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Abstract: Dhruva is a 100 MW
th
 tank type research reactor with natural metallic uranium as

fuel and heavy water as coolant, moderator and reflector. The reactor is utilized for production
of a large variety of radioisotopes for fulfilling growing demands of various applications in industrial,
agricultural and medicinal sectors, and neutron beam research in condensed matter physics. The
core consists of two on-power tray rods for radioisotope production and fifteen experimental
beam holes for neutron beam research. Recently, a self-serve facility has also been commissioned
in one of the through tubes in the reactor for carrying out short term irradiations. To get accurate
information about neutron flux spectrum, measurements have been carried out in self-serve
facility of Dhruva reactor. The present report describes measurement method, analysis technique
and results. Theoretical estimations for neutron flux were also carried out and a comparison
between theoretical and experimental results is made



ध्रव ररएक् टर ी  स् वयं-परूी सवुवधा में न् यटू्रॉन अ िवावाह हु  ु 
प्रयोगात् मी मापअ एवं  ीअकी  िअीुर  

सारांश 
 

ध्रवु एक 100 MWth टैंक प्रकाय का अनुसंधान रयएक् टय ह  िजसभ  ंधधन क  ूपऩ भ  

प्राकृतिक मूय तनमभ िथा शीिरक, ववभंदक एवं ऩयावितक क  ूपऩ भ  बायी ऩानी का 

प्रमोग ककमा जािा ह । इस रयएक् टय का पऩमोग द्ोतगक, कृवष एवं दष  बंााय  

भ  ववतबन् न अनुप्रमोग  क  फ़तिी हु  भांग को ऩूया कयन  क  तरए य कामोई सोटोऩ  

क  प्रचयु ककस् भ  क  पप ऩादन ह िु एवं ऩदाथत बितिक  भ  न् मूट्रॉन न फीभ अनुसंधान 

ह िु ककमा जािा ह  । कोय भ  य कामोईइसोटोऩ क  पप ऩादन ह िु दो  न-ऩ वय ट्रॉन  

छड़ दय न् मूट्रॉन न फीभ अनुसंधान क  तरए ऩंरह ह प्रमोगाप भक फीभ तछरह  हैं। हार ही 

भ , र ु-कातरक ककयणन कयन  क  तरए रयएक् टय भ  रगी हु  सिि नतरकां ं (थ्र ू

ट्मूफस) भ  स  एक भ  स् वमं-ऩूयक सुववधा (स ल् प-सवत प तसतरटी) बी कभीशन क  

ग  ह  ।   

 

न् मूट्रॉन न अतबवाह वणतरम भ क  फाय  भ  जानकायी प्रा ि कयन  क  तरए, ध्रवु रयएक् टय 

क  स् वमं-ऩूयक सुववधा भ  भाऩन संफंधी कामत ककए गए हैं। वितभान रयऩोटत भ , 

भाऩन ववतध, ववश् र षण िकनीक  एवं ऩरयणाभ प्रस् िुि ककए गए हैं। न् मूट्रॉनान 

अतबवाह ह िु स द्ांतिक अनुभान बी रगाए गए िथा स द्ांतिक एवं प्रमोगाप भक 

ऩरयणाभ  क  फीच िुरना बी क  ग  ह   
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ABSTRACT 

Dhruva is a 100 MWth tank type research reactor with natural metallic uranium as fuel and heavy 

water as coolant, moderator and reflector. The reactor is utilized for production of a large variety 

of radioisotopes for fulfilling growing demands of various applications in industrial, agricultural 

and medicinal sectors, and neutron beam research in condensed matter physics. The core consists 

of two on-power tray rods for radioisotope production and fifteen experimental beam holes for 

neutron beam research. Recently, a self-serve facility has also been commissioned in one of the 

through tubes in the reactor for carrying out short term irradiations.  

 

To get accurate information about neutron flux spectrum, measurements have been carried out in 

self-serve facility of Dhruva reactor. The present report describes measurement method, analysis 

technique and results. Theoretical estimations for neutron flux were also carried out and a 

comparison between theoretical and experimental results is made. 
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1.0 Introduction 

 
Dhruva is a 100 MWth tank type research reactor [1] with natural metallic uranium as fuel and 

heavy water as coolant, moderator and reflector. Production of a large variety of radioisotopes 

for fulfilling growing demands of various applications in industrial, agricultural and medicinal 

sectors, and neutron beam research in condensed matter physics are important utilizations of 

Dhruva reactor. The core consists of two on-power tray rods for radioisotope production and 

fifteen experimental beam holes for neutron beam research. Recently, a self-serve facility has 

also been commissioned in one of the through tubes in the reactor for carrying out short term 

irradiations.  

For correct assessment of activity and radiation field of radioisotopes, it is important to have 

accurate information about neutron flux spectrum. In view of this, neutron flux measurements 

have been carried out in self-serve facility of Dhruva reactor. The present report gives a detailed 

account of the measurement method, analysis technique and results. Theoretical estimations for 

neutron flux were also carried out and a comparison between theoretical and experimental results 

is made.    
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2.0 Description of the facility 

 
Recently, a self serve facility has been commissioned in through tube TT1116/1005 at an 

elevation of 306.4 cm with respect to bottom of reactor vessel (see Fig. 1 below). The facility is 

designed for the irradiation of small samples in the region of heavy water reflector and close to 

calandria shell. When a sample is to be irradiated in a small quantity for a very short duration 

and the samples are to be loaded and removed at short notice without any elaborate arrangement, 

they can be loaded in self serve facility. The samples are cooled by air. A total of five irradiation 

positions are available for irradiation. The samples are enclosed in 2 1/4 dia Al spheres (see Fig. 

