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4.1 Introduction

At low energies, " Au(n,y) reaction cross-sections are used as a neutron flux monitor,
for determining the neutron activation cross-section. From the available data of Mughabghab
et al. [1] in the literature, at the thermal energies, the **’ Au(n,y) reaction cross-section data
are known with great accuracy. However, during the operation of reactor there is a spectrum
of neutron from thermal to 15 MeV energy. If one wants to use **’Au(n,y) reaction at higher
energies as a flux monitor then one must have the accurate knowledge of **’ Au(n,y) reaction
cross-section at different neutron energies. Previously, it was a very tough task to get a
neutron source with mono energetic neutrons and that to with good amount of flux, except for
the D+D reaction at 2.45 MeV energy neutrons and from the T+D reaction at 14.4 MeV
energy neutrons. However, with proceeding years one has gained the ability to obtain mono
energetic neutrons using different reactions with good amount of flux. Among these
reactions, 'Li(p,n) reaction is a very good mono energetic neutron source below 6 MeV
proton energy.

On the basis of the experimentally measured data available in literature, enough
97 Au(n,y) reaction cross-section data in between the range of 0.025 eV to 3 MeV and at 14.7
MeV neutron energies are compiled in the EXFOR [2]. Except these data, there are no
experimental data available in the literature in between 3 to 14.7 MeV neutron energies. In
this context, I decided to determine the (n,y) reaction cross-section of *’Au with four
different neutron energies, i.e., 1.12, 2.12, 3.12 and 4.12 MeV using the neutron activation
method and off-line y-ray spectroscopic technique. The **’Au(n,y) reaction cross-sections at
the above mentioned neutron energies were computed theoretically side by side with the help
of nuclear model code, TALYS [17]. The detailed comparison between theoretically and
experimentally obtained data was also compared with the cross-section data available in the

literature.

4.2 Experimental method

Four experiments were performed using two different accelerator facilities for the
determination of Au(n,y) reaction cross-section at four different neutron energies. All the
four experiments were performed using "Li(p,n) reaction to generate fast neutrons, with the
use of 3, 4, 5 and 6 MeV proton energies. For 'Li(p,n)’Be reaction, the Q-value to the ground
state is 0.431 MeV above the ground state which leads to an average Q-value of -1.868 MeV.
Also for the same reaction threshold energy value to the ground state of 'Be is 1.881 MeV.

Hence, the proton energies of 3, 4, 5 and 6 MeV results into respective peak neutron energies
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of 1.12, 2.12, 3.12 and 4.12 MeV peak energy of the neutrons of group one (no). For the first
excited state of 'Be, the corresponding neutron energy of the 2™ group of neutrons (ny) is,
0.63, 1.63, 2.63 and 3.63 MeV, respectively [18-20]. This happens due to production of n;
group of neutrons above 2.37 MeV proton energies. Also the n; group of neutrons have the
negligible contribution within 6 MeV proton energies, there will arise full energy peak in the
neutron spectrum due to the ‘Li(p,n)’Be reaction and a continuum component attributable to
the multi-body break up reactions, like "Li(p,n*He)o. which has Q-value of -3.231 MeV. In
context to this, the main peak will cause the neutron emission of the neutron energies of 1.12
+0.11,2.12 £0.15, 3.12 £ 0.21 and 4.12 £ 0.32 MeV, respectively.

The first two experiments were performed using FOTIA (Folded Tandem lon
Accelerator) at Van-De-Graff, BARC, Mumbai. For the generation of fast neutrons using the
"Li(p,n)"Be reaction, a circular LiF pellet having 1 cm diameter and 3 mm thickness was
used. This LiF pellet was placed on a holder inside making zero degree angle of the beam exit
window. The beam collimator having a diameter of 10 mm was kept in front of the target.
The current remained 100 nA constant, for neutron energies of 1.12 and 2.12 MeV. The LiF
pellet, is thick enough (thickness=3 mm) for stopping the 3 and 4 MeV energy proton beams.
Along with the main gold target, flux monitor In was also kept for the irradiation. Two
different stacks were made for two different neutron irradiation experiments. The Au foil
used during the experiment with 1.12 MeV neutrons weighed 52.7 mg and with 2.12 MeV
neutrons it weighed 59.1 mg. Similarly the In foils weighed 98.8 mg and 163.7 mg for 1.12
and 2.12 MeV neutron energies experiments, respectively. All the samples are kept of the
similar size 1x1 cm? to avoid the size effect. Almost 100% pure gold foil was wrapped with
Al foil having 0.025 mm thickness. The In foil was also wrapped separately in the other Al
foil of same thickness in order to avoid the contamination of target and monitor with each
other. An additional Al foil was wrapped around the Au-In stack and was kept after the LiF
target with the distance of 3 mm from the LiF target. The schematic diagram of this
experimental set up is given in figure 2.1 in chapter 2. These two different stacks were
irradiated one by one. During the experiments, the irradiation of the samples was done for 8.6
hours and 5.6 hours for 3 and 4 MeV proton energies, respectively. All the details are given
in table 4.1 and 4.2.



