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Introduction
Measuring the thermal flux in a miniature reactor is not only 

important for educational purposes but also essential due to the 
decrease in neutron flux over time as fuel is consumed. To compensate 
for this decrease in excess reactivity, beryllium sheets are often added 
as reflectors. Accurate determination of the neutron flux becomes 
increasingly crucial during all stages of adding beryllium, both before 
and after. Epithermal neutron therapy, used for cancer treatment in 
many advanced countries, relies on simulation methods to determine 
the epithermal neutron flux. However, the method employed in this 
research offers a more precise determination of the epithermal neutron 
flux at any desired point, surpassing the simulation method. The flux 
parameters obtained through the k₀ method, based on the Hogdahl 
convention, serve as reactor constants and enable the calculation of 
element concentrations with high accuracy.1,2

Accurate knowledge of the neutron flux spectrum and the ratio 
of thermal to epithermal neutrons is necessary for various nuclear 
investigations and neutron sample analyses in research reactors. 
Recent efforts have been focused on introducing a comprehensive 
method that overcomes the drawbacks of previous neutron flux 
determination methods. The k₀ method, which divides the neutron 
flux spectrum into thermal and epithermal sections, has emerged as 
a promising approach. This method can be applied using either the 
Hogdahl convention or the Westcott formula. Although the Westcott 
formula has been preferred due to its simpler calculations, the need 
for accurate determination of thermal and epithermal neutron flux 
has led to a renewed interest in the Hogdahl convention. Currently, 

most flux and flux parameter calculations for reactors are performed 
using computer codes and simulation programs due to the complexity 
of calculations based on the Hogdahl convention. However, blind 
reliance on these programs without a proper understanding of the 
underlying physical processes can lead to erroneous results. In this 
work, we aimed to manually perform all calculations associated with 
the latest method, which were typically conducted using computer 
codes. This approach allowed for a better understanding of the method 
and achieved more precise results. Specifically, we obtained the 
thermal and epithermal neutron flux of the Isfahan miniature reactor 
using the k₀ method based on the Hogdahl convention, without relying 
on any simulation programs.

It is worth noting that the use of computational codes yielded 
unacceptable results, such as calculating a few milligrams of gold 
weight in tons. One possible reason for these incorrect results might 
be the failure to obtain the code from reputable international centers, 
which could have led to inaccuracies.3,4

Methods and methodology
The k0 method, developed by Westcott and Høgdahl, is formulated 

into two relations known as the Høgdahl and Westcott relations.5-7 
These relations are used to determine parameters such as the ratio 
of thermal neutron flux to epithermal flux (f), the epithermal flux 
factor (α), the thermal flux (Gth), and the epithermal flux (Gepi) using 
the Høgdahl method. Additionally, parameters characterizing the 
corrected spectrum, such as the Westcott factor (glu(Tn)), and the 
absolute neutron temperature Tn, are determined using the Westcott 
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Abstract