2 below) which roll down an inclined and zigzag inlet hole to the horizontal carrying plug 

positioning them at desired locations. After irradiation the samples roll down a similar outlet 

hole to be collected in sample flasks for removal. 

 

 

Fig. 1: Irradiation facilities in Dhruva reactor  
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Fig. 2: The ball and capsule used for self-serve irradiation 

2.1 Typical samples to be irradiated 

A large variety of samples can be irradiated in the self-serve facility for research and isotope 

production purpose. Table-1 below gives data of the samples irradiated in Cirus self-serve 

facility from 2006 onwards.  

Table-1: Samples irradiated in Cirus self-serve facility from 2006 onwards 

S.No. Target Material Total Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Environmental sample 

K2CrO4 

TeO2 

Apatite 

Ir+Pt 

Silicate powder 

Al2O3 

Plant sample 

Au 

Water 

MoO3 

NH4Br 

PdCl2 

Nd2O3 

Krypton 

Hf 

Soil 

52 

52 

38 

36 

34 

32 

26 

22 

18 

16 

15 

14 

9 

7 

7 

6 

3 

In addition, many other types of samples for research and forensic purposes have been irradiated 

in the facility and the same are listed below. 
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NaAsO3-NaAsO2, RuCl3, Yb2O3, FCCU, RhCl2, Al(OH)3, ZnCO3+ZnO, Argon, NaAsO2+ Na2HAsO4, Zr, Ga2O3, 

GaNO3, Al+TeO, Nd2O3, Am+Eu2O3+Dy2O3+Gd2O3+Sm2O3, Hf foil + Hf oxide, HfCo, TeO2+Te+Au+Ag, Gd2Zr, 

Sn, Geological sample, Fe2O3, Glass+Polymer, Sc2O3+Tm2O3+C60, SnCl2, RbCl+ZnO2+C60, Polypropylene, Y2O3, 

Si2O3+glass beads, Polypropylene + salt of Hg, Cobalt, GdCl3, Gd, Nd2O3, Hf+Zn, HgCl2+Hg2Cl2, LuCl3, Di-bromo 

bi-phenyl, GeO2, Cement, Clay pottery, Ho2O3, HgO, Mahadek sand + Methyl, Titanium, Plant sample, HfB2, 

Hf+Zr, ZnO, CuO, H2O3, Fly ash, Thin film cellophane, MOSS, Lichen, ZnO, Ho2O3, As2O3, U Metal, forensic 

sample, EU2O3+HgCl2, Cereal powder, Zinc, Sb metal, U-Zr alloy, Milk Powder, Th(NO3)3.9H2O,Yelterbium oxide, 

Na2IrCl6, Ag + Sn, Kidney Stone, Ce metal, Americium, Graphite, Pr2O3, Y2O3, Sm2O3 

3.0 Measurement method 
 
The well known foil activation method was used for the measurements. The method is based on 

induced activity in the foil due to (n,) reactions. The activity, after applying appropriate 

corrections, can be used to infer information about neutron flux. In the present experiments, the 

material used in the foils was Al-Au alloy with Au as detector material. Two types of foils (e.g. 

bare and cadmium covered) were used. Activation of the bare foils gives information about 

thermal neutron flux. The foils covered with cadmium will yield thermal neutron flux below the 

so called cadmium cut-off (0.5 eV).  

 
Gold (Au

197
) captures neutron and forms Au

198 
which is radioactive with half life of 2.7 days. 

The cross section of Au
197 

(n,γ)Au
198  

reaction is about 98 barn for thermal neutrons. Au
198 

emits 

beta particle to form Hg
198 

in excited state which comes to its ground state by emitting a number 

of gammas instantaneously. The gammas emitted in the decay and its branching ratios are given 

below in Table-2 below. The decay scheme of Au
198 

is shown in Fig. 3. 

Table-2: The decay gammas and their branching ratios 
 

S.N. 
Gamma 

Energy (Kev) 
Branching ratio (%) 

1. 
Gamma-1 

411 
95.4 

2.   
Gamma-2 

675 
1.06 

3. 
Gamma-3 

1087 
0.23 
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Fig. 3: The decay scheme of Au
198

 

 
In order to restrict the total activity build-up, the amount of gold in a foil is limited to 1.67 ± 

0.07%. Mass of gold in a foil is about 25 mg with 10 mm diameter. Mass of a single cadmium 

cover is about 1.3 gm. A total of 9 samples were irradiated at different locations of the facility 

(see Table-3). At self-serve position S-2-3, six samples (3 cadmium covered and 3 bare) were 

irradiated to obtain thermal and total neutron fluxes at different moderator levels in reactor 

vessel. Subsequently, three samples at positions S-2-1, S-2-2 and S-2-3 (one at each of the 

positions) were irradiated for estimation of thermal neutron flux as a function of distance from 

the core.    

Table-3: Details of Samples Irradiated in Self-Serve Facility 

 

Self-Serve Location PIR No. Sample Details Mass (mg) 

S-2-3 1276 Bare gold foil 26.3 

S-2-3 1277 Cd covered gold foil Au=25.1; Cd=2600 

S-2-3 1254 Bare gold foil 23.3 

S-2-3 1255 Cd covered gold foil Au=26.3; Cd=2600 

S-2-3 1258 Bare gold foil 19.4 

S-2-3 1259 Cd covered gold foil Au=22; Cd=1300 

S-2-1 1253 Bare gold foil 24.3 

S-2-2 1257 Bare gold foil 21.3 

S-2-3 1261 Bare gold foil 21.3 
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4.0 Irradiation Details 
 
In the first set of irradiations, two foils [bare gold (PIR No. 1276) and Cd covered gold (1277)] 

were irradiated at self-serve location S-2-3. Each foil was irradiated for about 30 minutes. 

