7AU(y, n) 55.0 (TALYS) [11] 1.406 £ 0.051 69.776 £+ 0.272
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Fig. 7 Plot of experimental and theoretical B8y (v, n)>*7U reaction
cross-section as a function of photon energy

energy of 10 MeV is most probably due to the GDR effect.
To observe the effect of GDR, the photo-neutron reaction
cross section of *®U as a function of photon energy from
the literature [8] is plotted in the Fig. 7. It can be seen from
Fig. 7 that, the ***U(y, n)*"U reaction cross section
increases with photon energy from threshold to 12 MeV
and thereafter decreases up to 18 MeV. From Fig. 7, the
flux weighted 28U(y, n)**®U reaction cross-sections at end
point bremsstrahlung energy of 8 and 10 MeV are calcu-
lated using Eq. 2 and are given in Table 3 along with the
experimental data for comparison. The photon flux as
function of energy was taken from Fig. 4. It can be seen
from the Table 3 that, the experimentally determined
238U(y, n)237U reaction cross section at 8§ and 10 MeV
bremsstrahlung energies based on 208.0 keV y-line from
the present investigation is closer to the flux-weighted
value obtained from the available literature data which,
shows the correctness of the present approach.

The ***U(y, n)**"U reaction cross sections at different
photon energies above photo-neutron threshold of ***U(y,
n) reaction were also calculated theoretically using nuclear
model based computer code TALYS 1.2. TALYS [11] can
be used to calculate the reaction cross-section based on
physics models and parameterizations. It calculates nuclear

Table 3 Comparison of 238U("/, n)?"U  reaction cross-section
obtained from the bremsstrahlung spectrum of end-point energies of 8
and 10 MeV and flux-weighted average of mono-energetic photon

Bremsstrahlung  Experimental ~ Cross-section Cross-
energy (MeV) cross-section  using literature section using
(mb) [Ref. 8] (mb) TALYS (mb)

8 10.575-22.467 16.752 23.318

10 49.033-69.776  48.390 63.860

@ Springer

reactions involving targets with mass larger than 12 amu
and projectiles like photon, neutron, proton, 2H, 3H, *He
and alpha particles in the energy range of 1-200 MeV. In
the present work, we calculated the photo-neutron cross
section of 2**U within energy range of 6.15-20 MeV using
the default option in the TALYS code as done earlier in
Refs [24, 25]. This is because the threshold energy of
238U(y, n) reaction is 6.15 MeV. All possible outgoing
channels for a given projectile (photon) energy were con-
sidered including fission channel. However, the cross-sec-
tion for the (y, n) reaction was specially looked for and
collected. Theoretically calculated 238U(n, y) reaction
cross-section within photon energy of 6.15-20 MeV using
TALYS is also plotted in Fig. 7.

It can be seen from Fig. 7 that the 238U(y, n)>"U reac-
tion cross-section as a function of photon energy from
TALYS 1.2 is in close agreement with the literature data.
However, the value from TALYS shows a slight shift at the
lower photon energy side and then it follows the path of
experimental data. The flux weighted average **®U(y,
n)>*"U reaction cross section at end point bremsstrahlung
energies of 8 and 10 MeV were also calculated from TA-
LYS and are given in Table 3. It can be seen from the
Table 3 that, the experimentally determined ***U(y, n)**’U
reaction cross section at end point bremsstrahlung energies
of 8 and 10 MeV from the present work is closer to the
flux-weighted value obtained from TALYS 1.2 computer
code as well as from the available literature data. It can be
also observed from the experimental data of present work
that the 238U(y, n)237U reaction cross section increases
from the end point bremsstrahlung energy of 8-10 MeV
and follows a similar trend with the flux-weighted value
obtained from the literature and TALYS 1.2 data based on
the mono-energetic photons. The increase trend of exper-
imental and calculated 238U(y, n)237U reaction Cross sec-
tion with increase of end-point bremsstrahlung energy
indicates the role of excitation energy besides the GDR
effect.

Conclusion

(i)  The photo-neutron cross section of ***U determined
at an end point bremsstrahlung energies of 8 and
10 MeV for the first time using activation and off—
line gamma ray spectrometric technique

(i) The 238U(y, n)23 U reaction cross-sections as a function
of photon energy were calculated theoretically using
computer code TALY'S 1.2 version. The flux-weighted
average cross-section for 238U(y, n)**"U reaction at the
end point bremsstrahlung energies of 8 and 10 MeV
have been obtained from the values of TALYS and
literature data based on mono-energetic photon
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