Table 4.1: Irradiation and sample details for FOTIA experiments
o Weight | Weight
Proton | Neutron Irradiation ]
. Current T of Au | ofIn | Size
ener ner ime
¥ % (nA) foil foil | (cm?
(MeV) | (MeV) (hour)
(mg) | (mg)
3 1.12 100 8.58 52.7 98.8 1x1
4 2.12 100 5.55 59.1 163.7 | 1x1
Table 4.2: Irradiation and sample details for TIFR experiments
o Weight | Weight
Proton | Neutron Irradiation ]
£ Current i of Au of In | Size
ener ner ime
v g (nA) foil foil | (cm?
(MeV) | (MeV) (hour)
(mg) | (mg)
5 3.12 50 11.8 59 58.1 1x1
6 4.12 60 13.4 59.4 64.3 1x1




Other two experiments were performed with the use of the facility of at 14UD BARC-
TIFR Pelletron TIFR, Mumbai. ‘Li(p,n)'Be reaction is used to generate the fast neutrons of
energies of 3.12 and 4.12 MeV with the help of proton beams of 5 and 6 MeV energies,
respectively [22]. The currents during these two irradiations were 50 nA and 60 nA for 5 and
6 MeV proton energies, respectively. These experiments were carried out at 6m height up the
analyzing magnet of the BARC-TIFR Pelletron facility so that the current can be exploited to
its maximum potential. Generating voltage mode (GVM) regulates the terminal voltage with
the use of a terminal potential stabilizer. Before the target, 6 mm diameter beam collimator
was used. Natural lithium foil with thickness 3.7 mg/cm®was kept in between the two
tantalum foils possessing different thicknesses. The tantalum foil, which faces proton beam is
the thinnest with the thickness of 3.9 mg/cm® and the tantalum foil which stops the beam is
the thickest, having thickness of 0.025 mm. Energy degradation of the proton beam due to
thinnest tantalum foil is around 50-85 keV [23]. For the irradiation with 5 MeV proton beam
gold foil having the weight 59 mg and Indium foil with the weight 58.1 mg were wrapped
with the 0.025 mm thick aluminium foil separately. Similarly, for the irradiation with 6 MeV
proton beam gold foil having the weight 59.4 mg and Indium foil with the weight 64.3 mg are
wrapped with the 0.025 mm aluminium foil separately. As mentioned above, all the samples
are kept of the similar size 1x1 cm?to avoid the size effect. These Au-In stacks were mounted
at 2.1 cm distance behind the Ta-Li-Ta stack at zero degree angled with respect to the proton
beam direction [22]. The schematic diagram of this experimental set up is given in figure 2.2
in chapter 2. The samples are then irradiated with the neutron beam generated by 5 and 6
MeV proton energies for 11.8 h and 13.4 h respectively.

After the irradiation in all the experiments, Au samples were cooled for 2.3 hour to
19 hour and In samples were cooled for 0.7 hour to 19 hour. The neutron irradiated samples
based on the proton energies of 5 and 6 MeV were cooled for 0.7 and 1.25 hours,
respectively. After cooling, y-ray counting of all the samples was done with the help of pre-
calibrated 80 cm® HPGe detector counting system directly connected with a PC based 4096
multi-channel analyser. *?Eu standard source was used for the energy and efficiency
calibration of the HPGe detector. Before the counting, the resolution of the detector was
calculated which turned out to be 2.0 keV at 1332 keV y-energy of ®°Co.Typical y-ray spectra
of irradiated Au and In samples are given in figures 4.1 and 4.2, respectively.
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Figure 4.1: Gamma-ray spectrum of activated "'In foil with the neutron energy of 1.12 MeV:;

irradiation time= 8.58 h, cooling time=42 min and counting time=10 min
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Figure 4.2: Gamma-ray spectrum of activated *’Au foil with the neutron energy of 2.12
MeV; irradiation time= 5.55 h, cooling time=44.47 h and counting time=3.216 h



4.3 Calculations

4.3.1 Calculation of neutron flux

From the photo-peak activity (A) of 138.33, 416.86, 818.72, 1097.33 and 1293.56 keV y —
lines of *°™In, the neutron flux (¢) was calculated by using Equation 2.3 from chapter 2 [21].

