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Abstract

In the present work, the 197Au(n,2n) reaction cross section is experimentally determined relative to
the 27Al(n,α)24Na reaction at incident neutron energies of 9.0 to 10.5 MeV by means of the activation
technique. The quasi-monoenergetic fast neutron beam was produced via the 2H(d,n)3He reaction at the
5.5 MV Tandem Van de Graaff accelerator at the NCSR “Demokritos” and was studied to determine the
contribution of background “parasitic” neutrons using the multiple foil activation technique and the SULSA
unfolding code. The cross sections for the population of the second isomeric state (12−) of 196Au and the sum
of the ground (2−) and first isomeric state (5−) population cross sections were independently determined.
Auxiliary Monte Carlo simulations were performed with the MCNP code.

1. Introduction

The presence of a high spin isomeric state in the residual nucleus of a neutron threshold reaction provides
a sensitive test for existing nuclear models. The systematic study of the excitation function of the formation
of both the ground and the high spin isomeric state on the basis of a statistical model provides information
on the energy and spin distribution of the level density of the nuclei involved [1] and on the changes in the
structure of the low lying excited states of the corresponding nuclei.

In this context the 196Au isotope presents an interesting isomeric pair: ground and isomeric states with
spin values of 2− and 12− respectively (Fig. 1). This 12− isomer has been reported for other even A
Au isotopes (198Au, 200Au) [2]. However, a survey of the literature revealed only a limited number of
experimental data for the cross section of the 197Au(n,2n)196Aum2 reaction, especially near its threshold,
where only one unpublished dataset [3] was found.

Thus, the purpose of this work was to experimentally determine the 197Au(n,2n)196Aum2 and the
197Au(n,2n)196Aug+m1 reaction cross sections in the incident neutron energy range between 9 and 10.5
MeV, i.e. close to the threshold, by means of the activation technique, with the view of conducting a
detailed theoretical study of these cross-sections in the near future.

2. Experimental

2.1. Irradiations

Four irradiations have been carried out, evenly spaced in the energy range between 9.0 to 10.5 MeV. Given
that the cross section for the formation of the second isomeric state is significantly lower than that for the
population of the ground state, the irradiations typically lasted approximately 24 hours, which corresponds
to roughly 84% of the saturated activity of the second isomeric state.

High purity natural gold foils (99.99% 197Au) with a diameter of 14 mm and thickness of 0.5 mm were
used. Two Al foils of the same diameter and thickness were placed immediately before and after the gold
foil and were used to determine the neutron flux.

The quasi-monoenergetic neutron beam was produced via the 2H(d,n)3He reaction by bombarding a
deuterium gas target with a deuteron beam at currents around 1-2 µA. The gas target is fitted with a 5
µm molybdenum entrance foil and a 1 mm Pt beam stop and is constantly cooled with a cold air jet during
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Figure 1: Simplified decay scheme of the isomeric and ground states of the residual nucleus 196Au. All energies are given in
keV.

irradiation to diminish the risk of damage to the Mo foil. The deuterium pressure was set to 1500 mbar.
Using this setup, the achieved flux varied between 3×105-4×106 n/(cm2

·s) in the four runs performed.
The samples were placed at 0◦ with respect to the neutron beam and at a distance of 8 cm from the

center of the gas cell, thus limiting the angular acceptance of the target foils to ±5◦.
Beam fluctuations were monitored with a BF3 counter placed at a distance of 3 m from the deuterium

gas target. Following Monte Carlo simulations of the experimental area, the BF3 unit was placed at an angle
of 30◦ with respect to the beam line to avoid an increased presence of “parasitic” background neutrons near
the target foils due to backscattering on the BF3 setup. Data from the BF3 counter were stored at regular
time intervals (60 s) by means of a multi-channel scaler and were used to correct for the decay of 196Au
nuclei during irradiation and to account for fluctuations in the beam flux in the subsequent off-line analysis.

