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Abstract The flux weighted average cross sections of
the 141Pr(γ,n)140Pr, 160Gd(γ,n)159Gd and 162Er(γ,n)161Er
nuclear reactions induced by 10 and 15 MeV energy
bremsstrahlung photons are measured with offline gamma
spectrometry. The cross sections are reported with detailed
uncertainties in the associated parameters. The measured
cross sections are compared with the theoretical cross sec-
tions calculated using TALYS 1.95 code for eight different
gamma strength functions. The average cross sections are
also compared with the Geant4 Monte Carlo simulations of
the nuclear reactions induced by bremsstrahlung photons.
The measured cross sections are important for the nuclear
database and nuclear astrophysics research.

1 Introduction

The experimentally measured cross sections for many rare
earth elements for photon induced reactions are not avail-
able on the EXFOR [1] database. The interest for the mea-
surements of the cross section for these reactions has been
increased in the recent years due to availability of various
photon sources. The photo nuclear reactions in the giant
dipole region (GDR) are important for neutron production
estimation at the nuclear facilities. Photo nuclear reactions
for medium and heavy nuclei are also important for the study
of stellar nucleosynthesis. The heavy neutron deficient nuclei
called as p-nuclei are produced in the stellar environment
either by successive addition of protons to a nucleus or by
removing neutrons from the nucleus though nuclear reac-
tions accompanied by subsequent beta decays. This process
is termed as p-process or γ-process in nuclear astrophysics.
These astrophysical p-processes can be studied through var-
ious (γ,n) nuclear reactions in a laboratory with sufficiently
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high photon flux. The photo nuclear cross sections are also
useful for the estimation of the stellar photoneutron rates [2].

The element praseodymium has one stable isotope 141Pr
(100%), gadolinium has six stable isotopes 154Gd (2.18%),
155Gd (14.8%), 156Gd (20.47%), 157Gd (15.65%), 158Gd
(24.84%) and 160Gd (21.86%) and erbium also has six stable
isotopes 162Er (0.139%), 164Er (1.601%), 166Er (33.503%),
167Er (22.869%), 168Er (26.978%) and 170Er (14.91%). The
162Er nucleus studied in this work is a p-nucleus. The cross
sections for the reaction 141Pr(γ,n)140Pr has been reported
by a few authors to EXFOR. However, most of the data was
reported before 1992 and only one author has reported in
2006. The previous authors have not used HPGe detector
for the measurement of the induced activity in the samples.
Some of them have used 3He or BF3 neutron detector to mea-
sure the secondary neutrons emitted from the samples. The
secondary neutrons are moderated by polyethene or paraffin
before detection. Other authors have used NaI(Tl) detectors
for gamma spectrometry, which have poor energy resolution.
There is a significant loss of precision in these techniques.
These results are helpful for photoneutron folding technique
to determine the photoneutron spectra generated at electron
accelerators.

In the present work, the flux weighted average
cross sections of 141Pr(γ,n)140Pr, 160Gd(γ,n)159Gd and
162Er(γ,n)161Er nuclear reactions induced by 10 and 15 MeV
end point energy bremsstrahlung photons are reported. A
medical LINAC is used for the irradiation of the samples in
the present work. So far, the cross sections of these reactions
have not been reported in the EXFOR database, except for
the cross section of 160Gd(γ,n)159Gd reported by Ghosh et al.
[3] at 10 MeV and 162Er(γ,n)161Er reported by Vagena et al.
[4] at 14 MeV bremsstrahlung photons and compared with
TALYS evaluations. In the present work, the measured cross
sections are compared with the theoretical effective cross sec-
tions calculated with TALYS 1.95 [5] nuclear code for eight
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Table 1 The nuclear
spectroscopic data for the
different radioisotopes produced
in the present work [9–12]

Nuclide Half-life Decay mode Eγ (keV) Iγ (%)

140Pr 3.39 ± 0.01 m ec β + (100%) 1596.1 ± 0.2 0.49 ± 0.04
159Gd 18.479 ± 0.004 h β − (100%) 363.543 ± 0.0018 11.78 ± 0.05
161Er 3.21 ± 0.03 h ec β + (100%) 826.6 ± 0.1 64 ± 4
196Au 6.1669 ± 0.0006 d ec β + (93%)

β − (7%)
355.73 ± 0.05 87 ± 3

Table 2 Experimental details of
the irradiation, cooling and
counting time for the nuclear
reactions along with the
threshold energy of the nuclear
reactions

Reaction Endpoint
energy
(MeV)

Irradiation
time (s)

Cooling
time (s)

Counting
time (s)

Threshold
energy Eth
(MeV)

141Pr(γ,n)140Pr 10 300 25 300 9.399
160Gd(γ,n)159Gd 1500 923 550 7.451
141Pr(γ,n)140Pr 15 300 25 300 9.399
160Gd(γ,n)159Gd 1500 1279 554 7.451
162Er(γ,n)161Er 1500 279 366 9.205

different gamma ray strength functions. The cross sections
are also estimated by Geant4 [6–8] Monte Carlo simulations
for yield measurement using two different PhysicsLists from
the code. The Geant4 simulations are also validated by sim-
ulating the standard 197Au(γ,n)196Au reaction cross section.
The measured cross sections are in good agreement with the
theoretical cross sections calculated using TALYS 1.95 and
simulated cross sections using Geant4 code for some chosen
gamma ray strength functions.

