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Abstract: Activation cross-section of photon-induced reac-
tion on structural materials 58Ni and 59Co was measured 
at the bremsstrahlung endpoint energy 15 MeV from an S 
band electron linac. The uncertainties in the (γ,n) reaction 
cross-section of both 58Ni and 59Co were estimated by using 
the concept of covariance analysis. The cross-section of 
58Ni(γ,n)57Ni reaction in the present work is slightly lower 
than the previous experimental data and the TENDL-2015 
data. The cross-section of 59Co(γ,n)58Co reaction has been 
measured for the first time. However, the present experi-
mental data of 59Co(γ,n)58Co reaction is very low in com-
parison to the TENDL-2015 and JENDL/PD-2004 data.

Keywords: Photonuclear reaction cross-section, 
bremsstrahlung, coincidence summing, ratio measure-
ment technique, covariance analysis.

1  �Introduction

Photonuclear reactions have a great importance in 
many fields as they serve as microscope for the struc-
ture and dynamics of atomic nucleus. Photonuclear 
reaction data play a prominent role in radiation shield-
ing design and radiation transport analysis, particularly 
above the neutron separation energy (~8 MeV), calcula-
tion of absorbed dose in human body during radiation 
therapy and in astrophysical nucleosynthesis. They are 
also important for the development and understanding 
of physics and technology of fission as well as fusion 
reactors, for nuclear waste transmutation and for activa-
tion analysis, safeguards and inspection technologies. 
Photonuclear data also find application in reactor-in-
core-dosimetry, radiation damage in reactor structural 
materials, fast reactor design studies and in design of 
accelerator driven sub-critical systems [1, 2]. Thus, pho-
tonuclear reaction cross-section data are required for a 
wide variety of applications. In this context, the photonu-
clear reaction cross-section measurement of 58Ni and 59Co 
has been measured corresponding to the bremsstrahlung 
spectrum of 15 MeV electrons. The photonuclear reaction 
cross-sections of 58Ni and 59Co are significant from the 
nuclear reactor point of view as Ni and Co are important 
structural materials [1].

The uncertainty in the present work has been gen-
erated using covariance analysis. It was an initiative 
taken by Department of Atomic Energy, Bhabha Atomic 
Research Centre, Mumbai to evolve a program on nuclear 
data covariance in India [3]. As per the program, the 
covariance information should be generated in all Indian 
nuclear physics experiments as a fundamental approach. 
Covariance analysis has been profoundly used to gen-
erate the uncertainty information in the case of evalu-
ated nuclear data of neutron-induced reactions in files 
such as TENDL-2015. Though the experimental works 
reported in EXFOR show that even in the case of neutron 
induced reactions only a handful of experimenters have 
performed a detailed covariance analysis, in the case of 
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photonuclear reactions even the evaluated files rarely 
provide covariance information. Also it was found [4] that 
barely any experimenter has performed a detailed covari-
ance analysis. This paper provides covariance analysis for 
the gamma induced reaction for the first time. Covariance 
analysis has been performed in the present work as proper 
specification of uncertainties is complete only with the 
covariance information.

2  �Experimental details
The experiment was performed by using bremsstrahlung 
photon with endpoint energy of 15 MeV, in the electron 
linac of SAMEER, at Navi-Mumbai, India. The 15 MeV 
electron linac is a π/2 S band standing wave side coupled 
compact electron linac, with the flange to flange length of 
1.2 m. A 5.5 MW Klystron source, at 117–878 W, was used 
as an RF source [5]. The linac tube was successfully oper-
ated at a peak current of 65  mA with 6 μs pulse width 
and pulse repetition rate of 20–150 Hz. The bremsstrahl-
ung was produced by impinging an electron beam of 
energy 15 MeV on a water cooled circular tungsten metal 
foil. The diameter of the tungsten foil was 6 mm and the 
thickness was 4 mm. A target assembly of Co, Au and Ni 
was made for the irradiation. The 197Au foil with purity 
99.99 % of size 0.4  cm × 0.4  cm, weighing 0.0490 g was 
used to normalize the cross-section of the targets. On the 
other hand a circular 59Co foil (99.99 % purity), with a dia-
meter of 0.55 cm, weighing 0.2282 g and a natNi foil of size 
0.4 × 0.4 cm2 weighing 0.0134 g were used as the targets. 
All the samples were individually wrapped with 0.025 mm 
thick pure aluminium to avoid contamination during the 
irradiation process. The target assembly was irradiated for 
5  min. The irradiated targets were cooled for 1.97  h and 
were separately mounted on Perspex plates for counting.