Where, or= the cross-section of the **°In(n, y)**™In reaction

A= the decay constant (1 = ];—12 of the reaction product ***™In with half-life = 54.29

2

min, 1, is the branching intensity of the 138.33, 416.86, 818.72, 1097.33 and 1293.56 keV y-
line of 1*MIn [24].

In the literature ***In(n, ¥)***™In reaction cross-section is available for a wide range of
neutron energies [25-35]. However, within the neutron energy range of 1.96 to 7.66 MeV,
the *°In(n,y)*®* In reaction cross-sections are available in the refs. [30, 32, 33, 35]. Among
all these literature data, the cross-section data by Husain et al. [32] fall within 2.44 to 4.5
MeV neutron energy range but, are higher, than the other data available in the literature by
different authors [30, 33, 35]. Thus for the neutron flux calculation, **In(n, y)***™In reaction
cross-sections from the refs. [30, 33, 35] were used in the present work. The computed
BIn(n, ¥)**™In  reaction cross-sections as a function of neutron energy using different
nuclear model codes are available in ref. [36]. Thus the evaluated ***In(n,y)***"In reaction

cross-sections were also used for determining the neutron flux in the present work.

4.3.2 Calculation of cross-section

To calculate the **” Au(n,y)'*®Au reaction cross-section by equation 2.20 in chapter 2,
the neutron flux obtained from above described method was used. The photo-peak activity of
the 411.8 keV y-ray of **®9Au were used. Reference [24] provides the nuclear spectroscopic

data used in the above calculations and are presented in Table 4.3.



Table 4.3: Nuclear spectroscopic data of the radio-nuclides from the *’Au(n,y)"***Au and

231n(n, ¥)**®™In reactions used in the calculation from Ref. [24]

Spin- Deca -ray Ener -ray Abundance
Nuclide P ) Half life Yo Wy
Parity Mode in keV in %
138.33 3.7
_ 416.86 27.2
5+ | 54.29+17 min | B:100%
1emIm 818.72 12.13
1097.33 58.5
1293.56 84.8
%94u | 2- | 2.6948%4 days | B:100% 411.8 95.62




Since the neutron spectrum has some tail, it affects **’ Au(n,y)****Au reaction cross-
section. At the same time, it also affects the **°In(n,y)**™In monitor reaction cross-section.
This is because both the °In(n,y)***™In and ¥’ Au(n,y)****Au reaction cross-sections decrease
with neutron energy. The contribution of small tail part in the reaction cross-section is

discussed in the next section given below.

4.3.3 Uncertainty calculation

Cross-sections for the ' Au(n,y)**®%Au reaction were determined at 1.12, 2.12, 3.12
and 4.12 MeV neutron energies and the values are given in Table 4.4. Because of systematic
as well as statistical errors the measured cross-section values contain some uncertainties. The
overall uncertainty is the quadratic sum of both statistical and systematic errors. The random
error in the observed activity arises mainly because of the counting statistics, which is
estimated to be 3.1 % — 5.5 % for *®Au. This can be computed by the accumulation of the
data for an optimum time period, which is dependent on the nuclide’s half-life. Uncertainties
in the irradiation time (~0.1%), half-life of the reaction product, y-ray abundance (~2%) and
detection efficiency (~3%), adds up to be the systematic errors. Detection efficiency arises
from the fitting error. Hence, total systematic error is approximately~3.6%. From both
statistical as well as systematic errors the combined uncertainties lie within 4.8%-6.6% for
the ¥’ Au(n,y)**®Au reaction cross-section. The energy degradation of the proton beam
energy might get caused within the lithium metal foil. The **°In(n,y)***"In monitor reaction
cross-section can cause uncertainty in the flux and that will reflect in the %’ Au(n,y)"***Au
reaction cross-section. However, neutron energy uncertainty rising because of the different
extent of population of ny and n; groups of neutrons is more prominent than above mentioned

uncertainty.

4.4 Calculation of **’ Au(n,y)***Au reaction cross-sections

The protons falling on the Lithium will cause a neutron spectrum with different
energies. These neutron spectra of all the four experiments from ’Li(p,n) reaction at the
proton energies of 3, 4, 5 and 6 were calculated [19-22] and the results are plotted in figure
4.3. As mentioned above, the neutron spectrum consists of the full energy peak. 'Li(p,n)’Be
reaction and a continuum component will cause multi-body break up process, i.e.,
"Li(p,nHe)o, which has Q-value of -3.231 MeV.
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This case applies to the protons of 6 MeV energy and not for the protons of 3 to 5
MeV energy, because at low energies one will have almost mono energetic neutrons because
of the domination of "Li(p,n)’Be reaction. However, different extent of population of ny and
ni groups of neutrons, which causes the broadening of the neutron spectrum can be seen
clearly in the figure 4.3.