2 Experimental

2.1 Sample preparation

The samples were prepared from pure Pr2O3, Gd2O3 and
Er2O3 (99.99%) in powdered form having natural isotopic
abundance. For every sample, 1 gm of powder was weighed
with a micro balance having an accuracy of 10 μg. The pow-
der was wrapped in polyethylene sheet to make a cuboid of
size 1 cm3. The Au foils of the same cross-sectional area, used
for bremsstrahlung flux monitoring weighed 0.5 gm each.

2.2 Irradiation

The irradiations were performed using a medical LINAC at
Dr. Vikhe Patil Memorial Hospital, Ahmednagar, India. The
linear accelerator was operated in photon mode, which pro-
vided 10 and 15 MeV bremsstrahlung photons. The gantry
of the accelerator was pointing downwards and the collima-
tors (jaws) were opened to give a field size of 10 × 10 cm at
the patient table situated at 100 cm from the bremsstrahlung
target. The samples were placed in the given field size and

irradiated with 10 MeV and 15 MeV bremsstrahlung photons
for a period of 300 and 1500 s. A constant dose rate of 590
± 10 and 680 ± 10 cGy/min was maintained for 10 MeV
and 15 MeV energies respectively. Along with each sample
an Au sample was placed for monitoring the bremsstrahlung
flux. The product of the 141Pr sample has short half-life and
required gamma counting as soon as possible after the irra-
diation. The Pr sample was pulled by a string from the irra-
diation table to the counting room through a pipe and with
this arrangement, a low cooling time of 25 s could be made
possible. For the Pr sample the irradiation lasted for 300 s
while the monitor Au foil was irradiated for 1500 s. On the
other hand, the Gd and Er samples were irradiated for 1500 s
along with the monitor and moved to the gamma spectrom-
etry room manually.

2.3 Measurement of gamma ray activity

The induced gamma ray activity in the irradiated samples was
measured with a HPGe detector. The HPGe detector was pre-
calibrated with a standard 152Eu point γ source. The 152Eu γ

source has a half-life of 13.517 years [13] and had an initial
activity 4336.98 Bq on 1 Oct. 1999. The efficiency for the
gamma energies was obtained following our earlier works
[14–17], by interpolating the equation

ln(εi ) =
∑

m

pm(ln Ei )
m−1 (1)

where, εi are efficiencies, pm are the fitting parameters of
the order m = 5 and Ei are the corresponding gamma ener-
gies in MeV from Table 1. The fitting parameters are pm =
(− 5.0691, − 1.6275, 0.2412, 0.5790, 0.1604). The nuclear
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Fig. 1 Gamma ray spectra of the Pr sample irradiated with (a) 10 MeV
bremsstrahlung photons and (b) 15 MeV bremsstrahlung photons
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Fig. 2 Gamma ray spectra of the Gd sample irradiated with (a) 10 MeV
bremsstrahlung photons and (b) 15 MeV bremsstrahlung photons

spectroscopic data for the radioisotopes produced by (γ,n)
reactions is given in Table 1. The HPGe detector has a res-
olution of 1.5 keV at 1.33 MeV gamma peak. The HPGe
crystal is p-type having radius 3.18 cm and length 4.85 cm.
The output of the detector was connected to an Ortec 8 k
Multi Channel Analyzer operated with Maestro software on
a personal computer. The detector was lead shielded in order
to reduce the background gamma rays. The activity induced
in the Au sample was measured for 600 s after the accom-
panying sample. The experimental timing details for each
sample are given in Table 2. The typical γ-ray spectra of the
Pr, Gd and Er sample irradiated with bremsstrahlung pho-
tons are shown in Figs. 1, 2 and 3 respectively. The channel
dispersion for the 10 MeV spectra is 0.2175 keV/channel,
whereas for 15 MeV spectra it is 0.2177 keV/channel.
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Fig. 3 Gamma ray spectrum of the Er sample irradiated with 15 MeV
bremsstrahlung photons

The Er sample has six stable isotopes with mass numbers
162, 164, 166–168 and 170. However, no gamma ray, origi-
nating from the residual nuclei produced by (gamma,n) reac-
tion on these isotopes, has been detected, except for 162Er.
The 164Er(γ,n)163Er has a finite probability of occurrence but
the gamma peaks of 163Er are very weak to be detected. The
product of 166Er(γ,n) reaction 165Er has no gamma peaks in
its decay scheme. Similar justification is applicable for other
possible reaction 170Er(γ,n)169Er. So, although 162Er is only
0.14% abundant, the irradiation of the other isotopes does
not create a problem to extract the 161Er line yields cleanly.