Neutron flux analysis plays a crucial role in various nuclear research studies and sample 
analysis in research reactors. Accurate knowledge of the neutron flux spectrum and the 
ratio of thermal to epithermal neutrons is essential in these applications. In recent years, the 
newly k₀ method has been utilized to determine thermal and epithermal neutron flux. This 
method involves the irradiation of two monitors, typically gold and zirconium, followed by 
the counting of emitted gamma rays using suitable detectors like HpGe. By analyzing the 
photonic peak area of the collected gamma-ray spectrum from the monitors, the thermal 
and epithermal neutron flux at the irradiation site can be calculated. In this study, the k₀ 
method was employed to determine the thermal and epithermal neutron flux of Miniature 
Neutron Source Reactors (MNSRs).The method involved the irradiation of gold and 
zirconium monitors, followed by the measurement of emitted gamma rays. The photonic 
peak area of the gamma-ray spectrum obtained from the monitors was utilized to calculate 
the thermal and epithermal neutron flux. The research achieved a calculated error of 4 
percent in determining the neutron flux. The k₀ method, using gold and zirconium monitors, 
proved to be an effective approach for determining the thermal and epithermal neutron 
flux in the Isfahan’s MNSR. The use of zirconium, with its suitable neutron absorption 
cross-sections, along with cadmium calculations, contributed to the accuracy of the flux 
determination. It is recommended to apply the k₀ method in neutron and boron therapies 
and perform simulations using popular computational codes alongside the dual metal (gold 
and zirconium) measurement. This would enhance the accuracy of dosimetry calculations 
for absorbed doses resulting from neutron therapy.
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formula.8,9 The k0 method, which was initially introduced to accurately 
determine the concentration of substances through neutron activation 
analysis (k0-NAA), has found wider applications today.10,11 From the 
beginning, gold and zirconium played a fundamental role in the k0 
method due to their sensitivity to epithermal neutrons. Zirconium, due 
to having two isotopes (Zr94, Zr96) where Zr94 is sensitive to thermal 
neutrons and Zr96 is highly sensitive to epithermal neutrons, is a 
suitable choice alongside gold as a monitor and eliminates the need for 
cadmium to separate thermal from epithermal neutrons, and overall is 
a very suitable element for determining neutron flux parameters.

 Basis of the Høgdahl convention in the MNSR:

This section provides an explanation of the Høgdahl convention 
and the necessary equations for calculating neutron flux parameters 
(f, α) as well as the thermal and epithermal neutron fluxes in thermal 
research reactors using the k0 method. Additionally, the flux parameters 
and thermal and epithermal fluxes in the Isfahan Miniature Reactor 
will be computed and the methodology will be thoroughly described 
based on experimental data and the relationships discussed in this 
section. The Høgdahl convention, in conjunction with parameters 
Q0(α), serves as the foundation of the method [insert method] for 
detectors1/v. According to this convention, the range of the neutron 
reaction rate integral with matter, in terms of the energy cut-off 
cadmium (Ecd = 0.55), is divided into two parts:

Cd

Cd

E

0 E

R (E) (E)dE (E) (E)dEσ ϕ σ ϕ
∞

= +∫ ∫                                   (1) 

The choice of cadmium is based on its significant absorption cross-
section for neutrons with energy below 0.55 eV (thermal neutrons) 
and its low absorption cross-section for neutrons with energy above 
0.55 eV (epithermal neutrons). This energy threshold of 0.55 eV is 
known as the cadmium cut-off energy and serves as the lower limit for 
the integral threshold energy in cadmium. Consequently, the I0 total 
cross-sectional area can be defined as follows:

Cd
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In an ideal scenario, the energy distribution of epithermal neutrons 

can be represented by 1
E . However, in practical situations, this 

fraction is often modified and deviates from the ideal distribution. 

Consequently, the relationship for 1
1

E α+  can be expressed as follows:
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Finally, the reaction rate equation in accordance with the Høgdahl 
convention can be expressed as follows:

th 0 epi 0R I ( )ϕ σ ϕ α= +                                              (4)   

Since neutron flux reduction due to foil thickness is applicable for 
both thermal and epithermal neutrons, the self-shielding correction 
factor for the foil can be divided into thermal and epithermal 
components. Thus, considering the thermal self-shielding correction 
factor (Gth) and the epithermal self-shielding correction factor (Gepi), 
the final reaction rate relation is as follows:

th th 0 epi epi 0R G G I ( )ϕ σ ϕ α= +                                   (5)

In the case where the samples are chosen to be extremely thin, 
meaning their thickness does not exceed 100 micrometers, the values 

of the thermal self-shielding correction factor (Gth) and the epithermal 
self-shielding correction factor (Gepi), that can be assumed to be 1. 
However, if the sample thickness exceeds this limit, these correction 
factors need to be calculated based on the actual sample thickness.12 
The flux parameter (f), which is the objective of calculation using the 
k0 method, is defined as the ratio of thermal neutron flux to epithermal 
neutron flux.

