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Abstract. Seven photo-neutron reactions '’ Au( Y xn)! 7 Au (with x = 1 — 7) produced by the
bremsstrahlung end-point energy of 60 MeV were identified. In this work, we focus on the measure-
ment of integrated cross sections. Experiments were carried out based on the activation method in
combination with off-line gamma-ray spectrometric technique. The integrated cross section of the
investigated reactions were determined relative to that of the monitoring reaction '’ Au(y, n)!*’Au.
To validate the experimental results, theoretical predictions were also made using the computer
code TALYS 1.9. The current integrated cross-sections of the 17 Au(y ,xn)'”*Au reactions with 60
MeV bremsstrahlung end point energy are measured for the first time.
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I. INTRODUCTION

The investigation of nuclear reactions can gain important information that facilitates our
understanding of nuclear properties and/or reaction mechanisms. Among different types of nu-
clear reactions, photonuclear reactions are becoming increasingly important in fusion reactors and
accelerator-driven sub-critical systems (ADS) [1,2], where high energy photons can be created
and then interact with materials, and finally cause photonuclear reactions. In addition, the study of
photonuclear reactions can in many cases provide useful nuclear data that is required in a variety
of applications [3-7].

The photonuclear reaction requires threshold energy. Generally, they can only occur at en-
ergies greater than about 8 MeV. Due to the lack of high energy photon sources, most of photonu-
clear reactions have been so far performed in the Giant Dipole Resonance (GDR) energy region.
Within the GDR energy range, where the end-point energy of bremsstrahlung is less than about 30
MeY, the photoreaction mechanism can be fairly well explained in terms of the compound nuclear
model. However, in recent years, photonuclear reactions have been increasingly studied at higher
energies, beyond GDR region due to the fast development of high energy bremsstrahlung sources
based on high energy electron linacs. Thanks to this, multi-channel photonuclear reactions can be
opened, and studies of such nuclear reactions have received much attention [8—12].

In this work, we selected the '*7Au(y ,xn)'*’*Au photo-neutron reactions caused by the
bremsstrahlung with end-point energy of 60 MeV for studies. The main purpose of the study is
to determine the integrated cross sections of these reactions. In the literature, very few similar
studies have been found in this energy region. Besides, gold is one of the mono-isotopic elements,
very easy to prepare and in many cases can be used as a standard reaction [13,14]. Studies of
multi-particle reactions such as 7 Au(y ,xn)'*’*Au can obtain information regarding channel ef-
fects [15,16] as well as nuclear data that can be used for both research and applications, especially
in activation experiments [17, 18]. To confirm the validation of the experimental results, we also
made theoretical predictions with the TALYS 1.9 computer code [19]. The results obtained are
discussed.

II. METHODOLOGY

Most of the photonuclear reactions are performed with continuous-energy bremsstrahlung
photons. Therefore, the measure of the photonuclear reaction is usually expressed as the integrated
cross section (0jy), which can be obtained by integrating the energy dependent cross section 6 (E)
from the threshold (Ey,) to the maximum (E£y max) bremsstrahlung energies:

E.

ymax
Oint = / o(E)dE (1)
Epp
In this experiment, the integrated cross section can be derived from the measured reaction
yield based on the relationship:

Eymax
Y =N / (E)9(E)dE = (1Sy)/(Nog,,F) 2)
Erh
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where A is the decay constant, Sy is the photo-peak area of the indicated gamma-ray, Ny is the num-
ber of the target nuclei, &, is the detection efficiency, 1y is the intensity of the measured gamma-ray,
and factor F reflects activity related to irradiation, waiting and counting times, namely:

F=[a- e—},i‘t)efli(Tf’r)/(l _ efx,-r) } [(1 _ e*kil‘irr)e*litw(l _ e*lilm) (3)

where 7 is the pulse width, T is the cycle period, t is the irradiation time, #,, is the waiting time
and 1,, is the measurement time.