3 Data analysis

3.1 Estimation of bremsstrahlung flux

The estimation of incident photon flux is a crucial parame-
ter, for the measurement of cross sections induced by pho-
tons having a continuous energy distribution. We have used
Au foil along with each sample during the irradiations for
monitoring the bremsstrahlung photon flux. The reaction
197Au(γ,n)196Au was used for the measurement of pho-
ton flux at both 10 and 15 MeV bremsstrahlung energies,
as the reaction 197Au(γ,n)196Au has a threshold energy of
8.07 MeV. A typical γ-spectrum of the irradiated Au sample
is shown in the Fig. 4. The reaction 197Au(γ,n)196Au is com-
monly used for photon flux monitoring because the product
196Au has a relatively long half-life and good γ-ray intensity.
The cross section data is also available on EXFOR [18–22]
and evaluated data libraries [23–25]. The cross section of for-
mation for the 196m2Au is about 2 orders of magnitude less
than that for the formation of 196Au. Therefore, in the gamma
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Fig. 4 A typical gamma ray spectra of the Au sample irradiated with
10 and 15 MeV bremsstrahlung photons
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Fig. 5 Geant4 simulated bremsstrahlung spectra for 10 MeV and
15 MeV end point energies

spectrum of the irradiated natural Au foil, the gamma peaks
of 196m2Au were not observed. The bremsstrahlung photon
flux distribution was obtained from the Geant4[6–8] Monte
Carlo simulations. The gantry of the medical LINAC was
accurately modeled in the Geant4 code. The photons inci-
dent on the patient table situated at 100 cm from the tungsten
target were scored and normalized with the incident electron
current. A standard cubic water phantom of 30 cm was sim-
ulated at the patient table. The dose deposited in the water
phantom was scored and correlated with the experimental
dose rate of 590 ± 10 and 680 ± 10 cGy/min for 10 MeV
and 15 MeV energies respectively. The bremsstrahlung pho-
ton flux for 10 and 15 MeV end point energies are shown
in Fig. 5. The cross section for the 197Au(γ,n)196Au reac-

tion from the reaction threshold to 20 MeV photon energy
was calculated with TALYS 1.95 code [5], using the default
parameters for level density and optical model potential and
the generalized Lorentzian of Brink and Axel (GSF2) for
gamma strength function. The calculated cross sections with
this combination of parameters agree with the evaluated data
from TENDL 2019 and JENDL/PD-2016.1. The integrated
bremsstrahlung photon flux for the 197Au(γ,n)196Au reaction
can be calculated by Eq. 2,

< φAu >= FAλ

< σAu > ε Iγ N
(
1 − e−λt1

)(
e−λt2

)(
1 − e−λt3

)

(2)

where, F is the activity correction factor for self-absorption
and true coincidence summing, A is the area under the gamma
peak, λ is the decay constant, ε is the detector efficiency,
Iγ is the gamma peak intensity, N is the number of target
atoms, t1 is the irradiation time, t2 is the time between the
stop of irradiation and start of the gamma counting, t3 is the
counting time and <σAu> is the flux weighted average cross
section of 197Au(γ,n)196Au reaction determined by Eq. 3.
The measured area under the gamma peak A is corrected for
coincidence summing effect using the TrueCoinc code [26].
The factor F is the product of the self-absorption correction
factor and true coincidence summing correction factor. The
measured area under the gamma peak A is also corrected
for the dead time of the detector by multiplying it with the
ratio of clock time (CL) and live time (LT). The cross sec-
tions calculated for 197Au(γ,n)196Au reaction are 30.28 mb
and 161.24 mb for 10 and 15 MeV bremsstrahlung photons,
respectively, as calculated with Eq. 3,

〈σAu〉 =
∑

σφ∑
φ

(3)

where φ is the Geant4 simulated bremsstrahlung flux and σ

is the cross section of the reaction at the corresponding pho-
ton energies calculated with TALYS 1.95. The cross sections
calculated using TALYS 1.95 code for GSF2 compared with
TENDL 2019 and JENDL/PD-2016.1 is shown in Fig. 6,
which also presents the cross section curves used by the cor-
responding Geant4 PhysicsLists.