th

epi

f
ϕ

ϕ
=                                                                                  (6)

The ratio of the integral of the resonance integral (i.e., the sum 
of cross-sections over the resonance energy range) to the thermal 
neutron activation cross-section is defined as the epithermal neutron 
f-factor (Q0). In the case of considering the flux parameter (α) as a 
correction factor for the deviation from the ideal state of epithermal 
neutrons, a modified definition of the f-factor can be given as follows:

0
0

0

I ( )Q ( ) α
α

σ
=                                                                                                                                         (7)

 The fundamental equation of Høgdahl’s Convention 
based on the k0 method

As mentioned, the detection of energy spectrum and neutron flux 
using neutron capture in a foil is based on the generation of a gamma-
emitting radioisotope, followed by the measurement of emitted 
gamma radiation using a High-Purity Germanium (HpGe) detector. 
To analyze the spectrum, it is necessary to determine the energy of 
each peak and the corresponding count, which represents the area 
under the peak. The energy allocation to the peaks is achieved through 
the calibration of the detector using a gamma-emitting source with 
known energy and intensity. The relationship between the reaction 
rate and the net count under the peaks can be expressed as follows:7-9

p c

A p

N t
SDCwR

N Mθε γ
=                                                                                                                                        (8)

NA: 23 1(6.023 10 mol )−× ≈ Avogadro’s number  

Np: Net count under the peaks 

Tc: Counting time: 

S: Saturation correction factor: it1 e λ−−  ( it  Irradiation time, 

Decay constant
1 2

ln 2
T

λ = , 1 2T  Half-life)

D: Counting delay correction factor dte λ−  ( λ Decay factor):  (
dt Decay time)

C: 
ct

c

(1 e )
t

λ

λ

−− = Counting correction factor  

W: Target mass (in grams): 

θ : Relative isotopic abundance of the target (constant value) 

pε : Absolute full-energy peak efficiency of the detector at the 

energy of interest: 

γ : Probability that in each decay of the isotope, a photon with the 
energy of interest is emitted (gamma emission probability) 

M: Atomic weight (in grams per mole): 
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By combining equations 5 to 8, the theoretical specific activity 
equation is derived as follows:

A
sp th th 0 epi epi 0 p

NA [G G I ( )]
M
θγ

ϕ σ ϕ α ε= +                  (9)

Specific activity 1 1(s g )− −  is defined by the following relation:

p c
sp

N t
A

SDCw
=                                                                                                                                             (10)

By combining equations 9 and 10, the concentration of an element 
in a sample is calculated:

p c
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 (11)

ρ : Concentration 

a: Analyte (Zirconium) 

m: Monitor or comparator element (Gold) 

The factor 0k , as defined, is an empirical value that essentially 
contains the constant nuclear values needed in activation analysis 
calculations, such as cross-section and isotopic abundance. The 
factors 0k  for many nuclides have been determined by equations 

12 and 13.
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rE : Effective resonance energy (eV) 

Methods for determining the Factor α 

         The factor α, deviation of the epithermal neutron flux from the 

ideal state 1
E , is 1

1
E α+ . (When the relations 0I ( )α and 0Q ( )α  

are used, it means that the distribution of the epithermal neutron flux 
is not in an ideal state.)

1
epi epi(E) (1eV) / E. α αϕ ϕ +=                                     (14)

α  is independent of the neutron energy and 1eV indicates the 
energy reference. Also, α depends on the physical properties of the 
reactor system and its radiation facilities. In this article, only the 
approach of using three monitors without cadmium coating (Bare-
triple monitor) based on standard ko is explained, which is due to the 
use of zirconium isotopes and having a suitable absorption cross-
section in thermal and epithermal energies.