Reactor thermal power and critical heavy water level were recorded to be about 62 MW and 275 

cm, respectively.  

 
In the second set of irradiations, two foils [bare gold (PIR No. 1254) and Cd covered gold 

(1255)] were irradiated at self-serve location S-2-3. Each foil was irradiated for about 45 

minutes. Reactor thermal power and critical heavy water level were recorded to be about 97 MW 

and 305 cm, respectively. 

 
The third set of irradiations consisted of three bare gold foils [bare gold (PIR No. 1253, 1257 and 

1261] at self-serve locations S-2-1, S-2-2 and S-2-3 respectively. Each foil was irradiated for 

about 32 minutes. Reactor thermal power and critical heavy water level were recorded to be 

about 98 MW and 328 cm, respectively. Table-4 below summarizes the irradiation details. 

 
Table-4: Details of Irradiations in Self-Serve Facility 

 

PIR No. 
Self-Serve 

Location 

Irradiation time 

(min.) 

Reactor thermal power 

(MW) 

Critical height 

(cm) 

1276 S-2-3 30 62.34 275.8 

1277 S-2-3 30 61.785 274.7 

1254 S-2-3 45 97.3 304.7 

1255 S-2-3 43 97.3 304.7 

1258 S-2-3 30 100.142 321.8 

1259 S-2-3 30 100.142 321.8 

1253 S-2-1 32 97.951 327.6 

1257 S-2-2 32 97.951 327.6 

1261 S-2-3 32 97.951 327.6 
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5.0 Activity, heating and dose rate analysis 

5.1 Nuclear Heating  
 
Nuclear heating in a foil is on account of core radiations (fast neutrons and core gammas) and 

capture gammas. The contribution of core gammas can be estimated as: 

13e
coreH  = E 1.6 10 /Watts gm






                                                         (5.1) 

Where, 
e ,   and E are energy attenuation coefficient, density of the foil and energy in MeV of 

the gammas. The fast neutron contribution to the nuclear heating is negligible. For Dhruva 

reactor, the nuclear heating in Al is estimated to be about 400 mW/gm.  

 
The nuclear heating due to capture gammas in a gold foil is estimated as:  

 

  13

cap s as th 0H  = V fE 1 1.6 10at
e Watts

                                               (5.2) 

 

Where sV  is volume of the target, as is macroscopic absorption cross section, f is flux depression 

factor and 0E is energy of capture gammas. Other symbols have their usual meaning. For 

materials with high capture cross section such as cadmium, the capture gamma heating can also 

be calculated as: 

  13

gH  = E 1 1.6 10
4

tA
B e Watts                                                   (5.3) 

 

Nuclear heating in a bare gold foil is mainly on account of core radiations and the same is 

estimated to be about 40 mW which will not lead to any significant rise in temperature of the 

foil. However, nuclear heating in a cadmium covered foil is both due to core radiations and 

capture reactions in the cadmium. A cadmium covered gold foil contains two cadmium covers on 

each side with mass of a single cover being 1.3 gm. Thus the total mass of cadmium cover is 

about 2.6 gm.  

 
For estimation of heating due to capture gammas in a single cadmium cover, first the flux 

depression factor was estimated by computer code WIMS. The non-multiplying cadmium cover 

was represented in the code along with a multiplying layer of fissile material. The flux 

depression factor was estimated to be 0.015. Assuming maximum thermal neutron flux of 

1.5x10
13

 n/cm
2
/s at self-serve location, heating in a cadmium cover due to capture gammas is 
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estimated to be about 200 milli-Watts. The corresponding value of heating due to core radiations 

is about 40 milli-Watts. Thus, the total nuclear heating in the two cadmium covers for a foil will 

be about 500 milli-Watts.  

 
5.2 Self shielding of gamma rays due to foil   

 
As described earlier, mass of a gold foil is around 25mg with 1.67% of Au content. The diameter 

and thickness of the foil are 10 and 0.1 mm, respectively. Considering 411 keV of decay gamma 

energy, the gamma self-shielding factor, expressed as exp(-μt), is estimated to be about 0.997.  

 

5.3 Residual radioactivity and dose rate  

 
The estimated values of the residual radioactivity and dose rate on contact of the foils are given 

in Table-5 below. It can be seen from the table that the dose rate due to the foils varies from 

about 5 to 80 µ/hr. The corresponding measured values of the dose rates on the foils were in the 

range of 10-100  µ/hr.     

 
Table-5: Residual radioactivity and dose rate  

 

Sample 

no 
Description 

Self-

serve 

location 

Irradiation 

time 

(min.) 

Cooling 

time 

(hours) 

At the start of counting 

Estimated 

radioactivity 

in Au foil 

(Ci) 

Estimated 

dose rate on 

contact 

(mR/hr) 

J-1254 Bare gold foil 3 45 859.65 2.28×10
-8

 7.96×10
-3

 

J-1255 Cd covered Au foil 3 43 864.92 3.92×10
-10

 7.05×10
-3

 

J-1258 Bare gold foil 3 30 868.58 1.15×10
-8

 4.02×10
-3

 

J-1259 Cd covered Au foil 3 30 885.87 1.83×10
-10

 5.33×10
-3

 

J-1253 Bare gold foil 1 32 675.38 2.19×10
-7

 7.67×10
-2

 

J-1257 Bare gold foil 2 32 699.92 1.20×10
-7

 4.2×10
-2

 

J-1261 Bare gold foil 3 32 671.67 1.11×10
-7

 3.89×10
-2
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6.0 Counting Methodology  
 
Gamma ray spectrometry with HPGe detector system was used for counting emission of gamma 

rays from the active foils. The purpose of spectrometry method is to provide a standardized basis 

for the calibration and usage of germanium detectors for measurement of gamma-ray emission 

rates of radio nuclides. The source emission rate for the gamma ray energy of interest is 

determined from the count rate in a full-energy peak of a spectrum, together with the measured 

efficiency of the spectrometry system for that energy and source location.  