3  �Data analysis

3.1  �Calibration and calculation of detector 
efficiency

The γ-ray activities of the irradiated samples were meas-
ured by using a 105 cm3 high purity germanium detector 
(HPGe) coupled to a PC-based 4K multi-channel analyzer. 
The efficiency of the HPGe detector used was 20 % relative 
to 3″ diameter × 3″ length NaI(Tl) detector and the resolu-
tion was 1.8 keV (FWHM) at 1332.5 keV. The energy and effi-
ciency calibration of the detector system was performed 

by counting the γ-rays of the standard 152Eu point-source 
keeping it at a distance of 1 cm from the end cap of the 
detector. The standard equation for the full-energy peak 
efficiency (ε) of detector, for a point source was used to 
obtain the efficiency of the detector,

	 0

c
T

CK
A e I tλ

γ

ε
∆−=

�
(1)

where, C represents the net peak area measured in time Δt, 
Kc is the correction factor for the coincidence-summing effect 
[6], I

γ
 is the intensity of the γ- transition, A0 is the source 

strength at the time of standardization, and T is the time 
elapsed between standardization and calibration, λ is the 
decay constant related to the half-life (T1/2) of the source by,

	 1/2

ln2 
T

λ =
�

(2)

As the point source was placed at a close distance to 
the detector, it introduces coincidence summing effect, 
which was corrected by introducing the factor, Kc. Since, 
the detector was calibrated using point source and the 
samples were of finite size, the efficiency obtained has 
to be transferred to the full-energy peak efficiency for the 
samples. The coincidence summing correction and the 
efficiency transfer for the detector were performed using 
the EFFTRAN code [7] based on Monte-Carlo simulations. 
The comparison among the efficiency of the point source 
with and without coincidence summing effect and also 
the efficiency of the sample after accomplishing the effi-
ciency transfer are presented in Figure 1.

100
0.01

0.1

1000

Without coincidence summing correction

With coincidence summing correction

(0.4 × 0.4) cm2 sample geometry

Energy (keV)

E
ff

ic
ie

nc
y

Figure 1: Detector efficiency as a function of γ-energy for point 
source without and with summing correction, and for sample after 
transferring the efficiency.
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3.2  �Uncertainty propagation in efficiency 
calculation

The energy and efficiency calibration of the HPGe detector 
was performed using 11 γ-lines of 152Eu point source. The 
uncertainty in the efficiency, calculated using equation 
(1), was introduced by the uncertainties of the attributes 
C, I

γ
, A0 and λ. According to the law of uncertainty propa-

gation under linear approximation applicable to small 
uncertainties [8, 9], the uncertainty in the efficiency (εi) 
due to the i-th γ-line can be propagated as,
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where, q represents the attributes, r denotes the number 
of attributes. The partial uncertainty due to each attribute, 
except λ, was obtained as,
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From equation (1), the partial uncertainty due to the 
uncertainty in the decay constant was obtained as,
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where, the uncertainty in the decay constant was obtained 
from the uncertainty in the half-life as,
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The decay data for 152Eu, like T1/2 and I
γ
, were taken 

from the ENSDF evaluation [10] retrieved through the web 
based interface NUDAT 2.7β [11]. The characteristic γ-ray 
energies of 152Eu as well as the corresponding gamma 
intensities and their uncertainties used in the present 
work have been listed in Table 1 [11].

Similarly, the uncertainty in (εj) due to the j-th γ-line 
is,
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These four attributes are measured independently so 
no correlation prevails among the attributes, i.e. the meas-
urement of C is not affected by the other attributes like T1/2, 
I

γ
, or A0. However, there exists correlation within the attrib-

utes. For instance, the attribute A0 is common for all the 

γ-lines and so there exists correlation within the attribute 
A0. Hence using this information on partial uncertainties 
and their correlation the covariance matrix (V

ε
) for the effi-

ciency of the detector can be constructed. The elements of 
this covariance matrix can be calculated as,

	

4

1
 cor ( , ) ji

ij ri ri rj rj
r ri rj

V q q q q
q qε

εε
∆ ∆

=

 ∂ ∂
 =     ∂ ∂   

∑
�

(8)

where, cor(qri,qrj) is the correlation coefficient between qri 
and qrj [12]. The micro-correlation matrix for C and I

γ
 can 

be represented as,

	 cor ( , )  ri rj ijq q δ= � (9)

where, δij is the Kronecker-delta function. However, for A0 
and λ the micro-correlation matrix is given by,

	 cor ( , )  1ri rjq q = � (10)

This is because the observations of A0 and λ are fully 
correlated, so the micro-correlation matrix for each of 
these attributes will be a matrix J of order 11 with all the 
entries equal to one.