Parameter determination Q ( )0 α

0Q ( )α as introduced in the previous sections, It is defined as 

0
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0
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α
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= . 0σ , The cross section of thermal neutrons and,

0I ( )α  the resonance integral for thermal neutrons with 1
1

E α+  
distribution is defined as follows:
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Based on the definition of the effective resonance energy rE , the 
following relationship is established:
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As a result, we will have:
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As a result, α  and 
0Q ( )α can be obtained by numerical 

calculations.

The basic technique that is intended in this work to determine the 
parameter f is the use of the bare bi-isotopic monitor method using 
two zirconium isotopes with the reactions 94 95Zr(n, ) Zrγ and 

96 97 97mZr (n, )Zr / Nbγ .
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This method is very suitable for determining f because it also 
takes into account the contribution of epirthermic neutrons, but if the 
neutrons are well heated in the reactor irradiation systems and the 
amount of epithermic neutrons in the neutron flux is very small, the 
cadmium ratio method is more suitable.

Determining the flux of thermal and epithermal 
neutrons without cadmium coating by the ko method

According to Wascott and Hogdel, the relationship that exists to 

determine the heat transfer ( thϕ ) in terms of 2 1n.cm .s− −  is as 
follows:5,6

sp,Au
th

0,Au p,Au

f .A

(f Q ( ))
ϕ

α ε+
=                                      (19)

In 2007, Khoo8 introduced another relation for heat flux with the 
same parameters, which has a similar answer to relation 19:7,8,12

di mth tt t
AV eff

AM 1
wN (1 e )(e ) (1 e )λλ λ

λ
φ

θσ γε−− −=
− −

         (20)

Of course, this relationship was introduced for the gold monitor that 
year, but now this relationship can be used for any other monitor, for 
example, according to the set of monitors used, any of the zirconium 
isotopes can also be used in this relationship. Using the definition of 
parameter f (Equation 6) and using any of the above relationships to 
calculate the flux of heat neutrons, the flux of epirthermal neutrons 
can be calculated.7-12 In the following, the relationships required to 
calculate neutron flux parameters (f, α) and thermal and epithermal 
neutron flux in thermal research reactors, using the method without 
cadmium ko coating, are presented. Finally, by using the measured 
experimental data and the relationships mentioned in this section, 
the flux parameters and thermal and epithermal fluxes in the Isfahan 
miniature reactor will be calculated. Because of its two special 
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isotopes, zirconium plays a significant role in the ko-NAA method, 

because the reaction of 94 95Zr (n, )Zrγ to thermal neutrons and 

the reaction of  96 97Zr (n, )Zrγ  to epithermal neutrons is sensitive. 
In fact, the ratio of integral intensity to the thermal cross-section, 
Qo, for the first reaction is about 5, while for the second it is about 
250, encompassing a wide range of Qo values. Considering the Qo 
value for different elements, the level of activity of that element 
with epithermal neutrons can be calculated. For example, for the 

reaction 94 95Zr (n, )Zrγ with Qo= 5.31, the radioactivity (activity) 

with epithermal neutrons is negligible and about 2%, for the reaction 
197 198Au (n, )Auγ with Qo=15.7, it is about 6%, and for the reaction

96 97Zr (n, )Zrγ  with Qo= 251.6, it is about 86%. Therefore, the 
use of zirconium eliminates the need for cadmium to separate the 
spectrum of thermal and epithermal neutrons.