 
The counting of the foils was taken up by IP&AD after a cooling period of about two months. 

The dps values at the end of irradiation for samples 1276 and 1277 were communicated to be 

2051105 and 849907 respectively. Subsequent counting was carried out by RHCS, RSSD at 

Dhruva complex. Gamma spectrometric analysis of the irradiated gold foil samples were carried 

out by counting in an HPGe detector based high-resolution gamma spectrometer. The detector 

system has a relative efficiency of 35% and resolution of 2 keV at 1332 keV gamma energy of 

60
Co. The spectrum analyses were done using a PC based 8K multichannel analyser and 

associated peak analysis software. The characteristics of the HPGe are given in Table-6 below.  

 

Table-6: Hp Ge Detector details 

Detector P- type coaxial Germanium Detector 

Operating Voltage +3500 Volts 

Polarity  Positive 

Geometrical Characteristics of Ge crystal 

External Diameter 58.1mm 

Length 62.1mm 

Useful Surface 26.4 cm
2 

Useful Volume 160 cm
3
 

Dead Layer ≤ 0.5mm/Ge 

Distance from Cap 5mm 

Detector Characteristics 

Full Width at Half 

Maximum(FWHM) 

122KeV 1332KeV (Co-60) 

0.82 2.0 

Relative Efficiency 35.0 % 

Peak To Compton Ratio 58.0 
*
FWTM/FWHM 1.83 

FWFM/FWHM 2.65 

*
Full Width at Full Maximum (FWFM); Full Width at Tenth Maximum (FWTM) 
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The detector energy calibration and efficiency calibration of the gamma energy region of interest 

was done using standard point sources. The detector was shielded with lead of 120 mm thickness 

so that room background made negligible contribution to the spectral measurements.  

 
The detector energy calibration and efficiency calibration of the gamma energy region of interest 

was done using standard point sources. The detector was shielded with lead of 120 mm thickness 

so that room background made negligible contribution to the spectral measurements. 

 
6.1 Energy & Efficiency calibration 

 
The energy calibration of the detector system was determined from gamma rays emitted over the 

full energy range of interest from multi nuclide radioactivity sources namely 
133

Ba & 
137

Cs and 

60
Co. Using these sources the gamma spectrometry system was calibrated for a wide energy 

range from 80 keV to 1332 keV. The channel energy calibration data need to be fitted using a 

quadratic polynomial for commonly used 8K multichannel analysers. 

 
6.2 Efficiency calibration 

 
It is not possible to measure the efficiency directly with emission-rate standards at all desired 

gamma energies. Therefore a curve or function is constructed to permit interpolation between 

available calibration points. For this purpose the detector efficiency (i)  V/s  energy (Ei) curve 

was established experimentally using standard point sources ( 
133

Ba and 
137

Cs) of disc geometry. 

 
An energy spectrum was accumulated using calibrated radioactivity standards in the desired 

geometry of interest. At least 10000 net counts were accumulated in each full energy gamma ray 

peak of interest. For each standard source, the net count rate (total count rate of region of interest 

minus the Compton continuum count rate and the ambient background count rate within the 

same region) was obtained in the full-energy gamma-ray peaks.  The standard source emission 

was corrected for rate of decay to the count time. The full energy peak efficiency, Ef, was 

calculated as follows: 

Ef   =   
r

p

N

N
                                                                (6.1) 

where 

Ef  =  full energy peak efficiency (counts per gamma ray emitted) 
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Np =  net gamma ray count rate in the full energy peak (counts per second live time) 

Nr  =  gamma ray emission rate (gamma rays per second) in the standard 

The standard source was calibrated in units of Becquerel (Bq), and the gamma ray emission rate 

is given by:                                               APN                                                                   (6.2) 

where   A   =  number of nuclear decays per second or activity, and 

 P   =  probability per nuclear decay for the gamma ray energy 

 

The absolute detection efficiency (in percentage) for the particular gamma energy from the 

activity of the radionuclide is ηγ is given by 

100
pN

AP




                                                      (6.3) 

The energy and absolute efficiency values was plotted or fitted to an appropriate mathematical 

function. The energy efficiency values are fitted in Log polynomial of order 3 for a wide energy 

range up to 0.7MeV. The fitted equation was as follows 

    
0

in

i

i

Ln a Ln E 


                                      (6.4) 

where, 

Eγ   =  gamma ray energy in keV, 

ηγ   =  efficiency for the energy Eγ and 

ai     are constants. 

 

6.3 Measurement of 
198

Au activity of the sample 

The irradiated gold foil (in the same geometry as that of source) was placed near the detector for 

which efficiency calibration has already performed. The gamma ray spectrum was acquired for 

desired duration to accumulate sufficient counts in the photo peaks of interest. From the counts 

in the full-energy gamma ray peak of 411.80 keV (of 
198

Au) from the sample spectrum.  