When proton beam of 6 MeV energy cause the neutron spectrum, it will have tailing
at low energy. This tail affects the cross- section of the **°In(n, ¥)***™In reaction monitor and
so the " Au(n,y)**®Au reaction. To know the exact value of tailing, the **’ Au(n,y)****Au and
23In(n,y)"* In reaction cross-sections were theoretically calculated by using TALYS 1.6
[17] so the tailing part can be subtracted. Hence, TALYS calculation was done by using the
default parameters for the neutron energies of 10 keV to 20 MeV with **°In and **’Au as
targets. All possible outgoing channels for this particular entrance channel were taken into
account including (n,y) and inelastic reactions. From all the reactions, the (n,y) reaction cross-
sections within the neutron energy of 10 keV to 20 MeV were selected on the basis of half-
life of the product nuclide, gamma-ray intensities and several other parameters. TALYS code
deals with the theoretical reaction cross-sections for the mono-energetic neutrons. Thus we
had to take the flux-weighted average of the **’Au(n,y)****Au and **°In(n,y)**™In reaction
cross-sections ({or)) and were calculated using equation (4.1) as given in ref. [22]. The

Y97 Au(n,y)*®Au and **In(n,y)**®*"In reaction cross-sections at different neutron energy.

((orR) =2 or¢/2 ¢ (4.1)

With the neutron spectrum given in figure 4.4 and theoretical values from TALYS,
the flux-weighted average the'®’ Au(n,y)***Au and *°In(n,y)**™In reaction cross- sections
for the neutron energy of 4.12 MeV were obtained as 53.141 mb and 45.692 mb, respectively.
By taking the theoretical flux-weighted average *°In(n,y)**®"In reaction cross-section of
53.141 mb and the photo-peak activity of 411.8 keV vy-ray of *®Au, the **Au(n,y)"***Au
reaction cross-section turned out to be 47.506 mb. This value of cross-section is close to the
theoretical flux-weighted average the **’Au(n,y)'**®Au reaction cross-section of 45.692 mb.
So at 4.12 MeV neutron energy, the experimental *°In(n,y)***™In reaction cross-section of
16.7 mb [33] and the photo-peak activity of 411.8 keV vy -ray of **®*9Au, the %" Au(n,y)****Au
reaction cross-section obtained as 14.926 mb seems quite reasonable. This is because of the

characteristics of (n,y) reaction cross-sections. Thus, both the 197Au(n,y)l%gAu and
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BIn(n,y)"* In reaction cross-sections decrease collaterally with the increase of neutron
energy. So with the use of the **’Au(n,y)'®®Au reaction cross-section as the neutron flux
monitor, the contribution to the **’ Au(n,y)**®*Au reaction cross-section due to the tailing part
in the neutron spectrum was avoided. On the basis of this argument, one can say that the
Y7 Au(n,y)®®Au reaction cross-sections shown in table 4.4 with the use of the
experimental**®In(n,y)***™In reaction cross-sections at the neutron energies of 1.12-4.12
MeV are reasonable. Proton energies of 3, 4 and 5 MeV do not cause any tailing in the
neutron spectra Hence, there is clearly no need of any kind of tailing corrections for the