Actual irradiation and calculations

After preparing the target materials, the next step is to select an 
appropriate irradiation time. Gold, due to its high cross-section for 
thermal neutrons, activates in a very short time, on the order of minutes. 
For this reason, the gold sample was exposed to neutron radiation in 
the reactor for only 5 minutes. Zirconium has a lower cross-section for 
absorbing thermal neutrons, hence the irradiation time for zirconium, 
with the same selected flux for gold, was set to about 5 hours. After 
starting the reactor and reaching the flux of 5(10) 2 1n.cm .s− −  ,13,14 
we first placed the polyethylene capsule containing the gold sample 
inside the sample transfer system and, noting the time, sent it to the 
desired internal irradiation center. After the irradiation time (ti = 5 
minutes) was over, the gold sample was removed from the reactor and 
placed inside a lead shield. Then the capsule containing zirconium 
was placed inside the same sample transfer system, noting the time, 
it was sent to the same internal irradiation center. At the end of the 
irradiation time (ti =302 minutes), the zirconium sample was also 
removed from the reactor and placed inside a lead shield. Considering 
the half-lives of the gold element and zirconium isotopes, the samples 
were counted the day after irradiation, three days after that, and 
one week after irradiation to use the best number for calculations. 
To count the samples, we first removed them from the lead shields, 
cut their polyethylene coatings using a cutter, and the samples were 
removed from the capsules using tweezers and then transferred to 
clean polyethylene capsules. On the other hand, the rabbit room in 
the Isfahan miniature reactor section is equipped with a system for 
pneumatic transfer of samples to the High Purity Germanium (HPGe) 
detector. We first set the distance from the end of the transfer tube 
to the top of the detector to 13 centimeters (to reduce the error to 
5%) and calibrated the detector with a known energy source (Cobalt 
60). After that, we sent the gold and zirconium capsules to the top of 
the detector via the transfer tubes in turn, and spectrometry began. 
The spectrum analysis device and the radioactivity (activity) of the 
Isfahan miniature reactor are located in a room next to the rabbit room 
and consist of a high purity germanium detector, electronics (such 
as, preamplifier and amplifier), and a multi-channel analyzer (MCA). 
The specific activity (radioactivity) for a single gold isotope and two 
zirconium isotopes was calculated. The measured parameters as well 
as the nuclear constants used to calculate specific radioactivity are 
presented in Table 1.

Table 1 Shows the measured and nuclear parameters of the samples for 
calculating specific activity

Isotopes E(keV) γ Np w(gr)
Au197 411.8 0.955 299862 272(10-5)
Zr94 724.2 0.441 2510 414(10-4)

756.7 0.545 2990 414(10-4)
Zr96 743.3 0.979 20747 414(10-4)

Continues table 1

Isotopes ti(min) td(min) tc(min) t1/2 (min) λ  (min-1)
Au197 5 8745 21.667 3880.04 179(10-6)
Zr94 302 1517.5 21.667 92188.8 7.25(10-6)

302 1517.5 21.667 92188.8 7.25(10-6)
Zr96 302 1517.5 21.667 1014.6 683(10-6)

Given that γ for the energy (keV) of the Zr94 isotope is greater, we 
use this Zr94 energy in all calculations. Using equation 8, the specific 
radioactivity values obtained are shown in Table 2.

Table 2 Shows the values of specific activity

i Si Di Ci Asp,i

Au198 893(10-6) 209665(10-6) 998067(10-6) 272(108)
Zr95 2268(10-6) 988655(10-6) 999919(10-6) 1.49(106)
Zr97 18612(10-6) 354618(10-6) 992635 (10-6) 2.05(106)

After calculating the values related to the specific radioactivity of 
the used isotopes, we calculate the k0 coefficients for each one, using 
the following equation and the values from Table 3.

Table 3 Shows the nuclear parameters of isotopes and their ko values

a M γ θ σ0 K0,m(a)
Au197 196.97 0.955 1 98.7 1
Zr94 91.22 0.545 0.1738 0.053 1.15(0-4)
Zr96 91.22 0.979 0.028 0.0213   1.30(10-5)

m a a 0,a
0,m

a m m 0,m

M
k (a)

M
γ θ σ
γ θ σ

=                                           (21)

197 97 96 197{m Au },{a Zr , Zr ,Au }= =                               (22)   