Net count rate is obtained as:               s b
net

s b

C C
A

t t

 
  
 

                                                          (6.5) 

The associated error is:                            

1/ 2

2 2

b

s b

s

C C
SD

t t

 
  
  

                                                   (6.6) 
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Cs = Gross counts of in the peak in sample spectrum, in ts seconds. 

Cb = Gross background counts in the peak tb seconds. 

 SD = the standard deviation or the error 

Activity (Bq)                                   
100 100 1000

95.58
c netA A SD

W

 
     

 
                             (6.7) 

Where W= Weight of the sample taken for counting and η is the efficiency 

(Necessary decay time correction was applied to calculate the actual activity.) 

 
6.4 Counting Data for different Foils 

 
The counting data for different foils is given in Tables 7-9 below. 

 
Table-7(a) Foil No: J 1254 bare Gold foil; Date: 16.12.2015; Irradiation completed at 14:15 hrs 

Detector Geometric efficiency: 0.5252% 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

21/01/2016 01 1300 2.77 09:53:47 A.M 1000 0.21 

21/01/2016 02 20201 0.70 10:24:30 A.M 10000 0.22 

22/01/2016 03 3277 1.75  2:52:.04  P.M 3000 0.18 

 

Table-7(b) Foil No: J 1255   Cadmium Covered Gold foil; Date: 16.12.2015; Irradiation completed at 

15:35 hrs Detector Geometric efficiency: 0.5252% 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

21/01/2016 01 33306 0.55 04:30:11 P.M 60000 0.10 

22/01/2016 02 4822 1.44 11:28:13 A.M 10000 0.12 

25/01/2016 03 24218 0.64 05:26:58 P.M 100000 0.05 

 

Table-8(a) Foil No: J 1258 Bare Gold foil; Date: 22.12.2015; Irradiation completed at 11:05 hrs  

Detector Geometric efficiency: 0.5252% 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

27/01/2016 01 3790 1.62 03:40:37 P.M 1000 0.06 

27/01/2016 02 5710 1.32 09:42:20 A.M 10000 0.06 

27/01/2016 03 209612 0.22 04:02:47 P.M 60000 0.07 
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Table-8(b) Foil No: J 1259 Cadmium Covered Gold foil; Date: 22.12.2015; Irradiation completed at 

12:27 hrs Detector Geometric efficiency: 0.5252% 

 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

28/01/2016 01 895 3.34 10:19:28 A.M 3000 0.06 

28/01/2016 02 3011 1.82 11:35 :09 A.M 10000 0.06 

 

Table-9(a) Foil No: J 1253 Bare gold foil; Date: 1.02.2016; Irradiation completed at 14:59 hrs  

Detector Geometric efficiency: 6.667 % 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

29/02/2016 01 112540 0.29 06:21:47 PM 1200 0.38 

29/02/2016 02 110396 0.30 06:47:39 PM 1200 0.36 

29/02/2016 03 109167 0.30 07:17:10 PM 1200 0.37 

29/02/2016 04 108557 0.30 07:39:21 PM 1200 0.36 

29/02/2016 05 107624 0.30 08:01:39 PM 1200 0.36 

29/02/2016 06 107090 0.30 08:42:16 PM 1200 0.36 

01/03/2016 07 117187 0.29 08:50:04 AM 1500 0.32 

01/03/2016 08 116299 0.29 09:46:04 AM 1500 0.32 

01/03/2016 09 113866 0.29 10:58:39 AM 1500 0.31 

 

Table-9(b) Foil No: J 1257 Bare gold foil; Date: 1.02.2016; Irradiation completed at 14:59 hrs 

 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

01/03/2016 01 143987 0.26 06:54:26 PM 500 1.10 

01/03/2016 02 142485 0.26 07:10:14 PM 500 1.10 

01/03/2016 03 142065 0.26 07:28:23 PM 500 1.09 

01/03/2016 04 142320 0.26 07:41:12 PM 500 1.08 

01/03/2016 05 141274 0.26 07:57:57 PM 500 1.08 

02/03/2016 06 121591 0.28 09:35:49 AM 500 0.94 

02/03/2016 07 122563 0.28 09:47:59 AM 500 0.94 

02/032016 08 120356 0.28 09:57:52 AM 500 0.92 

02/03/2016 09 120458 0.28 10:07:07 AM 500 0.92 

02/03/2016 10 119890 0.28 10:32:19 AM 500 0.93 
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Table-9(c) Foil No: J 1261 Bare gold foil; Date: 1.02.2016; Irradiation completed at 14:59 hrs 

 

Date Readings Total photo 

counts (411Kev) 

Statistical 

error (%) 

Count start 

time 

Counting 

Time (s) 

Dead time 

(%) 

29/02/2016 01 118606 0.29 02:39:11 PM 500 0.89 

29/02/2016 02 117905 0.29 02:49:48 PM 500 0.88 

29/02/2016 03 115731 0.29 04:03:02 PM 500 0.86 

29/02/2016 04 114962 0.29 05:57:53 PM 500 0.87 

29/02/2016 05 114746 0.29 06:08:04 PM 500 0.86 

01/03/2016 06 92357 0.32 02:30:54 PM 500 0.70 

01/03/2016 07 109609 0.30 03:26:01 PM 600 0.69 

01/03/2016 08 108918 0.30 03:48:40 PM 600 0.68 

01/03/2016 09 108352 0.30 04:04:52 PM 600 0.68 

01/03/2016 10 108253 0.30 04:48:15 PM 600 0.69 

 

7.0 Data Analysis for Neutron Flux Estimation 

7.1 Theoretical background 

7.1.1 Thermal neutron flux determination 

  