As shown in Egs. (2) and (3), the yield of nuclear reactions can be determined through
the activity of the residual nuclei, which, in turn, is determined from the photo-peak area of the
selected gamma-ray. The integrated cross section can be derived from the reaction yield. By
applying the relative method, the integrated cross section of the reaction being studied can be
determined relative to that of the monitoring reaction. By taking into account the difference be-
tween threshold energies of photoreactions, the integrated cross section of the nuclear reaction
investigated can be derived from the following expression [20]:

Cyint,x/(yint,m = k(Yx/Ym ) (4)

where Y, and Y, represent the yields for the investigated and monitor reactions, Oj;x and Gy
are the integrated cross sections for the investigated and monitor reactions, k is the flux correction
factor corresponding to the threshold energies of the two nuclear reactions, (x) and (m). The value
of the factor k can be achieved as follows:

k= (l_)W,m/ QSW,X (5)
where (]SW,X and (ﬁw,m are the weighted average bremsstrahlung fluxes and their values can be ob-
tained by calculations:

Eymax Eymax
bvi= [ o(E)ENE] [ oi(E)E ©®
Ep Ein

where i represents the index x or m. In order to obtain the weighted average flux value as expressed
in Eq. (6), the energy dependent cross sections were calculated using the code TALYS 1.9 [19]
and the bremsstrahlung spectrum was estimated using the MCNPX code [21].

It should also be noted that, after having the weighted average bremsstrahlung flux, the
integrated cross section may also be presented as follows:

Y:
Oint,i = Wll N

In this work we have chosen the photo-neutron reaction '°” Au(y, n)!°®Au as monitor. The
integrated cross-section of the monitoring reaction was obtained by fitting the data sets of cross-
section available in the literature.

III. EXPERIMENT

III.1. Sample irradiation

A gold sample with a purity of 99.95% in the form of a 0.1 mm thick metal foil and a size
of 15 mm x 15 mm was irradiated with the bremsstrahlung radiations at the electron linac of the
Pohang Accelerator Laboratory (PAL), POSTECH, Korea. Details of the electron linac and the
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bremsstrahlung production have been described elsewhere [22,23]. The bremsstrahlung radiations
used in the present study were produced by bombarding the W target with the electron beam of
60 MeV and a beam current of 65 mA. The bremsstrahlung spectrum was simulated based on the
experimental setup using computer code MCNPX [21] and shown in Fig. 1.
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Fig. 1. Simulated bremsstrahlung spectrum generated from W target (with 0.1 mm thick,
100 mm x 100 mm size) bombarded with 60 MeV electron beam and theoretical cross
sections of the 7 Au(y, xn)!*’* Au reactions (with x = 1-7) calculated using the TALYS
1.9 code.

The cross section of photo-neutron reactions that can occur due to the interaction of 60
MeV bremsstrahlung end-point energy with the gold nucleus was also calculated with TALYS
1.9 [19]. Nowadays the code TALYS is widely used to predict and analyze nuclear reactions. This
code simulates reactions that involve neutrons, gamma-rays, protons, deuterons, tritons, helium
(®*He and “He) and alpha-particles with initial energy from 1 keV to 200 MeV and for target mass
higher than 12. The calculations made in this article are based on theoretical analysis using optical
model, compound nuclear mechanism, direct reaction and pre-equilibrium process, combined with
databases and the necessary models for nuclear structure and reaction. The theoretically estimated
cross sections for the 7 Au(y ,xn)'*7*Au (with x = 1 — 7) nuclear reactions were also plotted in
Fig. 1. The threshold energies are in the range from about 8 to 55 MeV. Details of the photo-
neutron reactions caused by the interaction of bremsstrahlung with end-point energy of 60 MeV
with gold nucleus are given in Table 1.
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Table 1. Nuclear reactions ' Au(y, xn)!°’* Au and their main decay data [24].