3.2 Flux weighted average cross section for the (γ, n)
reactions

The flux weighted average cross sections of the reac-
tions 141Pr(γ,n)140Pr, 160Gd(γ,n)159Gd and 162Er(γ,n)161Er
at 10 and 15 MeV bremsstrahlung end point energies
were evaluated from the measured yields. The reaction
162Er(γ,n)161Er is measured only at 15 MeV because for
10 MeV bremsstrahlung photons the reaction yields are

123



Eur. Phys. J. A           (2023) 59:127 Page 5 of 11   127 

6 8 10 12 14 16 18 20

0

100

200

300

400

500

600

ShieldingLEND

 GSF2
 TENDL 2019
 JENDL/PD-2016.1

QGSP_BIC_AllHP

 IAEA/PD-2019: AU-197(G,NON)
 ENDF/B-VIII.0: AU-197(G,X)

C
ro

ss
 s

ec
tio

n 
(m

b)

Energy (MeV)

197Au(γ,n)196Au

Fig. 6 The cross section of the 197Au(γ,n)196Au reaction calculated
with the TALYS 1.95 code for GSF2 compared with the TENDL 2019,
IAEA/PD-2019 and ENDF/B-VIII:0 evaluated data

practically impossible to measure due to the proximity of
the threshold energy and due to the low abundance of
162Er isotope. The integrated bremsstrahlung flux for the
197Au(γ,n)196Au monitor reaction is measured for each
accompanying sample, but it cannot be directly used for
the calculation of average cross section due to the differ-
ence in the threshold energies. The integrated photon flux of
197Au(γ,n)196Au monitor reaction needs to be corrected with
the correction factor given by Eq. 4,

CF =
∫Ee
Eth,x

φ(E)dE

∫Ee
Eth,Au

φ(E)dE
(4)

where, Eth,x is the threshold energy for the (γ,n) nuclear
reactions and Eth,Au = 8.07 MeV is the threshold energy
for the monitor reaction. The correction factors were cal-
culated using the bremsstrahlung photon flux distribution
from the Fig. 5 and corresponding threshold values from
Table 2. The calculated correction factors for the (γ,n) reac-
tions are presented in Table 3. The integrated photon flux
<φx> for the reactions 141Pr(γ,n)140Pr, 160Gd(γ,n)159Gd
and 162Er(γ,n)161Er can be obtained by multiplying the inte-
grated photon flux of the monitor reaction <φAu> by the
corresponding correction factors. Finally, the flux weighted
average cross section < σx > for the desired (γ,n) reactions
can be determined with the Eq. 5,

< σx >= FAλ

< φx > ε Iγ N
(
1 − e−λt1

)(
e−λt2

)(
1 − e−λt3

)

(5)

Table 3 Calculated correction factors for induced activity and inte-
grated photon flux

Reaction Endpoint
energy
(MeV)

Correction
factor F

Flux
correction
factor CF

141Pr(γ,n)140Pr 10 1.057 0.185
160Gd(γ,n)159Gd 1.063 1.573
197Au(γ,n)196Au 1.166 1
141Pr(γ,n)140Pr 15 1.057 0.678
160Gd(γ,n)159Gd 1.063 1.207
162Er(γ,n)161Er 1.031 0.711
197Au(γ,n)196Au 1.166 1

where all the terms have the same meaning as in Eq. 2, except
for < φx > being the corrected integrated bremsstrahlung
flux.

For the 160Gd(γ,n)159Gd reaction, the reaction product
159Gd can also be formed by the capture of photoneutrons by
158Gd. The contribution of the parasitic 158Gd(n,γ)159Gd can
be theoretically estimated by taking the ratio of the activation
Eq. 1. The contribution of the (n,γ) reaction can be estimated
by the ratio given by Eq. 6,

R = A(γ,n)

A(n,γ )

= 〈σ 〉(γ,n)a160Gd〈φ〉γ
σ(n,γ )a158Gdφn

(6)

where A(γ,n) and A(n,γ) are counts expected by (γ,n) and (n,γ)
reactions, < σ > is the cross section for corresponding reac-
tions, a is the abundance of the isotopes and φ is the flux of
the photons and photoneutrons. The value of R for 15 MeV
is 1090 and for 10 MeV is 525, making the contribution less
than ~ 0.2% to the net counts and within the uncertainty lim-
its. Therefore, the measured counts can be considered as total
counts from (γ,n) reactions.