The equivalent 2200 m/s thermal neutron flux th  in which Au is irradiated and used as a 

monitor can be calculated as [2]: 

       
,

0

s Cd s Cd

th

th

R F R

g G





                                                      (7.1) 

These values had already been given. 

where sR  and 
,s CdR  are the reaction rates per atom of bare and cadmium covered foil, g=1.0056 

is the conventional correction factor to account for departure from 1/ v  behavior of cross section, 

thG  =0.9275 is the self shielding factor for thermal neutrons, 0 is the thermal neutron cross 

section (2200 m/s)  and CdF  =1.0 the cadmium correction factor. The reaction rates sR  and 
,s CdR  

are defined as follows: 

     1 2 3A/ N ( ) 1 exp expG t T                                               (7.2) 

 

Since the gold foil is very thin (much less than the mean free path of the gamma in the gold), we 

have ignored self attenuation of gamma rays in the foil. 
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7.1.2 Epithermal neutron flux determination  

 

In a mixed thermal and  11/ aE   epithermal neutron field, the epithermal neutron flux per unit of 

neutron energy interval can be calculated by 

 
0 0

0 0( )

th
e

Cd epi

g G

R F I g G

 


 



                                                    (7.3) 

Where R is the cadmium ratio, 
0 ( )I   the resonance integral cross section, including 

contribution, characterized by epithermal neutron spectrum shaping factor, which is energy 

dependent, and 
epiG  =0.1803 the self-shielding factor for epithermal neutrons.  

7.1.3 Fast neutron flux determination 

  

The fast neutron flux is defined by  

10

0.5

( )f E dE                                                                (7.4) 

The activation rate of fast neutron flux is given by 

10

0.5

( ) ( ) ( )T f T fA t N E E dE N                                      (7.5) 

TN  is the total number of the nuclides of interest in the target. The equation to determine the fast 

neutron can be derived to arrive at the following form: 

                                         
    ,1 1i m

p

f t tt
n xA

N M

e e d e N w
 




 


 
                           (7.6) 

Where ,n x  is the threshold reaction fission spectrum averaged cross section of 
27

Al (n, p)
 27 

Mg 

which is 4 mb, pN  is the net number of counts under the full-energy peak collected during 

measuring time, mt , w  the weight of irradiated element,  is the decay constant, it the 

irradiation time, dt  is the decay time,  , the isotopic abundance, AN  the Avogadro number,   

the absolute gamma-ray emission probability,   the full-energy peak efficiency and M is the 

atomic weight. 
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7.1.4 Determination of Neutron Shaping Factor (α)  

 

For non-ideal reactor situation, the resonance integral, Io, needs to be modified with an α-

dependent term because the Io values, which are valid only for ideal spectra, are not true for a 

deviating spectra. For the non-ideal conditions Io(α) values ought to be used instead of Io. The 

conversion of Io to α-dependent terms takes the form:  

 
0 0 0

0 1

0.429 0.429
( ) ( )

2 1

a
a a

Cd ECd

I E
I E E dE

E E E




 



 
 







 
     

                     (7.7) 

where E

  is effective resonance energy, 
aE = l eV – arbitrary energy, 

CdE = 0.55 eV – effective 

cadmium cut-off energy, 0 = 2200 ms
−1

 (n, γ) cross section and α  is an experimentally 

determinable characteristics of the reactor channel. Although the epithermal neutrons rep-resent 

only a small fraction of the total reactor neutrons, they are sometimes useful in NAA for several 

elements (e.g. Br, Kb, Sr, Mo, Ba, Ta and U) that have higher relative reaction rates for 

epithermal neutrons than for thermal neutrons. The technique of taking advantage of those (n, γ) 

reactions with high resonance integrals through the irradiation of samples under a cadmium 

cover to shield out the thermal neutrons is commonly known as Epithermal Neutron Activation 

Analysis.  

 

The large number of resonance peaks for most nuclides makes a calculation of effective cross 

sections for the epithermal neutrons slightly complicated. In order to avoid these resonances, a 

gold standard is used because the reaction 
197

Au (n, γ) 
198

Au has a single resonance (411 KeV) 

peak and it has been well investigated and found to be 1550 barns. The activity ratio for an in-

finitely thin gold foil or alloy irradiated with and without cadmium covers (Cadmium ratio 

method) is used for measuring epithermal flux-shaping factor and thermal to epithermal flux 

ratio. This method is also used as a calibration standard to measure the resonance integrals for (n, 

γ) reactions.  

 

If the single comparator technique is adopted for routine NAA, the effect of the non-ideal 

epithermal spectrum should not be neglected. Thus, to be accurate in all relevant expressions, Qo 

should be replaced by Qo(α) (where Qo(α) is the α-corrected Qo to take care of the non-ideality of 

the epithermal spectrum)  
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0 0

0

0.429 0.429
( )

2 1th Cd

I Q
Q

E E 




 

 
     

                                    (7.8) 

where Qo is the ratio of resonance is integral to thermal cross-section is given as 0 0 / thQ I   

which is related to flux ratio, f, as 
0( 1) ( )Cdf R Q   . 

 

Experimental determination of α, using the cadmium ratio method involves irradiating two or 

more monitors (e.g. Au, Zr, Co) with and without cadmium alternately at the same irradiation 

channel. When monitors such as 
197

Au and 
94

Zr are irradiated under uniform neutron flux, we 

obtain:  

0 1 0 2( 1) ( ) ( 1) ( )Cd CdR Q R Q                                              (7.9) 

7.2 Data analysis 

 

The activity of 411 KeV Gamma is chosen to estimate the reaction rate and subsequent for the 

data analysis. The reason is that this gamma line has the maximum branching ratio hence it will 

provide relatively better statistics in the results. The activated gold foils are counted for induced 

gamma activity using a high resolution gamma detector like high purity germanium detector 

(HPGe). Gamma activity obtained so is converted into the reaction rate per unit atom using the 

following relation.   