The characteristic γ-rays for our samples are, however, 
different than those of the calibration source. In order to 
obtain the efficiencies of the required characteristic γ-
rays, an appropriate model for interpolation was chosen 
with the help of the following empirical formula,
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where, Ei is the energy of the γ-lines and pm is the fitting 
parameter. Equation (11) can be depicted in matrix form 
as,

	 Z  AP≈ � (12)

Table 1: Characteristic γ-ray energies and their gamma abundances 
of 152Eu.

Gamma energy (keV) Gamma abundance (%)

121.78 28.53 ± 0.16
244.7 7.55 ± 0.04
295.94 0.440 ± 0.004
344.28 26.59 ± 0.20
411.12 2.237 ± 0.013
778.9 12.93 ± 0.08
964.06 14.51 ± 0.07
1112.1 13.67 ± 0.08
1212.9 1.415 ± 0.008
1299.1 1.633 ± 0.011
1408.013 20.87 ± 0.09
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where, the elements of the column matrix Z is given by 
lnεi, P is the column matrix with elements pm and the 
design matrix A of order 11 ×  m with elements,

	 1
 (ln )mi m iA E −= � (13)

The best model for the interpolation was chosen 
based on the minimum Chi-square (χ2) statistics, which is 
given by,

	 2 ( ) ( )χ −= − −1T
ZZ AP V Z AP � (14)

where, (Z − AP)T is the transpose of the matrix of (Z − AP) 
and VZ

−1 is the inverse of matrix of VZ. The elements of 
the matrix VZ were obtained using the law of uncertainty 
propagation between zi and εi as,

	

( )
( ) =€ ij

Z ij
i j

V
V ε

ε ε
�

(15)

By using the method of least squares, the best solu-
tion P was obtained by,

	 ( )−= 1T
p ZP V A V Z � (16)

where, the covariance matrix for the solution parameters 
(Vp) is given by,

	   ( )− −= 1 1T
p ZV A V Z � (17)

The goodness of the fit thus obtained is tested by 
obtaining χ2/(n − m) ~ 1  where n represents the number 
of γ-ray energies of 152Eu considered in the present work. 
Thus, after obtaining the matrix P, the required efficien-
cies for the characteristic γ-rays of the samples Au, Ni and 
Co are calculated using equations (11–13). The minimum 
χ2 in this case was obtained for m = 4, which is presented 
in Table 2 along with the corresponding pm values and 
the correlation matrix. The interpolated detector efficien-
cies of the radionuclides in the present work are reported 
in Table 3 along with their covariance and correlation 
matrix. The interpolated efficiencies along with the meas-
ured ones are shown in Figure 2.

3.3  �Cross-section calculation

Ratio measurement was used to obtain the photonuclear 
reaction cross-section of 59Co and 58Ni. In this method the 
cross-section of the target was calculated relative to the 
cross-section of the monitor reaction 197Au(γ,n)196Au. The 
photonuclear cross-section (σs) for each Co and Ni was  
calculated as,
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where, C gives the total counts of the sample, <σAu >  is the 
flux-weighted average cross-section of the 197Au(γ,n)196Au 
reaction, I

γ
 is the branching intensity of the activation 

product, N represents the number of the target atoms cal-
culated from the weight of the target material, ε is the detec-
tor efficiency, Ti, Tc and t are the irradiation time, cooling 
time and counting time of the samples, respectively and λ 
is the decay constant for the respective nuclide. The term 
R

j
 is the flux ratio used to normalize the cross-sections 

as the targets and the monitor have different threshold 

Table 2: Fitting parameters and minimum χ2 value for fitting model 
m = 4.

Parameter   Value  Correlation coefficient (%)

p1   −4.166 ± 0.0124  100      
p2   −0.934 ± 0.014  −17   100    
p3   0.122 ± 0.023  −26   87   100  
p4   0.067 ± 0.008  −26   76   98   100

The goodness of the fit is 1.486.

Table 3: Detector efficiencies for the reaction products and the 
covariance matrix for the efficiencies and the corresponding correla-
tion matrix.