Before we proceed with the calculations, it should be noted that the 
thickness of the used foils was more than 100 micrometers and it is 
necessary to first calculate the correction factors for the used isotopes. 
Because as mentioned, if we cannot ignore the thickness of the used 
foil, we must also consider the foil self-shielding correction factor 
so that the effect of the neutron flux drop inside the foil is applied 
to the radioactivity. The reason for applying such a correction is the 
possibility of absorption of thermal and epithermal neutrons in the 
foil that does not result in activation. Therefore, the average neutron 
flux inside the foil (φ) is always less than the average neutron flux on 
the surface of the thin foil under the same conditions. The foil self-
shielding correction factor is defined as follows:7,8

0

G
ϕ

ϕ
=                                                                                                                                                   (23)

Since the reduction of neutron flux due to the foil thickness is 
possible both for thermal neutrons and epithermal neutrons, we can 
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generally divide the foil self-shielding correction factor into two 
thermal and epithermal parts. The thermal self-shielding factor (Gth) 
is defined as follows:

Gth = (average neutron thermal flux inside the foil)/(average 
neutron thermal flux on the foil surface)= 

th

0,th

ϕ
ϕ

=                                                                                                                                                     (24)

This factor is calculated using the following formula:

3
th

1 2E ( )G
2

τ
τ

−
=                                                                 (25)

In which, 
a
.tτ = ∑  is the product of the macroscopic absorption 

cross section and the foil thickness. (The total cross-section of all the 
nuclei present in a unit volume of matter is called the macroscopic 
cross section, and ( Nσ=∑ ) the unit is cm-1.  The third part of the 
exponential integral functions, which are defined as follows and their 
values exist in the tables related to the method constants:

ux

n n
1

e
E (x) du

u

∞ −

= ∫                                                                                                                               (26)

Therefore, E ( )τ3  is:
u

3 3
1

e
E ( ) du

u

τ

τ
∞ −

= ∫                                                                                                                                         (27)

With a simple approximation, the following equation has also been 
proposed to calculate the thermal self-shielding factor:

th
1G 1 (0.923 ln )

2
τ

τ
= − +                                                     (28)

To calculate Gepi, for zirconium isotopes, the following formulas 
are available [10]:

For Zr96:
4 7 2

epiG 1 1.543 10 d 1.143 10 d− −− × × + × ×=               (29)

Where d is the thickness of zirconium foils in micrometers. Also 
for Zr94:

4 7 2
epiG 1 1.543 10 d 1.143 10 d− −− × × + × ×=                 (30)

So, we will have:

Considering the obtained results, now we can calculate the flux 
parameters. The final equation for calculating the parameter α by the 
method using 3 isotopes, without cadmium covering, is:

epi,1 epi,2 epi,3
o,1 o,2 o,3

th ,1 th ,2 th ,3

G G G
(a b)Q ( ) aQ ( ) bQ ( ) 0

G G G
− α − α + α =     (31)

epi,1 epi,2 epi,3
0,1 0,2 0,3

th,1 th,2 th,3

G G G
(a b)Q ( ) aQ ( ) bQ ( ) 0

G G G
− α − α + α =   (32)

In which, coefficients b, a, and also Qo,i(α) can be calculated from 
the following formulas:7,8,12

1
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Using Table (5), parameters and b are obtained:

Table 4 Self-shielding correction factors of gold and zirconium foils

Isotopes d (μm) m (gr) M ρ Gepi Gth

Au197 18 272(10-5) 196.97 19.282 1 1

Zr94 310 414(10-4) 91.22 6.52 0.963151 0.99926

Zr96 310 414(10-4) 91.22 6.52 0.942153 0.99994

Table 5 Required parameters for calculating coefficients a and b

i Asp,i k0,Au(i) εpi I0 Q0 Er

Zr97 2.05(106) 1.30(10-5) 0.080797 5.28 248 338
Zr 95 1.49(106) 1.15(10-4) 0.07988 0.268 5.06 6260