A standard error propagation was performed for the mea-
sured cross sections [27]. The most important uncertainty
contributors are the counting statistics or peak area determi-
nations (~ 10%), integrated photon flux (~ 5%) and HPGe
detector efficiency (~ 5%). The uncertainty due to gamma
peak intensity is high (6–8%) in the case of 140Pr and 161Er
and less than 1% for 159Gd. The uncertainty due to the sam-
ple mass is 3.5% for 162Er due to the low abundance and
less than 1% for 141Pr and 160Gd. The uncertainties due to
the timing factors t1, t2 and t3 are less than 1%. The detailed
uncertainties involved in the determination of cross sections
of the reactions are summarized in Table 4.
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Table 4 Uncertainties (%)
associated with the measurement
of cross sections of the nuclear
reactions

Reaction Endpoint energy (MeV) A N Iγ ε φ Total

141Pr(γ,n)140Pr 10 18.18 0.1 8.16 5.06 5.27 21.22
160Gd(γ,n)159Gd 4.4 0.88 0.42 2.96 5.32 7.57
141Pr(γ,n)140Pr 15 8.68 0.1 8.16 5.06 5.36 14.02
160Gd(γ,n)159Gd 1.39 0.88 0.42 2.96 5.24 6.25
162Er(γ,n)161Er 7.43 3.6 6.25 2.42 5.26 11.89

3.3 Nuclear model calculations

The theoretical nuclear model calculations for the reactions
141Pr(γ,n)140Pr, 160Gd(γ,n)159Gd, 162Er(γ,n)161Er and mon-
itor reaction 197Au(γ,n)196Au were performed with TALYS
1.95 nuclear code [5]. The TALYS-1.95 code can be effec-
tively used for the calculations of nuclear reaction cross sec-
tions with mono energetic projectiles such as gamma, neu-
trons, protons, deuterons, and α-particles in the energy range
from 1 keV to 200 MeV. For the reaction 197Au(γ,n)196Au the
default sets of parameters were used which comprise Hauser-
Feshbach mechanism [28] for the compound nucleus reac-
tions, the phenomenological Constant temperature model
and the Fermi gas model (CTM + FGM) for nuclear level
densities, the nucleon-nucleus optical model potentials given
by the nucleus specific local optical model (KD localOMP)
[29], the two-component exciton model for calculating pre-
equilibrium contribution and the γ-ray transmission coeffi-
cients for E1 transition given by the Brink and Axel general-
ized Lorentzian [30, 31].

The theoretical cross sections for 141Pr(γ,n)140Pr,
160Gd(γ,n)159Gd and 162Er(γ,n)161Er reactions were per-
formed with the same set of default parameters for
nuclear level density, nucleon-nucleus optical model poten-
tial and pre-equilibrium contribution mentioned above. It
was observed that the change in level density models do not
majorly alter the excitation function curves. The shape of
the excitation function curve mainly depends on the gamma
strength functions. There are eight gamma strength functions
available in the TALYS 1.95 code namely:

GSF 1: Generalized Lorentzian of Kopecky and Uhl [32]
GSF 2: Generalized Lorentzian of Brink and Axel [30, 31]
GSF 3: Hartee-Fock-BCS-quasiparticle random-phase

approximation [33]
GSF 4: Hartree-Fock-Bogolyubov−quasiparticle

random-phase approximation [33]
GSF 5: Hybrid model of Goriely [34]
GSF 6: Goriely T -dependent HFB [35]
GSF 7: T -dependent RMF [35]
GSF 8: Gogny D1M HFB + QRPA [35]
The calculations for theoretical effective cross sections

were performed for all the eight gamma strength functions
with Eq. 3. Only a few strength functions produce the values

matching closely with our experimental results and these are
presented in later tables.

3.4 Geant4 simulations

Geant4 is a Monte Carlo particle transport code used to
simulate the interactions of radiation with matter. In the
present work, we have calculated the flux weighted aver-
age cross sections of the nuclear reactions 141Pr(γ,n)140Pr,
160Gd(γ,n)159Gd and 162Er(γ,n)161Er using the Monte Carlo
simulations by (counting) scoring the number of product
radioisotopes ( 140Pr, 159Gd and 161Er) formed in the simu-
lated material. The number of product radioisotopes (referred
as yield hereafter) of the nuclear reaction is related to the
cross section of the nuclear reaction through the Eq. 7 [36],

σ = dN

N · n · dx (7)

where, dN is the simulated yield of the product radioisotopes,
N is the total number of bremsstrahlung photons incident, n
is the number density of the target materials and dx is the
thickness of the material.

In the Geant4 simulations we have simulated a cylindri-
cal sample with 1 cm radius and 0.1 cm length along the Z
axis. The materials Pr, Gd and Er of natural isotopic abun-
dances, were assigned to the cylindrical solid in the simula-
tions. The simulated bremsstrahlung photon spectrum from
Fig. 5 was given as an input to the G4GeneralParticleSource,
with photons having momentum towards the + Z direction.
The bremsstrahlung photons interact with the material in the
simulations through photonuclear interactions. In the Step-
pingAction the yield of the photonuclear interactions was
scored. The cross section for the (γ,n) reaction was calcu-
lated with Eq. 7. The calculated number density, the yield of
the product radioisotopes and calculated cross sections are
presented in Table 5. The simulations were performed for
109 primary bremsstrahlung photons.