197 Au(n,y)'*®8Au reaction cross-section at the neutron energies of 1.12, 2.12 and 3.12 MeV.

4.5 Results and discussion

The cross-sections of the %’ Au(n,y)**®*Au reaction at four different neutron energies
of 1.12, 2.12, 3.12 and 4.12 MeV were measured in the present work for the first time.
There isn’t any available nuclear reaction cross-section data in the literature [5-16] within the
neutron energy range of 3-4.5 MeV. However, there are some nuclear cross-section data
available at the neutron energy of 0.025 eV [1-3], within 0.2-3 MeV [7-13, 16] and at 14.7
MeV [14, 15] in literature. The experimental data calculated experimentally in the present
work at 1.12 and 2.12 MeV neutron energies lie in between the values within the neutron
energies of 1 to 1.2 MeV and 2 to 2.2 MeV, respectively. However, the experimental values
of cross-sections at all four neutron energies are higher than the evaluated *°In(n,y)***™In
reaction cross-sections [36]. In accordance to this, the theoretical reaction cross-sections of
the " Au(n,y)***Au from the computation of TALYS 1.6 at 1.12, 2.12, 3.12 and 4.12 MeV
neutron energies are also shown in Table 4.4. From Table 4.4, It is quite clear that the
experimentally determined cross-sections of the *” Au(n,y)'*®®Au reaction in the present work
at the neutron energies of 1.12 and 4.12 are in general agreement with the theoretically
computed values of TALYS 1.6 [17]. However, the cross-sections of the %’ Au(n,y)"***Au
reaction at the neutron energies of 2.12 and 3.12 MeV are lower than the computed values of
theoretical code TALYS 1.6. From the Table 4.4, it is also clear that the theoretical values of
the 19" Au(n,y)"*®®Au reaction cross-sections computed using TALYS 1.6 code are higher than
the®® Au(n,y)'*®Au reaction sections based on the evaluated **°In(n,y)***™In reaction cross-
sections. Figure 4.4 shows the comparison of the present experimental data at four neutron
energies, theoretically evaluated data using TALYS 1.6 within the 10 keV to 20 MeV as well
as the literature data [3—16] at other neutron energies. From figure 4.4, it is clear that, within
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the neutron energies of 2.12 —4.12 MeV, the experimentally measured data in the present
work and the data available in the literature [7-13] are slightly lower than the computed
values based on nuclear model code TALYS 1.6 but they follow quite similar trend. The
theoretical values are systematically higher than the experimental values of the
197 Au(n,y)'*®%Au reaction cross-section data at other neutron energies.

The " Au(n,y)**®Au reaction cross-section data at different neutron energies with
high accuracy is important because of its application as a neutron flux monitor during the
determination of other reaction cross-section measurements. In IAEA, the *"Au(n,y)***Au
reaction cross-section as a function of neutron energy is standard reaction monitor among all
the nine standard reaction monitors. All the standard reaction monitors in IAEA are based on
the IAEA reaction cross-section standards, the uncertainties for the neutron capture cross-
section of Au should be within 1.4 % — 2.2 %. Since the measurements of ¥’ Au(n,y)****Au
reaction cross-sections done in the present work have the uncertainty on the higher side.
Besides this, the experimentally measured **’Au(n,y)*®*Au reaction cross-section data is

useful in testing the theoretical TALYS model.

4.6 Conclusion

In the present work, we have successfully determined the %’ Au(n,y)'*®*Au reaction
cross-section at 1.12, 2.12, 3.12 and 4.12 MeV neutron energies with the use of neutron
activation method and the off-line y-ray spectrometric technique. The values at the neutron
energies of 3.12 and 4.12 MeV are experimentally measured for the first time. Present data at
the neutron energies of 1.12 and 2.12 MeV are in very good agreement with the data already
available in the literature. The **"Au(n,y)'*®*Au reaction cross-section were also computed
theoretically using the computation code TALYS 1.6 as a function of neutron energy. All the
present measured values as well as computed data were plotted along with the available

experimental data in the literature and shown in figure 4.4.
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Table 4.4: ¥ Au(n,y)**Au and **°In(n, ¥)***™In reaction cross-sections at different neutron energies and neutron flux

115 116m
29In (n,y) " "Ygln

197 198
29Au (n,y)" -SAu

Cross-section

Proton Neutron :
Cross-section  Flux Experimental
TALYS-1.6
Energy Energy ) b
(mb) (n/cm?sec) (mb) (mb)
(Mev)  (MeV) [Experimental
ref.]
174.40+6.70 60.44+3.40
(9.42 + 0.12) x 106
3 1.12+0.12  [35] ] 85.64+4.82 82.87
247.09 (6.65+0.09)x10° g5 541350 [12]
104.10+4.50 40.59+3.06
(2.26 + 0.16) x 107
4 2.1240.15  [35] , 50.31+3.80 79.87
129.00 (182+0.18)x10° 56 3049 40 [12]
19.77+2.67
37.50+1.50 [35] (2.24 + 0.27) x 107
5 3.12+0.21 1460 , 23.51+3.18 41.25
| (1.89£023)x107 555041 10[12]
13.94+1.61
15.60+0.70 [35] (3.06 + 0.32) x 107
6 4.12+0.32 14.93+1.73 19.18

16.65

(2.86 + 0.30) x 107
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Figure 4.4: Plot of the present experimental and theoretical **’ Au(n,y)***Au reaction cross-
section values as well as the experimental data available in the literature, as a function of the
neutron energy. Measured values in the present work and from references [3-16] are in

different symbols and colour, whereas the theoretical values from TALYS are in solid square.
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