Au197 2.72(1010) 1 0.14347 1550 15.71 5.65

Now, for calculating α, we have:
16 5

6 4

1.49 10 1.3 10 0.080797
a 1 1.09064

2.05 10 1.15 10 0.07988

−−

−

× ×
= − ⋅ ⋅ =

× ×

 
 
 

110 5

6
2.72 10 1.3 10 0.080797b 1 1.10759
2.05 10 1 0.14347

−− × ×
= − ⋅ ⋅ = × 

Now to calculate α we will have:

epi,1 epi,2 epi,3
o,1 o,2 o,3

th ,1 th ,2 th ,3

G G G
(a b)Q ( ) aQ ( ) bQ ( ) 0

G G G
− α − α + α =

 

   

248 0.429 0.429 0.94215
(1.09064 1.10759)

(338) (0.55) (2 1) 0.99999

5.06 0.429 0.429 0.963151
1.09064

(6260) (0.55) (2 1) 0.999926

15.71 0.429 0.429
1.10759 0

(5.65) (0.55) (2 1)

α α

α α

α α

α

α

α

−
− +

+

−
− +

+

−
+ + =

+

 
  

 
  
 
  

 

247.571 0.429
( 0.01695) (0.9422)

(338) (0.55) (2 1)

4.631 0.429
(1.09064) (0.96322)

(6260) (0.55) (2 1)

15.281 0.429
(1.10759) 0

(5.65) (0.55) (2 1)

α α

α α

α α

α

α

α

⇒ − +
+

− +
+

+ + =
+

 
  

 
  
 
  

 

 
   

247.571 0.429
( 0.01597)

(338) (0.55) (2 1)

4.631 0.429
(1.05053)

(6260) (0.55) (2 1)

15.281 0.429
(1.10759) 0

(5.65) (0.55) (2 1)

α α

α α

α α

α

α

α

⇒ − +
+

− +
+

+ + =
+
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By solving the above relationship with the help of MATLAB 
software and choosing the best answer from the obtained answers, the 
final result for α is as follows:

0.0174α = −

After calculating α, first the values of Q0(α) should be calculated 
for all three isotopes used:

o
o

r Cd

Q 0.429 0.429
Q ( ) (1eV)

E E (2 1)
α

α α
α

α

−
= +

+

Zr97:

[ ]o ( 0.0174) ( 0.0174)

248 0.429 0.429
Q ( ) 274

338 (0.55) 2( 0.0174) 1
α

− −

−
= + =

− +  

Zr95:

[ ]o ( 0.0174) ( 0.0174)

5.06 0.429 0.429
Q ( ) 5.83

6260 (0.55) 2( 0.0174) 1
α

− −

−
= + =

− +  

Au197:

[ ]o ( 0.0174) ( 0.0174)

15.71 0.429 0.429
Q ( ) 16.2

(5.65) (0.55) 2( 0.0174) 1
α

− −

−
= + =

− +

Now, using the above values, we can calculate the flux parameter 
f from equation 6:

5 6

4 6

6 5

6 4

1.3 10 0.080797 2.05 10
(0.9421) (274) (0.9632) (5.83)

1.15 10 0.07988 1.49 10f
2.05 10 1.3 10 0.080797

(0.999926) (0.999994)
1.49 10 1.15 10 0.07988

−

−

−

−

× ×
⋅ −

× ×⇒ =
× ×

⋅ − ⋅ ⋅
× ×

By solving the above equation using MATLAB software and 
selecting the best answer from the obtained solutions, the final result 
for α is as follows:

α= -0.0174

After calculating α, first, the Q0(α) values for each of the three used 
isotopes should be calculated:

o
o

r Cd

Q 0.429 0.429
Q ( ) (1eV)

E E (2 1)
α

α α
α

α

−
= +

+

Zr97:

 [ ]o ( 0.0174) ( 0.0174)

248 0.429 0.429
Q ( ) 274

338 (0.55) 2( 0.0174) 1
α

− −

−
= + =

− +  

Zr95:

[ ]o ( 0.0174) ( 0.0174)