Radionuclide   E
γ
 (keV)   Efficiency × 10 − 2 

(absolute)
  Correlation matrix 

(%)

196Au   355.73   4.310 ± 0.054   100    
58Co   810.76   1.896 ± 0.024   87   100  
57Ni   1377.63   1.167 ± 0.015   78   75   100
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Figure 2: Comparison between the measured efficiency and fitted 
efficiency.
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energy, which are presented in Table  4. The threshold 
energies of the reactions were calculated using Q-tool [14]. 
The flux ratio is calculated by [13],

	

max

th-s

max

th-m

( )

( )

E

E
E

E

E
R

E dE

γ

γ
ϕ

ϕ

ϕ
=

∫
∫

�

(19)

where, Eth-m and Eth-s represent the threshold energies of the 
monitor and sample, respectively. The photon flux (ϕ) was 
taken from the bremsstrahlung spectrum (Figure 3). As the 
measurement of bremsstrahlung fluence spectrum is a dif-
ficult task, we calculated it using FLUKA 2011.2c.6 [15–18] by 
simulating the photon production under the geometry of our 
experimental setup. The 15 MeV electron beam was allowed 
to fall on a Tungsten target and the bremsstrahlung spec-
trum was estimated at a distance of 24.5 cm from the tung-
sten target. The bremsstrahlung spectrum, thus, obtained is 
shown in Figure 3. The flux-ratio for Co and Ni are given in 
Table 4. For simplicity, equation (18) is rewritten as

	

Au Au Au Au
Au

Au

 s
s

s s s s

C N I f
C N I f R

γ γ
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ε
σ σ

ε
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(20)

	

(1 ) 1where, ( )i cT T te e ef
λ λ λ
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The photo-peak counts of the different γ-rays of the 
interested reaction product of interest were obtained 
by subtracting the Compton background from the gross 
peak area. The γ-ray energies and the nuclear spectro-
scopic data such as the half-lives and branching intensity 
were taken from the ENSDF evaluation [19–21] retrieved 
through the web interface NUDAT 2.7β [11] and given in 
Table 5.

In equation (3), the number atoms in a target material 
was calculated as,

	

A

v

N W a
N

A
× ×

=
�

(22)

where, NA is the Avogadro’s number, which was not con-
sidered in equation (18) as it gets canceled out in ratio 
method. The weight of the sample is represented by W, 
AV is the atomic weight of the element and a denotes the 
isotopic abundance of the particular target isotope. Thus, 
equation (18) takes the following form, which was used for 
the calculation in the present work,

	

Au Au Au Au Au
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Au Au

s VS
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s s V s s s
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γ γ
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ε
σ σ

ε
= 〈 〉

�
(23)

Since the accelerated electrons after hitting the tung-
sten foil generate a bremsstrahlung of photons at 15 MeV, 
the cross-section of 197Au(γ,n)196Au reaction provided by 
the IAEA Photonuclear Data Library [1] for mono-energetic 
photon source was converted to flux-weighted average 
cross-section. The comparison between the cross-section 
of the 197Au(γ,n) 196Au reaction from literature [22–26] and 
the IAEA’s Photonuclear Data Library [1] is shown in 
Figure 3. The flux weighted average values of the cross-
section of 196Au from energy threshold to the endpoint 
bremsstrahlung energy was calculated using the follow-
ing relation [13],

	

max
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max
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Au
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E E dE

E dE
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ϕ σ
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∫
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where, ϕ(E) is the photon flux for the 197Au(γ,n)196Au reac-
tion. The photon flux (ϕ) was taken from the bremsstrahl-
ung spectrum, shown in Figure 4 and the cross-section 
values σ(E) were taken from the IAEA Photonuclear Data 
Library maintained by IAEA [1]. 

Table 4: Reaction thresholds of the reactions [13] and the flux ratio 
of the 59Co(γ,n)58Co and 58Ni(γ,n)57Ni.

Reaction Threshold energy (MeV) Flux-ratio

197Au(γ,n)196Au 8.073
59Co(γ,n)58Co 10.455 4.609 × 10−1

58Ni(γ,n)57Ni 12.218 2.021 × 10−1

Figure 3: Plot of experimental and evaluated data from the IAEA 
Photonuclear Data Library of l97Au(γ,n)l96Au reaction as a function of 
photon energy.
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3.4  �Uncertainty propagation in cross-section 
measurement

The attributes that contribute to the uncertainty in the 
cross-section are C, W, AV, a, I