. Threshold Half-life Main y-ray Y-ray
Nuclear reaction
energy (MeV) energy (keV) | intensity (%)
333.03 22.9
197 Au(y, n)!%%Au 8.07 6.1669 d 355.73 87
426.10 6.6
197 Au(y ,2n)'% Au 14.71 186.01 d 98.857 11.21
293.55 10.58
328.46 60.4
97 Au(y ,3n)'%*Au | 23.08 38.02h 645.15 2.34
948.31 2.28
1104.04 2.14
1175.35 2.11
1468.88 6.61
112.515 2.2
173.52 2.8
197 Au(y, 4n)'%3 Au 30.46 17.65h 186.17 9.7
255.57 6.5
268.22 3.8
439.04 1.85
295.95 23
308.45 35
197 Au(y ,5n)'? Au 38.73 4.994 h 31651 59
468.07 2.1
582.70 2.7
612.46 4.4
1706.63 1.95
1723.00 35
277.86 6.4
197 Au(y ,6n)'°' Au 45.73 3.18h 283.90 5.9
413.73 33
586.44 15.0
295.82 90
197 Au(y ,7n)'° Au 54.81 42.8 m 301.82 29.7
318.96 5.9
597.68 12.0

53
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IIL.2. Activity measurement

The induced activities of residual nuclei were measured with a well calibrated HPGe gamma-
ray detector (model ORTEC- GEM- 20180-p) connected to a PC-based multichannel analyzer.
The energy resolution of the detector at the 1332.5-keV y-ray of °Co is 1.8 keV and the detec-
tion efficiency is 20% relative to a 3" x 3” Nal(Tl) detector, respectively. The gamma-ray energy
and photo-peak efficiency of the detector were calibrated using a set of the standard gamma-ray
sources. In order to suppress the coincidence summing and pulse pile-up effects as well as keep
the dead time less than about 5% each activated foil to be measured was placed at a distance of 10
cm from the surface of the HPGe detector.

The experiment focused on identifying reaction products and determining integrated cross
sections for the nuclear reactions. The identification of reaction products is based on their half-
life and gamma-ray energies. For long-lived isotopes, more gamma-ray spectra were taken at
different waiting times to follow their decays as well as identify the possible interference. In order
to identify the reaction products and measure their respective activities, the measured gamma-ray
spectra were analyzed by GammaVision computer code version 5.10 (EG& G, ORTEC), which
could determine the energy and number of counts under the photo-peak of each gamma-ray. To
obtain the activity, several gamma-rays were analyzed, if it is possible. The integrated cross-
section for each reaction can be derived from the measured gamma-ray activity. With the aim of
improving the accuracy of the experimental results, corrections for the gamma-ray interference
and counting losses were made. Typical gamma spectra of the irradiated gold sample are shown
in Fig. 2.

As shown in Table 1 and Fig. 2, the activity of residual nuclides '*°Au can be deter-
mined from the gamma-rays of 333.03 keV, 355.73 keV, and 426.10 keV, which are considered as
interference-free. However, if the measurement begins soon after the end of irradiation (less than
about 5 hours), the contribution from the gamma-ray of 334.07 keV (0.06% ) of 194 Au to 333.03
keV should be taken into account. For simplicity, the measurements of '°* Au were started several
days after the end of the irradiation.

The activity of residual nuclides '°>Au was measured based on the gamma-ray of 98.86
keV. It is interfered by very small peak 99.88 keV (0.14% ) of '*Au. Fortunately, the '*3Au
is a multi-gamma emitter. Therefore, in practice, the photo-peak area of the 99.88 keV can be
extrapolated from other peak of '°3Au based on the so-called peak-ratio method [25].

The activity of residual nuclides '°*Au was determined based on the gamma-ray of 328.46
keV (60.4% ). This gamma-ray is interference free and has a relatively high intensity. Some other
gamma-rays having energies lower than 1000 keV are interfered by those from other isotopes such
as 123 Au, "*Au and '°Au. In addition, the '°*Au has some gamma-rays with energy higher than
1000 keV, but their intensity is lower than that of the gamma ray 328.46 keV.