The simulations were performed with the two Physics
Lists QGSP_BIC_AllHP and ShieldingLEND. The Physics
List QGSP_BIC_AllHP uses the data from the IAEA PD
2019 [23] data library for photonuclear interactions which
is located in the G4PARTICLEXS4.0 folder provided with
the Geant4 package. The IAEA PD 2019 library consists of
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Table 5 The calculated number density for the reactant isotopes, products yield calculated with Geant4 code and corresponding effective cross
section

Reaction Endpoint energy
(MeV)

Number density n
(atoms/cm3)

QGSPBICAllHP ShieldingLEND

dN Cross section (mb) dN Cross section (mb)

141Pr(γ,n)140Pr 10 2.868 × 1022 673 0.24 29,474 10.28
160Gd(γ,n)159Gd 6.586 × 1021 9629 14.62 – –
197Au(γ,n)196Au 5.907 × 1022 29,761 5.04 166,003 28.10
141Pr(γ,n)140Pr 15 2.868 × 1022 198,960 69.37 243,180 84.79
160Gd(γ,n)159Gd 6.586 × 1021 88,521 134.39 – –
162Er(γ,n)161Er 4.537 × 1019 546 120.32 – –
197Au(γ,n)196Au 5.907 × 1022 891,616 150.92 982,338 166.28

inelastic cross sections of photonuclear interactions for all
the elements and some selected isotopes. The Physics List
ShieldingLEND uses the data from the ENDF-B-VIII.0 [24]
library for the photonuclear interaction. However, the ENDF-
B-VIII.0 library does not contain the photonuclear data for
160Gd and 162Er isotopes.

In order to validate the methodology used for the sim-
ulations, the average cross section of the monitor reac-
tion 197Au(γ,n)196Au was first calculated from the simula-
tions. The isotope 197Au was assigned as the target mate-
rial for the simulations. The average cross section for the
reaction 197Au(γ,n)196Au for 10 MeV and 15 MeV end
point bremsstrahlung photons was found to be in agree-
ment and within the uncertainty limits, with the aver-
age cross section calculated by Eq. 3 using TALYS 1.95
data. The flux weighted average cross section calculated
with TALYS 1.95 is 30.28 mb and 161.24 mb for 10 and
15 MeV bremsstrahlung photons respectively. The cross
sections calculated with Geant4 simulations (Physics List
ShieldingLEND) are 28.1 mb and 166.28 mb for 10 and
15 MeV bremsstrahlung photons respectively. The Physics
List QGSP_BIC_AllHP underestimates the cross section for
15 MeV bremsstrahlung photons by 9% but for 10 MeV
bremsstrahlung photons it underestimates the cross section
by a factor of 5.6. These results suggest that this technique of
Geant4 simulation can be used to determine the average cross
sections of the other reactions using a proper input Physics
List.

The cross section of the 141Pr(γ,n)140Pr reaction was cal-
culated with both the Physics Lists. The cross section for
10 MeV bremsstrahlung photons is underestimated by a fac-
tor of 40 using Physics List QGSP_BIC_AllHP while the
cross section calculated with the ShieldingLEND reasonably
agrees with the TALYS and experimental data. This could be
due to the interpolation tables generated by the Geant4 code
and the threshold value being very close to the end point.

The cross sections for the 15 MeV bremsstrahlung
photons calculated for the reactions 141Pr(γ,n)140Pr

and 197Au(γ,n)196Au are underestimated using the
QGSP_BIC_AllHP Physics List, whereas, those calcu-
lated with the ShieldingLEND Physics List agree with
the TALYS 1.95 values and experimental data. The cross
sections for 160Gd(γ,n)159Gd and 162Er(γ,n)161Er could
not be calculated for the ShieldingLEND Physics List due
to unavailability of the data. The results of the Geant4
simulations are presented in Table 5.

4 Results and discussion

In the present work, we have reported the cross sections of
(γ,n) nuclear reactions induced by 10 and 15 MeV end point
bremsstrahlung photons. The cross sections are measured
relative to the 197Au(γ,n)196Au monitor reaction. The mea-
sured cross sections are presented along with their associ-
ated uncertainties calculated using standard error propaga-
tion method. The cross sections are compared with theoreti-
cal calculations performed with TALYS 1.95 using Hauser-
Feshbach mechanism for compound nucleus reactions and
eight different models for gamma strength functions. The
cross sections calculated using the eight gamma strength
functions vary with respect to the measured cross section.
The value which is closest to the measured cross section is
given in Table 6 and the other calculated values are men-
tioned in the following sections. The effective cross section
was also calculated with the Geant4 Monte Carlo simula-
tions and the values are compared with the measured cross
sections in Table 6. In the following sections, the results for
each reaction are discussed in details.

