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In the presentation, I am going to talk about

the experimental measurement details of the neutron activation cross-sections of (n, a)
and (n,2n) reactions for copper and potassium at neutron energy 14.92 ± 0.02 MeV,
followed by the discussion on covariance analysis which is used for the uncertainty
quantification and to propagate the inter-correlation matrix between different reactions
cross-section.

And then in the last, I will talk about the results obtained from the present
measurement and will discuss their comparison with literature data, theoretically
predicted results (EMPIRE-3.2 and TALYS-1.9), and JEFF-3.1/A, TENDL-2019,
JENDL-4.0, and ENDF/B-VIII.0 evaluated data.
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Outline of the talk



Neutron induced reaction cross section is the quantitative value of interaction probability of
neutron with the target nucleus.

Neutron activation is the most commonly used experimental technique for the cross section
measurement.

Introduction

Investigation of neutron induced reactions cross section at the energy range about 14 MeV is
important for the development of fusion reactor technology from the point of view of activation,
radiation damage and mechanical stability of construction materials, etc.

Copper and potassium have been chosen for the present study because both the materials are
important part of the reactor structural materials.



The experiment has been performed using the Purnima neutron generator facility, BARC, Mumbai,
India.

The D+ ions were accelerated to the 140 ± 5 keV and bombarded on the Ti-T target producing the
neutrons in the forward direction with the flux value 9.419E+07 n/cm2.s. The average deuteron beam
current was 60 μA during sample irradiation. The energy of neutron and its uncertainty were calculated
using the two-body kinematics.

For the normalization of the neutron flux, 27Al(n,α)24Na reference reaction was used and its cross
section retrieved from the IRDFF-1.05 library. The activation samples details of the present measurement
are given below:

The neutron-source use for the present work is

2
1 D + 3

1 T → 4
2 He + 1

0 n, Q ~ + 17.589 MeV ;

This [d-t] reaction based neutron source is most commonly used
neutron source to produce the mono energetic neutron at 14 MeV
energy range.

Experimental Details



Irradiated sample was placed at top of the lead-
shielded HPGe detector to get high count rate

HPGe detector

PC 

Liquid nitrogen

CAMA
C based  
DAQ 
system

The induced activity of the irradiated samples
were measured using a pre-calibrated lead-
shielded 185-cc high purity germanium detector
(HPGe) which having 30% relative efficiency and
1.8 keV energy resolution for 1.33 MeV γ-ray
energy.

The data acquisition was carried out using the
CAMAC-based Linux Advanced Multi-parameter
System (LAMPS) Software.

The details of the nuclear decay data and their
uncertainties used in the present experiment are
given in Table below:

Offline Gamma-Ray Spectroscopy



Decay scheme of radioactive nucleus



C
ou

nt
s

Gamma Energy (keV)

Copper + Aluminium gamma-ray spectra

Potassium  gamma-ray spectra

1163.5, 65Cu(n,α)

1345.7, 65Cu(n,2n)

1368.6, 27Al(n,α)
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1642.6,  41K(n,α)

HPGe detected photo-peaks of
characteristics gamma-ray produced from
the residues of the 65Cu(n,α)62mCo,
65Cu(n,2n)64Cu, 27Al(n,α)24Na, and
41K(n,α)38Cl reactions .



The efficiency calibration of the HPGe detector has been determined using a standard 152Eu
point source (T1/2 = 13.517 ±0.009 y, of known activity (A0 = 6659.21 ± 81.60 Bq as on 1 Oct.
1999).

The efficiency (εp) of the point source placed at a distance of 2 mm from the detector
absorber was determined by

Since our samples have a finite area, therefore the efficiency for the point source geometry
(εp) was transferred to the efficiency for sample geometry (ε) by using the Monte Carlo
simulation code EFFTRAN and the same code also has been used to calculate the gamma-rays
coincidence-summing correction factor (Kc).

The obtained efficiency values and uncertainty for each gamma-ray are given in table below
and the value of (Kc) also has been given in table.

HPGe detector efficiency calibration



the neutron activation cross sections were derived with respect to the 27Al(n,α)24Na reference
monitor cross section using the

where
(f) is the timing factor calculated given by using equation

(Cattn.) is the correction factor for γ -ray self-
attenuation applied to the measured cross section.
The mass attenuation coefficient was retrieved
from the XMuDat version 1.0.1

Cross section Determination



The covariance analysis is a mathematical tool based on the error estimation which provides the
best estimation of the uncertainty along with the cross-correlations among the measured quantities,
which in this present case, are the reaction cross-sections.

In the present work, different reactions cross section have been measured at a neutron energy
14.92 ± 0.02 MeV, and as the counting of all the irradiated samples has been done with the same
detector system and same monitor reaction cross section, therefore all the reaction cross sections are
correlated with the efficiency and monitor cross section uncertainties.

And in this case, the covariance analysis plays a vital role as it transfers the errors from each
quantity i.e., efficiency, monitor cross section and other parameters such as Half-life, abundance,
timing factor etc used in the calculations into the final uncertainties.

The first part of the covariance analysis to obtain the total uncertainty and inter-correlation matrix
between the different reactions cross sections is :

HPGe detector efficiency uncertainty and the correlation coefficients:
To obtain the efficiency for the gamma-rays of residues, we did the fitting of the measured
efficiency by using the exponential fitting function. We further then used the values of the
fitting parameters and its covariance matrix to calculated the residues gamma-rays efficiency
value with its uncertainty and the covariance matrix.

Covariance Analysis



Table: Interpolated efficiency of the HPGe detector for the corresponding gamma-ray energy
of the samples and monitor reactions with their uncertainty and their correlation matrix.

The covariance between the two interpolated efficiencies ε(i) and ε(j) are propagated by using
the covariance's of three fitting parameters following the prescription by Mannhart

Where the uncertainty in the detection
efficiency is

And the correlation coefficient is:

Cor(ε(Ei),ε(Ej)) = Cov(ε(Ei),ε(Ej))/(Δεi).(Δεj)),



For the timing factor (f) as discussed previous given by equation

And the uncertainties in this timing factors for samples and monitor reactions were 
propagated from the uncertainties in the decay constants (λ) by

Table: Fractional uncertainties (%) of all attributes associated with the different reactions cross
section measured at neutron energy 14.92 ± 0.02 MeV.

Uncertainity in timing factor Δf/f

Where the uncertainty in the decay constant

can be obtained from ΔT1/2 in the ENSDF
Library.



Table: Correlation coefficient between the different attributes associated with the different reactions
cross section measured at neutron energy 14.92 ± 0.02 MeV.

The fractional variance and covariance and hence the correlation coefficients between each
reactions cross section are constructed using the following equations

The correlation coefficient of two parameters (x1, x2) is represented as uncorrelated [Cor(x1, x2 ) = 0]
and fully correlated coefficient [Cor(x1, x2 ) = 1]. However, the numerical value of the correlation
coefficient must be between -1 ≤ Corr(x1, x2) ≤ 1 and it occurs when x1 and x2 are determined not
independently, but still x2 is not automatically determined from x1 (in present case, we have efficiency
uncertainty).

Correlation between the different reactions cross section



The experimentally measured cross sections result for
all the three reactions at neutron energy 14.92 ± 0.02 MeV
along with their total uncertainty and the correlation
matrix are summarized in table below and presented in
Fig. 1-3

Fig. 2

Fig. 3Fig. 1

Results and Discussion
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