The residual nuclides '>Au emit a number of gamma-rays with their energies between
112.51 keV and 439.04 keV. Some of them, such as 112.515 keV, 173.52 keV and 255.57 keV
appear to be interference free and can be used for the measurement. However, these gamma- rays
lie on a fairly high spectral background. Therefore, the combination of both manual and computer
program was used in spectral analysis. By using more than one gamma-ray, an average yield of
193 Au was obtained.
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Fig. 2. Typical gamma-ray spectra of '°? Au(y, xn) !’ Aureaction products with the
irradiation time of 3 hours, the waiting time of 50 minutes and the measurement time
of 30 minutes.

The residual nuclides'®>’Au emit a number of gamma-rays and some of them such as
468.07 keV, 582.70 keV, 612.46 keV, 1706.63 keV and 1723.00 keV are interference-free. How-
ever, the intensity of these gamma-rays is relatively low. In addition, they are also lying on a
high spectral background. In addition, although the gamma-ray of 316.51 keV has relatively high
intensity, but it is overlapped by other gamma-rays such as 317.73 keV (0.23% ) of '>3Au and
318.12 keV (0.21% ) of '°*Au. Therefore, in this work, the activity measurement was performed
based on the gamma-ray of 295.95 keV (23% ). It should be noted that, if the measurement is
made after a short waiting time, the contribution from the gamma-ray of 295.82 keV (90% ) of
190 Au must be taken into account. However, after about 3 hours of waiting time, the gamma-ray
of 295.95 keV is considered as interference-free because the half-life of '°°Au is relatively short
(42.8 min).

The '°! Au residual nuclides emit a number of gamma-rays, but their intensities are rela-
tively low. Although the 586.44 keV gamma ray has a relatively high intensity, 15% , it is not
convenient to measure activity due to interference by gamma rays 589.19 keV (0.276% ) from
194 Au and 588.58 keV (0.41%) from '°>Au. Fortunately, we have found some other gamma-rays
with lower intensity, but they do not seem to be interfered. In this work, the 277.86 keV gamma-
ray was used for the activity measurement.
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The activity of the '° Au radio nuclides was determined based on the gamma-rays of 295.82
keV (90% ) and 301.82 keV (29.7% ). In data processing, contribution from 295.95 keV of '*?Au
to 295.82 keV was corrected. It should be noted that the activity of °Au isotope formed in gold
foil irradiated with 60 MeV bremsstrahlung end-point energy is relatively low due to its threshold
energy is relatively high.

II1.3. Determination of integrated cross section

The integrated cross sections for the photo-neutron reactions '*7Au(y ,xn)!°’*Au were
determined relative to that of the monitor reaction. In this work, the nuclear reaction 197Au(}/,
n)!%®Au was used as monitor. Fortunately, the integrated cross section data sets found in litera-
ture of the %7 Au(y, n)!°® Au reaction [26-31] covered the energy range from the threshold to 67.7
MeV. Plaisir et al. [26] provided the detail excitation function in energy range below 20 MeV.
Based on that, the 11 values of integrated cross section for the '°” Au(y, n)!*®Au reaction can be
obtained in the region from 10.1 to 20 MeV. Varlamov et al. [27] provided one integrated cross
section data in the energy range from threshold to 17.94 MeV. Veyssiore et al. [28] provided 6
data in the energy range from threshold to 6 energy points in the range 8.35-19.77 MeV. Belov et
al. [29] provided one data in the energy range from threshold to 25 MeV. Makarenkov et al. [30]
and Ermakov ef al. [31] each one provided one data in the energy range from threshold to 67.7
MeV. Thus, the integrated cross-section of the 7 Au(y, n)'°Au reaction can be obtained by fit-
ting the literature data. The fitting value obtained in the energy range from threshold to 60 MeV is
2399.98 + 264.50 mb.MeV. The integrated cross-section for each nuclear reaction was obtained
relative to this monitor value.