4.1 The 141Pr(γ,n)140Pr reaction

The TALYS 1.95 cross sections curves of the 141Pr(γ,n)140Pr
reaction for mono energetic photons from threshold to
20 MeV are shown in Fig. 7. A few authors [37–41] have
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Table 6 The measured cross sections of the nuclear reactions compared with TALYS 1.95 and Geant4 calculations

Reaction Effective cross section at 10 MeV end point energy
(mb)

Effective cross section at 15 MeV end point energy (mb)

Measured TALYS 1.95 Geant4 Measured TALYS 1.95 Geant4

141Pr(γ,n)140Pr 15.06 ± 2.74 16.66 (GSF4/GSF6) 10.28 86.11 ± 12.02 81.06/88.15 (GSF2/GSF7) 84.79
160Gd(γ,n)159Gd 13.43 ± 1.02 15.61 (GSF1) 14.62 135.08 ± 8.44 141.7 (GSF3) 134.39
162Er(γ,n)161Er – – – 126.26 ± 15.02 125.59 (GSF1) 120.32

6 8 10 12 14 16 18 20

0

100

200

300

400
 ENDF/B-VIII.0: PR-141(G,X)
 IAEA/PD-2019: PR-141(G,X)

C
ro

ss
 s

ec
tio

n 
(m

b)

Energy (MeV)

 GSF1
 GSF2
 GSF3
 GSF4
 GSF5
 GSF6
 GSF7
 GSF8
 TENDL 2019

141Pr(γ ,n)140Pr

Fig. 7 The cross section of the 141Pr(γ,n)140Pr reaction calculated with
the TALYS 1.95 code for eight different gamma strength functions com-
pared with the TENDL 2019, IAEA/PD-2019 and ENDF/B-VIII:0 eval-
uated data libraries

reported the cross sections for this reaction using mono ener-
getic photons from 8 to 25 MeV energies. The theoreti-
cal effective cross section calculated using TALYS 1.95 for
10 MeV are 9.57, 12.76, 19.98, 16.66, 8.09, 16.66, 24.47 and
20.45 mb using GSF1 to GSF8 respectively. The correspond-
ing calculated values for 15 MeV are 71.61, 81.06, 130.58,
113.68, 59.99, 113.67, 88.15 and 104.22 mb.

The measured flux weighted average cross section for
this reaction is 15.06 ± 2.74 mb for 10 MeV and 86.12 ±
12.01 mb for 15 MeV bremsstrahlung end point energies.
The experimental values agree with the calculated values
with GSF4/GSF6 for 10 MeV and with GSF7 for 15 MeV.
Similarly, the measured cross sections reasonably agree with
the effective cross sections calculated with Geant4 using
the Physics List ShieldingLEND although the Physics List
QGSP_BIC_AllHP leads to discrepant results.

4.2 The 160Gd(γ,n)159Gd reaction

The TALYS 1.95 cross sections curves of the
160Gd(γ,n)159Gd reaction for mono energetic photons
from threshold to 20 MeV are shown in Fig. 8. Dreyer et al.
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Fig. 8 The cross section of the 160Gd(γ,n)159Gd reaction calculated
with the TALYS 1.95 code for eight different gamma strength functions
compared with the TENDL 2019 and ENDF/B-VIII:0 evaluated data
libraries

[42] and Berman et al. [43] have reported the cross section
for this reaction for mono energetic photons from 7.24 to
29.2 MeV. Ghosh et al. [3] have reported the effective cross
section of 38.829 ± 2.068 mb for this reaction for 10 MeV
bremsstrahlung photons. This value is much higher than our
result at 10 MeV, viz., 13.43 mb. However, our measurement
and that of Ghosh et al. agree with the TALYS calculation
with GSF1 and GSF2, respectively. The TALYS calculations
for GSF1 to GSF8 15.61, 34.53, 68.32, 41.96, 16.34, 41.96,
34.65, 35.02 mb for 10 MeV and are 86.64, 106.17, 141.70,
116.11, 78.98, 116.11, 103.01, 109.80 mb for 15 MeV
bremsstrahlung. In 15 MeV case, our experimental result of
135.08 mb agrees with TALYS calculation with GSF3.

The effective cross section calculated with Geant4 is 14.62
mb and 134.40 mb for 10 and 15 MeV energies respectively
which is also in agreement with the measured cross section
values. For the Geant4 simulations the cross section is cal-
culated only with the QGSP_BIC_AllHP Physics List due to
unavailability of data in the ENDF-B-VIII.0 library.
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Fig. 9 The cross section of the 162Er(γ,n)161Er reaction calculated with
the TALYS 1.95 code for eight different gamma strength functions com-
pared with the TENDL 2019 and JENDL-5 evaluated data libraries

4.3 The 162Er(γ,n)161Er reaction

Figure 9 shows the cross sections curves calculated with
TALYS 1.95 code for the 162Er(γ,n)161Er reaction for mono
energetic photons from threshold to 20 MeV. Vagena et al.
[4] have reported the effective cross section of 87 ± 14 mb
using 14 MeV end point bremsstrahlung photons. The the-
oretical effective cross section calculated with TALYS 1.95
for 15 MeV are 125.59, 128.68, 197.1, 170.7, 106.13, 170.7,
149.98 and 165.35 mb for GSF1 to GSF8 respectively. This
reaction is not induced by 10 MeV bremsstrahlung photons
probably due to low abundance of the 162Er isotope and
threshold energy being very close to 10 MeV.