                                (E)(E) dE= A/ (N 12 3G (  ) (1-exp(-t )) exp.(-T ))                   (7.10) 

Where        A = photo-peak counting rate for the detector   

            N0 = No of atoms in the activation foils 

            1 = isotopic abundance 

            2 = yield of gamma ray 

            3 = photo-peak counting efficiency 

            T = time elapsed between end of irradiation and start of counting 

                         t   = duration of irradiation      

                          = Decay constant for the isotope 

             (E)  = Activation cross-section at energy E 

          (E)  = Neutron flux at energy E. 
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Gamma activities of the irradiated detectors were measured in a high purity germanium detector 

coupled to a multi-channel analyser. The high purity germanium detector was calibrated using 

152
Eu source. The counting set-up consists of slots at various distances from the detector. The 

counting time was chosen so as to keep the error in photo-peak counts acceptable. The gamma 

activity due to activation in cadmium covered gold foil was used to obtain the epithermal 

reaction rates using the above equation.  

 

In the present measurements, only thermal and total neutron fluxes have been estimated. The 

epithermal and fast neutron flux and shape factor determination have not been estimated because 

determination of these quantities requires irradiation of other thermal flux monitors also like 

Indium and Zirconium. 

 

8.0 Results and Discussion 

 

The results are of the data analysis are summarized in Tables 10 and 11 below.  

 

Table-10:  
197

Au (n,)
 198 

Au reaction rates of set-1 foils 

Foil no 
Reaction 

rate/Atom 

Error in reaction 

rate/Atom 

Spectrum-

Averaged total 

neutron flux 

Average total 

flux 

Thermal Flux 

(bare-Cd 

covered) 

J-1254 

(bare) 

2.721384E-10 1.111208E-11 3.10428E+12 
3.33095E+12 

1.87169E+12 

 

3.118802E-10 1.083194E-11 3.55762E+12 

J-1255 

(Cd-

covered) 

1.234631E-10 3.765624E-12 1.40834E+12 

1.45926E+12 
1.323901E-10 4.405549E-12 1.51017E+12 

J-1258 

(bare) 

1.583065E-09 5.397392E-11 1.8058E+13 
1.73847E+13 

1.58706E+13 

1.465019E-09 4.406858E-11 1.67115E+13 

J-1259 

(Cd-

covered) 

1.312245E-10 5.891322E-12 1.49688E+12 
1.51409E+12 

 1.342432E-10 4.710464E-12 1.53131E+12 

 

  

 

 

 



21 
 

 Table-11:  
197

Au (n,)
 198 

Au reaction rates of set-2 foils 

Foil no Reaction  rate/Atom 
Error in reaction 

rate/Atom 

Spectrum-Averaged 

total neutron flux 
Average total flux 

J-1253 

2.893310E-10 8.720391E-12 3.3004E+12 

3.22976E+12 

2.851328E-10 8.596647E-12 3.25251E+12 

2.834483E-10 8.545861E-12 3.23329E+12 

2.829831E-10 8.531834E-12 3.22799E+12 

2.816702E-10 8.492251E-12 3.21301E+12 

2.823125E-10 8.511616E-12 3.22034E+12 

2.814389E-10 8.482522E-12 3.21037E+12 

2.821128E-10 8.502836E-12 3.21806E+12 

2.798137E-10 8.433541E-12 3.19183E+12 

J-1257 

1.318373E-09 3.969945E-11 1.50387E+13 

1.49066E+13 

1.308306E-09 3.939630E-11 1.49238E+13 

1.308683E-09 3.940767E-11 1.49281E+13 

1.314036E-09 3.956885E-11 1.49892E+13 

1.308285E-09 3.939567E-11 1.49236E+13 

1.303043E-09 3.926118E-11 1.48638E+13 

1.316316E-09 3.966110E-11 1.50152E+13 

1.294896E-09 3.901571E-11 1.47709E+13 

1.298135E-09 3.911331E-11 1.48078E+13 

1.297840E-09 3.910443E-11 1.48045E+13 

J-1261 

8.023656E-10 2.418317E-11 9.15258E+12 

9.16434E+12 

7.991367E-10 2.408585E-11 9.11575E+12 

7.947254E-10 2.395290E-11 9.06543E+12 

8.057998E-10 2.428668E-11 9.19176E+12 

8.057494E-10 2.428516E-11 9.19118E+12 

8.067714E-10 2.434044E-11 9.20284E+12 

8.057854E-10 2.429413E-11 9.19159E+12 

8.039501E-10 2.423880E-11 9.17066E+12 

8.020890E-10 2.418268E-11 9.14943E+12 

8.075873E-10 2.434846E-11 9.21215E+12 
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8.1 Theoretical Simulations 

 

In order to have comparison of the experimental results with theoretical estimations, detailed 

modeling of the reactor core was carried out by both deterministic and stochastic methods based 

computer codes.  