IV. RESULTS AND DISCUSSIONS

The present integrated 2.0 — 77—
cross sections for the nuclear 18 ]
reactions '°” Au(y,xn)'"’~*Au
(with x = 1 — 7) using
bremsstrahlung end-point en- s
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Fig. 3. Measured (O juexp.) and calculated (O me0.) integrated
cross-section ratios of 7 Au(y, xn)!”’*Au reactions. The vertical
axis represents the ratio, while the horizontal axis represents the num-
ber of removed neutrons from the gold nucleus (x = 1-7).
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In calculation using the TALYS code, we have tested with 6 level density models [19]. The present
experimental results are best suited to the predictions using the TALYS code with the level den-
sity model so-called constant temperature Fermi gas model (CTFGM) [19]. The calculated results
using the CTFGM level density model are given in column 3 of Table 2. The deviations between
the experimental and calculated data are less than 12% (see Fig. 3) except for the nuclear reaction
197 Au(y, 7n)'° Au is about 17%.

In the literature we have also found some datasets of cross section for the 197Au(y, 2n)'% Au
reaction [32-35]. For further comparison, we integrated these literature data sets from the thresh-
old to 60 MeV. The obtained result is 902.39+ 108.28 mb.MeV (see * * in column 5 of Table 2).
It is well consistent with the present measured value of the '°7 Au(y ,2n)'%3 Au reaction, differ by
about 5.5% . In column 5 of Table 2 we also give two data sets of integrated cross sections for
the "7 Au(y ,xn)'"”*Au reactions measured by Makarenkov et al. [30] and Ermakov et al. [31].
Although these reference data cannot be used to directly compare with current results, but they
can show trends.

Table 2. Integrated cross sections for the 7 Au(y ,xn)'"*7*Au reactions induced by 60
MeV bremsstrahlung end-point energy.

Experimental Integrated cross Literature data
Nuclear reaction integrated section using % Difference * | measured with
Cross section TALYS-1.9 code Ey max = 67.7 MeV
97 Au(y, n)!%Au | 2399.98+ 264.50 | 2375.74 1.02 22804 200 [31]
2213+ 210 [30]
97 Au(y ,2n)!" Au | 952.65+ 123.84 944.88 0.80 7304 180 [31]

5674+ 100 [30]
902.39+ 108.28x *

97 Au(y ,3n)!%*Au | 232.854 25.61 226.89 2.62 240+ 30 [31]
1814 30 [30]
197 Au(y ,4n)193Au | 144.234 20.82 169.81 15.10 160+ 20 [31]
1624 20 [30]
97 Au(y ,5n)'°2Au | 100.164 13.01 96.18 4.00 123+ 10 [31]
1234 10 [30]
97 Au(y ,6n)!°'Au | 54.91+ 6.21 62.08 11.60 63+ 15 [31]
67+ 15 [30]
7 Au(y,7n)!°Au | 5.41+0.85 4.63 16.84 -

* 9% Difference: the percentage difference = 100% x (1-this work/calculated value).
* x Integrated value obtained by integrating cross sections given in the literature [32-35].
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V. CONCLUSION

We have identified seven photo-neutron reaction products ('°°Au-'"Au) on gold target
nucleus irradiated with 60 MeV bremsstrahlung end-point energy. The integrated cross sections
of the 197Au()/ ,xn)'?7* Au reactions (with x = 1-7) were measured for the first time. It was found
that up to 60 MeV bremsstrahlung end-point energy, the integrated cross-section of the '’ Au(y
,xn)'*7* Au reactions seems to decrease with increasing number of neutrons removed. The present
results are validated by comparison with theoretical predictions using TALYS 1.9 computer code.
The differences between experimental and theoretical results are within the error limits. This
agreement tends to support the reliability of the present results. It is believed that the present data
can be used for both scientific research and applications, especially in activation experiments.
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