2.2. Neutron Beam

Particular attention was given to estimating the neutron energy distribution in the samples. The linearity
of the selection magnet has been verified at low energies through the Al(p,γ) strong resonance at 991.91 keV
and the 16O(d,n) threshold reaction (Eth=1828.83 keV) leading to an estimate of the beam energy offset
of 1.6 keV and a beam energy uncertainty of 0.1%. Assuming possible non-linearity at high energies, an
overestimated beam energy uncertainty of 0.15% has been accepted to include possible second order effects.

A considerably more significant effect on the energy uncertainty of the produced neutrons is straggling
from energy loss in the entrance foil and the deuterium target. Furthermore, as it was not possible to control
the flow of deuterium in the gas cell remotely, the pressure was at times lower than the desired value by up
to 200-300 mbar. These effects were estimated with the SRIM software [4] and the energy uncertainty value
from straggling was less than 30keV. Finally, the angular acceptance of the target foils introduces additional
uncertainty due to the 2H(d,n)3He reaction kinematics.
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Figure 2: Experimental spectra from the decay of the second isomeric state (top panel) and ground state (bottom panel) of
196Au, after irradiation at 10.5 MeV incident neutron energy. The acquisition time is 20hr and 51hr respectively.

Taking the above into account, the appropriate adjustments were made, where possible, to ensure that
the width of the neutron energy distribution in the samples did not exceed 50keV.

The contribution of background “parasitic” neutrons was also studied in detail. These neutrons originate
from the interaction of the deuteron beam with the beam line structural materials, beam collimators and gas
cell components. The multiple foil activation technique was implemented to determine the neutron beam
profile. The appropriate foils (Ni, Co, Ti, In, Zn, Fe, Nb) were chosen in which neutron threshold reactions
take place at different threshold energies and they were placed immediately after the Au and two Al foils for
irradiation. Information from the Au and Al foils was also included in this analysis.

The results of these irradiations were processed with the SULSA unfolding code [5]. By providing the
activation rates measured for each foil, the code extrapolates the energy distribution of the beam using cross
section values and covariance matrices from an incorporated library. Modifications were made to include
additional reactions in the analysis.

The results of this analysis showed that, although a considerable population of background neutrons is
produced during the irradiations, these lie mainly in the low-energy region, well below the threshold for the
197Au(n,2n) (Eth= 8.11 MeV) reaction. As far as the 27Al(n,α)24Na reference reaction is concerned, while
Eth= 3.25 MeV, the cross section only grows sufficiently to produce measurable activation rates at incident
neutron energies above 6.8 MeV.

2.3. Activity Measurements

Following the irradiations, the induced activity on the samples was measured with a 56% relative efficiency
HPGe detector. The detector was calibrated with 152Eu and 207Bi sources, the latter being used to obtain
a more accurate efficiency curve in the low-energy region. The samples were placed at a distance of 10 cm
from the detector window. With this counting setup, corrections for coincidence summing become negligible.
Figure 2 shows typical spectra acquired from the gold samples during the measurement for the second isomeric
state (top panel) and the ground state (bottom panel), where the γ-rays of interest have been marked.

The population of the second isomeric state was measured through the 148 keV line. This was preferred
over the 188 keV line due to its higher intensity (45% over 30%) and the existence of a nearby natural
background line (Fig. 2). These measurements began approximately 1 hr after the end of the irradiation and
lasted up to 20 hr (two half-lives), depending on the evolution of the peak-to-background ratio. Following
this, the activity of the Al foils was measured with the same experimental setup through the 1369 keV
transition. For these measurements, a duration between 1 and 3 hr was sufficient to achieve a statistical
error lower than 2%.
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Figure 3: Experimental cross section values for the population of the ground and first isomeric state of 196Au (g+m1) between
8-25 MeV (a) and 8-11 MeV (b). Several single-point datasets around 14 MeV omitted for clarity.

Since the first isomeric state decays relatively very quickly (T1/2 = 8.1 s), the measurements on the decay
of the ground state result in the determination of the sum of the cross sections for the population of the
ground state and the first isomeric state. Moreover, these measurements were carried out at least two days
after the irradiation to ensure that the second isomeric state (T1/2 = 9.6 hr) had fully decayed to the ground
state, since the correction for the contribution of the second isomeric state to the measured activity of the
ground state was found to be negligible when the latter measurement was carried out after several half-lives
of the second isomeric state.