γ
, f and ε of the reaction 

target nuclide (59Ni or 58Co) and the monitor target nuclide 
(197Au), namely there are 7 × 2 = 14 attributes in determina-
tion of a reaction cross-section. Due to lack of uncertainty 
information for both the quantities R

j
 and <σAu >, they have 

not been considered in the uncertainty analysis. Also, the 
uncertainties in weight of the sample and atomic weight of 
the element are too small to contribute to the uncertainty 
propagation and are not considered. The uncertainty in the 
cross-section of each of the target, can be calculated as,

	

2 29
Au

Au
1 Au

   2 cor( , )s rs s
s

rs rs s

q
q

∆σ ∆ ∆ε ∆ε
ε ε

σ ε ε=

      
= +             
∑

�
(25)

where, q represents the attributes and s is used for the 
targets, 58Ni and 59Co. Equation (25) is explicitly described 
in the Appendix. The terms Ti, Tc and t in equation (20) are 
considered to have negligible uncertainty and were not 
considered in the uncertainty propagation of f. Thus the 

only term contributing to the uncertainty in f is λ. Since, λ 
is connected to σ exponentially; the partial uncertainty in 
f was calculated by [27],

	

2 2
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f s
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∆ ∆λ
λ

   
=   

    �
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where, the sensitivity coefficient sfλ was calculated as,
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The uncertainty in λ was propagated as done in the 
earlier section, equation (6).

The fractional covariance between the cross-section 
of 58Co and 57Ni is be obtained as,
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In equation (28), r represents the attributes C, I
γ
, ε and 

f for Au. In the present work, there is correlation among the 
efficiency of the detector for the targets and the monitor (εs 
and εAu) and this correlation is developed due to the model 
used for interpolation to obtain the efficiencies for the 
targets and the monitor. Hence, except for the efficiency, the 
observation between any two attributes, like (C, W) or (C, 
AV) and so on is independent of each other. The fractional 
uncertainty in all the attributes, except efficiency along 
with their correlation is presented in Table 6. The frac-
tional uncertainty in the efficiency of the detector for the 
characteristic γ-rays of 57Ni, 58Co and 196Au can be obtained 
from Table 3 and the correlation coefficients are presented 
in Table 3. Using all the fractional uncertainty and correla-
tion information from Table 3 and Table 6 in equation (23), 
the required covariance matrix in cross-section between 
58Ni and 59Co is obtained. Thus, the final covariance matrix 
can be obtained using equations (25) and (28) [28, 29]. The 

Figure 4: Bremsstrahlung spectrum with end point energy of 15 MeV 
calculated using FLUKA 2011.2c.6.

Table 5: Nuclear spectroscopic data of the radionuclides from Ref. [12].

Reaction   Nuclides   Half-life   Decay mode %   γ-ray energy E
γ
 (keV)   γ-ray intensity I

γ
 (%)

197Au(γ,n)   196Au   6.1669 ± 0.0006 days   EC (93.0)
β− (7.0)

  355.73 ± 0.05  87 ± 3

59Co(γ,n)   58Co   70.86 ± 0.06 days   EC (100)   810.7593 ± 0.0020  99.450 ± 0.01
58Ni(γ,n)   57Ni   35.60 ± 0.06 h   EC (100)   1377.63 ± 0.003  81.7 ± 2.4
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correlation matrix between the two reaction cross-sections 
of interest and the uncertainty in the cross-section values 
thus obtained are presented in Table 7.

4  �Discussion
The bremsstrahlung spectrum averaged 59Co(γ,n)58Co 
and 58Ni(γ,n)57Ni cross-sections at the end point energy of 
15 MeV are listed in Table 7 along with their uncertainties 
and correlation coefficients. There are no bremsstrahl-
ung averaged cross-sections of the reactions of inter-
est in EXFOR. The energy dependent cross-sections in 
TENDL-2015 [30, 31], JENDL/PD-2004 [32] and the IAEA’s 
Photonuclear Data Library [1] have been converted to the 
bremsstrahlung averaged cross-section with end point 
energy of 15 MeV by using equation (24) and compared with 
our result in Table 8. The energy dependent cross-sections 
from literature [33–40] and various libraries [1, 30, 32] for 

58Ni(γ,n)57Ni reaction are presented in Figure 5. Similarly, 
the energy dependent cross-sections from literature [41–
45] and various libraries [30, 32] for 59Co(γ,n)58Co reaction 
are presented in Figure 6.