The measured flux weighted average cross section for this
reaction is 126.26 ± 15.02 mb for 15 MeV bremsstrahlung
end point energy. This agrees with TALYS calculation with
GSF1. The effective cross section calculated with Geant4 is
120.32 mb for 15 MeV energy which is in agreement with the
measured cross section value. For the Geant4 simulations the
cross section is calculated only with the QGSP_BIC_AllHP
Physics List due to unavailability of data in the ENDF-B-
VIII.0 library.

From all the results discussed above, it is apparent that,
the effective cross section is dependent upon multiple factors
such as threshold energy of the reaction, the bremsstrahlung
photon flux function and the Lorentzian function defined by
the gamma strength functions (GSFs). Ideally there must be
an agreement between the experiment and the calculation for
the same GSF used for a specific isotope, but after 10 MeV
the shape of the Lorentzian function changes considerably
for different GSFs and the number of bremsstrahlung pho-
tons reduces towards the end point energy. Therefore, in the

present work, the measured cross section agrees with differ-
ent GSF at 10 and 15 MeV energies. This indicates that it is
not possible to extract information on the details of the GSF
from measurements with bremsstrahlung photons at only a
few end-point energies.

The Geant4 Monte Carlo simulations can be used for eval-
uation of cross sections of the nuclear reactions induced
by radiations with complex energy spectrum. The simula-
tion results are however dependent on the availability of the
evaluated nuclear data from standard data libraries. More-
over, the evaluated data is distributed in various formats
such as ENDF, GIDI, GND, etc. The Geant4 physics list
shieldingLEND uses the latest data from the ENDF-B-VIII.0,
which is converted to GND in xml format. The physics list
QGSP_BIC_AllHP uses the data from another evaluated data
library IAEA PD 2019 in tabular format converted from
IAEA ENDFL-6 data files. The codes such as FUDGE [44]
can convert the data from ENDF format to GND (xml) for-
mat. If the evaluated data is available in the desired format,
then the simulations can be compared for different evalu-
ated data. There is also a need to internationally adopt a
single nuclear data format for intercomparison and use with
different nuclear physics simulations. Such simulations are
important for feasibility studies prior to an experiment being
performed and also for the validation of experimental results.

5 Conclusion

The flux weighted average cross sections for the reactions
141Pr(γ,n)140Pr, 160Gd(γ,n)159Gd and 162Er(γ,n)161Er are
reported for 10 and 15 MeV bremsstrahlung end point ener-
gies. The reported values are presented along with the asso-
ciated uncertainties and the induced activity is corrected for
self-absorption and true coincidence summing. The cross
sections for these reactions are reported for the first time
at these energies. The reported values are compared with
the theoretically calculated effective cross sections using
TALYS 1.95 code for eight different gamma strength func-
tions. The effective cross sections are also calculated using
Geant4 Monte Carlo code and compared with the measured
values. The theoretical cross sections are a good reference for
experimental results. The technique of calculating effective
cross section using a Monte Carlo code by scoring the reac-
tion yield could prove useful for future experiments. This
technique can be used for other radiation induced nuclear
reactions, having a continuous input energy spectrum. The
results obtained with this technique are highly dependent on
the availability of the evaluated data from the libraries. The
measured cross sections are in agreement with theoretical cal-
culations done with a few specific gamma ray strength func-
tions. There are some disagreements between the measured
and calculated cross sections using different GSFs majorly
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due to the continuous nature of the incident bremsstrahlung
photons, the Lorentzian function defined by the GSFs and
the proximity of the threshold to the end point energies. The
cross sections are useful for nuclear database and nuclear
astrophysics study of stellar photoneutron rates.
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S. Hwang, S. Incerti, A. Ivanchenko, V.N. Ivanchenko, F.W. Jones,
S.Y. Jun, P. Kaitaniemi, N. Karakatsanis, M. Karamitros, M. Kelsey,
A. Kimura, T. Koi, H. Kurashige, A. Lechner, S.B. Lee, F. Longo,

M. Maire, D. Mancusi, A. Mantero, E. Mendoza, B. Morgan, K.
Murakami, T. Nikitina, L. Pandola, P. Paprocki, J. Perl, I. Petrović,
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