The activity of the ground state was deduced through the 356 keV line, preferred over the 333- and 426
keV lines due to the much higher counting statistics (Fig. 2). Furthermore, the 333 keV line is contaminated
by the 334 keV line of 198Au arising from the 197Au(n,γ)198Au reaction. This is confirmed by the 411 keV
line which is clearly visible in the acquired spectrum and also belongs to the (n,γ) channel.

3. Data Analysis

In each case, the experimental values of the cross sections were determined through the following formula:

σ =
Nγ

ǫINTΦSfD
(1)

where Nγ is the number of counts in the relevant γ-ray peak. The factor ǫ is the detector efficiency, I is
the γ-ray intensity, NT is the number of target nuclei and S is the self-absorption correction factor. Decays
during irradiation and time fluctuations in the beam flux are accounted for with the correction factor f ,
given by:

f =

∫ tb
0

e−λtF (t) dt
∫ tb
0

F (t) dt
e−λtb , (2)

where tb is the irradiation time and F (t) is the beam flux in arbitrary units as given by the BF3 counter,
while D corrects for the interval between the end of the irradiation and the end of the measurement and is
given by:

D = (1− e−λtm)e−λtw , (3)

where tw and tm are the waiting time between irradiation and measurement and the measurement time
respectively.
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Figure 4: Experimental cross section values for the population of the second isomeric state of 196Au (m2) between 8-25 MeV
(a) and 8.5-11 MeV (b).

Table 1: Experimental cross section values for the 197Au(n,2n)196Aug+m1 and 197Au(n,2n)196Aum2 reactions and the isomeric
cross section ratio

Energy (MeV) σg+m1 (mb) σm2 (mb) σm2/σg+m1

9.0 328±26 0.8±0.1 0.0024±0.0003
9.5 695±60 8.9±3.8 0.013±0.006
10.0 1052±73 16.2±1.6 0.015±0.002
10.5 1404±102 32.8±2.7 0.023±0.003

The integrated neutron flux Φ was determined through the same formula (Eq. 1) by using the cross
section values for the 27Al(n,α)24Na reaction found in literature [6] and by averaging over the deduced
values in the front and back Al foils. It is thus possible to correct for target geometry and self-shielding.

Given the relatively low energy of the γ-rays of interest and the high mass attenuation coefficient of gold,
it was essential to take self-absorption effects into consideration. A Monte Carlo simulation of the counting
geometry using the MCNP code [7] was performed to estimate this correction. Approximately 55% of the 148
keV and 12% of the 356 keV line are lost due to self-absorption in a 0.5 mm -thick gold foil. Self-absorption
of the 1369 keV line in Al was found to be less than 0.5%.

4. Results and Discussion

The experimental results of this work are presented in Table 1 along with their uncertainties. As seen
in figure 3, the data for the 197Au(n,2n)196Aug+m1 cross section are in good agreement with previous mea-
surements.

For the second isomeric state, only one previous dataset exists in the energy region from threshold to 13
MeV, contained in an unpublished report [3]. It has been impossible to obtain relevant information on the
particular experiment, such as beam parameters, flux, irradiation intervals and the detector(s) used for the
off-line measurements. A dataset of evaluated data in this region can additionally be found in [8], also an
unpublished report. The new data presented in this work report significantly lower uncertainties (10-11%
for the 10.0 and 10.5 MeV measurements compared to 20% in the other data within this range), barring the
non-optimal 9.5 MeV measurement. Moreover, the measurement at 9.0 MeV is the only one carried out at
this energy, so close to the threshold. The uncertainty in the incident neutron energy has also been reduced
compared to the previous data, as described in subsection 2.2.
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5. Conclusions

The cross section of the (n,2n) reaction on 197Au, was measured independently for the population of
the second isomeric state (σm2), and for the sum of the reaction cross section for the population of the
ground and the first isomeric state (σg+m1). The cross section values were determined by means of the
activation technique in the incident neutron energy range 9.0-10.5 MeV. The present data provide more
accurate measurements in the near-threshold region.
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