5.06 0.429 0.429
Q ( ) 5.83

6260 (0.55) 2( 0.0174) 1
α

− −

−
= + =

− +  

Au197:

[ ]o ( 0.0174) ( 0.0174)

15.71 0.429 0.429
Q ( ) 16.2

(5.65) (0.55) 2( 0.0174) 1
α

− −

−
= + =

− +

Now we can calculate the flux parameter f from equation 6 using 
the above values:

5 6

4 6

6 5

6 4

1.3 10 0.080797 2.05 10
(0.9421) (274) (0.9632) (5.83)

1.15 10 0.07988 1.49 10f
2.05 10 1.3 10 0.080797

(0.999926) (0.999994)
1.49 10 1.15 10 0.07988

−

−

−

−

× ×
⋅ −

× ×⇒ =
× ×

⋅ − ⋅ ⋅
× ×

By solving the above equation using Excel software, the final 
result for the flux parameter f, is as follows:

f 20.136=

In the last step, using the obtained flux parameters, and using the 
final equation for the thermal flux with the substitution of the nuclear 
parameters of gold and the calculated values for it, both relations 19 
and 20 related to the thermal flux will have the same result as follows:

11 2 1
th 5.066 10 (n.cm .s )ϕ − −= ×

Using the definition of the flux parameter f, the epithermal flux is 
calculated:

10 2 1th
epi 3.13 10 (n.cm .s )

f
ϕ

ϕ − −= = ×

Result and discussion
The results obtained for the Isfahan miniature reactor, including 

the errors made, are shown in Table 6. In the “Isfahan” miniature 
reactor, the ion fission chamber is used to read the thermal neutron 
flux. One of these two is connected to the computer and the other to the 
console, and therefore, at any moment, reading the two values should 
be as close as possible, and as stated in the documents related to the 
reactor, the difference between the two should not be more than 5%. 
Our obtained k0 method is less than 4%. Due to the limitation in the 
use of reactor equipment, there was only one chance to perform this 
test. As a result, in order to find out how much error we had compared 
to the real answer, the error calculation was used using a logarithmic 
method. As a result, the two target materials chosen for this work 
were gold and zirconium. It should be kept in mind that gold (Au) 
is the only comparator element in the “k0” method, but before that, it 
was widely used in other analysis methods and because of its unique 
characteristics, it was often used in very accurate flux measurements. 
Will be some of these features are: 

Table 6 The results obtained for neutron flux and flux parameters

(10-4) f 11 2 1
th 10 (n.cm .s )ϕ − −=

  

10 2 1
epi 10 (n.cm .s )ϕ − −=

174 37± 20.14 0.23± . .±5 07 0 18 3.13 0.36±

Simple decay scheme, mono-isotopicity, precise determination of the cross-section and decay half-life, the possibility of making very small 
thicknesses in order to reduce self-protection effects and appropriate half-life, which make this element widely used.

https://doi.org/10.15406/paij.2024.08.00346


Evaluation of thermal and epithermal neutron flux using the k₀-NAA method with Gold and Zirconium 
monitors

169
Copyright:

©2024 Shafaei et al.

Citation: Shafaei MA, Torabi S. Evaluation of thermal and epithermal neutron flux using the k₀-NAA method with Gold and Zirconium monitors. Phys Astron Int 
J. 2024;8(3):163‒169. DOI: 10.15406/paij.2024.08.00346

Suggestions

A) The combination of gold + molybdenum + rubidium (Au + Mo + 
Rb) can be a suitable option for the k0 method.

B) b) Used a monitor set, which can be counted and did spectroscopy 
4 to 7 days after the radiation, in a maximum period of 30 minutes.

C)   c) A set whose elements are easily activated and have a wide 
range of  should be used in calculating the flux of thermal and 
epi-rthermal neutrons.

D) In addition to the mentioned cases, choosing the same masses 
for the elements of the monitor set can simplify the calculations.
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