Table 6: Fractional uncertainties (%) in various attributes in 
obtaining the cross-section of 59Co(γ,n)58Co and 58Ni(γ,n)57Ni 
reactions relative to the cross-section of 197Au (γ,n)196Au monitor 
reaction.

s   Cs  CAu  as  I
γs  I

γAu  fs  fAu

1 (Co)  2.38  1.164    0.010  3.448  0.833  0.010
2 (Ni)   4.466    0.028  2.938    0.151 
Corr   0  1  0  0  1  0  1

Correlation within the attribute are represented by Corr.

Table 7: Uncertainties in the cross-sections measurement for the 
59Co(γ,n)58Co and 58Ni(γ,n)57Ni reactions relative to the cross-section 
of 197Au (γ,n) 196Au monitor reaction.

Radionuclide   E
γ
 (keV)  Cross-section 

(mb)
  Correlation 

coefficients (%)

58Co   810.76  3.170 ± 0.142  100 
57Ni   1377.63  11.519 ± 0.751  46  100

Table 8: The cross-sections of 59Co(γ,n)58Co and 58Ni(γ,n)57Ni reactions at the bremsstrahlung end-point energy of 15 MeV.

Reaction   Energy 
(MeV)

  Cross-section (mb)

Experimental   TENDL-2015 [30]   JENDL/PD-2004 [32]   IAEA Photonuclear Data Library [1]

59Co(γ,n)58Co   15  3.170 ± 0.142  10.686  10.820  N/A
58Ni(γ,n)57Ni   15  11.519 ± 0.751  14.992  3.971  3.906

The values corresponding to various libraries have been calculated by folding the energy dependent cross-section in [1, 31, 33] using the 
bremsstrahlung spectrum of the photon field used in the present experiment (Figure 3).

Figure 5: Plot of literature, TENDL and JENDL/PD-2004 data of 
58Ni(γ,n)57Ni reaction as a function of photon energy.

Figure 6: Plot of literature, TENDL 2015 and JENDL/PD-2004 data of 
59Co(γ,n)58Co reaction as a function of photon energy.
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The cross-section for 58Ni(γ,n)57Ni reaction obtained 
from the present work is slightly lower than the TENDL-
2015 value. However, the obtained cross-section for the 
58Ni(γ,n)57Ni reaction in the present case was found to 
be higher than the data obtained from the IAEA Photo-
nuclear Data Library and JENDL/PD-2004. In case of Co, 
the (γ,n) reaction cross-section obtained from the present 
experimental work is lower than the value obtained from 
both the TENDL-2015 and JENDL/PD-2004 libraries.

The uncertainty analysis in the present work has 
shown that, though the cross-section of 59Co(γ,n)58Co and 
58Ni(γ,n)57Ni reactions were measured independently, there 
still exists a correlation between both the cross-sections 
due to the same model and parameters used for interpola-
tion of efficiencies. Also, same parameters adopted for the 
197Au(γ,n)196Au reaction (i.e. the parameters listed in Table 6 
with “1” as the correlation coefficient) for determination of 
the cross-sections of the two reactions add to the correlation 
information between them. Hence, the uncertainty in the 
cross-section measurement of 59Co(γ,n)58Co and 58Ni(γ,n)57Ni 
reactions are 4.475 % and 6.516 %, respectively, having cor-
relation of 46 % as presented in Table 7. The covariance 
between the two reaction cross-sections is 0.049 mb.
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Appendix
Determination of uncertainty in cross-section

The cross-section as given in equation (20) is,

	

Au Au Au Au Au
Au

Au Au

s VS
s

s s V s s s

C W a A I f
C W a A I f R

γ γ

γ γ ϕ

ε
σ σ

ε
= 〈 〉

�
(A1)

The sources of uncertainty in the cross-section calcu-
lation are C, W, a, AV, I

γ
, ε and f related to both the sample 

and the monitor. However, the uncertainty due to weight 
of the sample and atomic weight of the element (AV) are 
negligible so they are not considered in the uncertainty 
propagation of σs. Also, <σAu >  and R

j
 are treated as con-

stants as there is lack of uncertainty information for both 
these quantities. Hence, σs can be treated as a function of 
C, W, a, AV, I

γ
, ε and f and can be expressed as,

	 ( , ,  ,  ,  )s F C a I f
γ

σ ε= � (A2)

Except for the ε of the sample and the monitor, there 
does not exist any correlation within the attributes, i.e. the 
counts of sample are independent of that of the monitor. 
In case of the efficiency, ε, attribute, the efficiency of the 
sample is correlated to that of the monitor, due to model 
used to obtain the efficiencies. Thus the uncertainty in σs 
can be propagated as,
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where, Cov(εs,εAu) covariance between εs and εAu., i.e.
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