The deterministic calculations were carried out in two steps namely lattice level and core level 

calculations. The lattice level calculation were carried out by using transport theory lattice code 

WIMSD [3] in conjunction with 69 group WIMS library to generate 3-group homogenized 

nuclear data for fuel lattice cells. WIMSD is a multi-group neutron transport theory lattice code 

used widely for estimation of lattice parameters. Lattice cross sections for adjuster rod assembly 

and other non-multiplying assemblies such as empty tray rods, shut-off rod guide tubes, 

engineering loops, empty guide tubes etc have been evaluated by embedding the non-multiplying 

assembly at the centre of a super cell constituted by surrounding eight fuel assemblies. The same 

methodology has been applied for evaluating the D2O reflector cross sections. 

Three dimensional global simulations of the reactor core were carried out using computer code 

NEMSQR [4]. These evaluations have been done in three energy groups (10 MeV - 0.821 MeV, 

0.821 MeV - 0.625 eV and 0.625 eV – 0). The three group fission neutron spectrum (fractions) 

used in core calculations are 0.76641, 0.23359, and 0.0. Computer code „NEMSQR‟ is used to 

estimate core power distribution, core reactivity and reactivity load of the adjuster rod assembly. 

„NEMSQR‟ is a diffusion theory code based on nodal expansion method. The reactor core along 

with the surrounding radial reflector was represented using more than 10000 mesh points. While 

in the XY plane 337 mesh points (lattice pitch =18.0 cm) were used to represent the core and 

radial reflector, 23 levels were used in the axial direction to cover up to 367 cm of D2O level. As 

the code can handle variable mesh size, core split on account of through tube was directly 

simulated. For simulating the active core boundary precisely and for ease of interpretation, each 

of the 146 lattice sites was represented by XY mesh of size (18cm × 18cm). Eleven XY meshes 

of size (18 cm × 7 cm) were used to represent the through tubes in the core region while 180 

meshes represented the radial reflector. Axially a lower reflector height of 32 cm (including 

extrapolation distance), an active core height of 305 cm, and upper reflector height of 30 cm 

(inclusive   of extrapolation) were used to simulate a nominal moderator height of 367 cm in the 

calandria. For intermediate moderator levels an extrapolation distance equivalent of (2.13 × D 

=1.84 cm, D being the diffusion coefficient) was used. Mesh size of (18 cm × 18 cm) used for 
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core representation in XY plane is considered adequate for heavy water reactors for nodal 

method. In the calculations, zero flux boundary conditions are used. The thermal neutron flux up 

to 0.5 eV (from the value up to 0.625 eV) was estimated by assuming Maxwellian distribution. 

 

For stochastic calculations, a thorough 3-D model of Dhruva reactor was developed by general 

purpose Monte Carlo code. All fresh fuel assemblies, shut-off rod assemblies and other non-

multiplying assemblies were represented. Though, it has been proven to simulate the physical 

interactions correctly, to get correct results, the Monte Carlo model has to be first verified 

against the standard core parameters as obtained by deterministic codes. Hence, before 

proceeding with the flux calculations in the self serve positions, important neutronic parameters 

such as effective multiplication factor, reactivity worth of shut-off rods, in-core flux values and 

reactivity effect of in-core irradiation/experimental assemblies were estimated and compared 

with the available experimental or theoretical values.  

The reactor vessel is arranged vertically whereas the experimental beam holes are arranged 

horizontally in the reactor structure. Thus, it is not straightforward to represent the beam holes in 

the Monte Carlo model with a single coordinate system. Such a modeling would be much easier 

by first defining it in an auxiliary coordinate system where it is symmetric about a coordinate 

axis and then using the TRn input card to define the relation between the basic and auxiliary 

coordinate systems. Thus for representing the beam holes, all the details regarding elevations, 

angular locations, diameters and penetrations in to the reactor vessel, if any, were gathered and 

were accordingly used in TRn input card for their representation. 

The Code top cross-sectional plan view of the reactor geometry showing the locations of all the 

irradiation positions in the self serve facility is shown in Figure-2. Figure-3 shows the cross-

sectional elevation view of the reactor core including heavy water level.  

The neutron fluxes are estimated by running the code in criticality mode. In addition to the 

geometry description and material cards, all that is required to run a criticality problem is a 

KCODE card and an initial spatial distribution of fission points using either- the KSRC card with 

sets of x, y, z point locations, the SDEF card to define points uniformly in volume, or an SRCTP 

file from a previous Code criticality calculation. The tally cards are used to specify what the user 

wants to learn from the Monte Carlo calculation, perhaps current across a surface (F1 tally), flux 

in a cell (F4 tally), etc. This information is requested in the input file with one or more tally 

cards. Tally specification cards are not required, but if none is supplied, no tallies will be printed.  
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Fig. 2: Cross sectional view of the reactor core as modeled in MCNP showing the five irradiation 

positions in the self-serve facility  

 

Fig. 3: Elevation the reactor core as modeled in MCNP 

In the present calculations, we have used F4:N (N stands for neutrons) tally cards to obtain 

neutron flux in a given cell.  

The beam holes for the self-serve facility passes through about 1.25 meter of vault water and 

subsequently about 2.4 meter of high density concrete. Thus in neutron flux estimation, in 

addition to other regions, particles histories will be tracked in these non-multiplying regions of 

high thickness. Most of the particles will be lost in these regions during transport and the output 

tally for flux will have very high variance in the results. The neutron fluxes are estimated by 
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running the code in criticality mode with 100000 cycles with each cycle consisting of 2000 

particle histories. The calculations were carried out for critical heavy water levels of 275, 304.7 

and 327.6 cm. Each run of the code was terminated such that the standard deviation in the results 

was restricted to ±0.008. 

Table-12 shows the results for the second set of measurements. It can be seen from the table that 

thermal neutron flux values at 100 MW power are 1.92x10
12

 and 1.58x10
13 

n/cm
2
/s for heavy 

water levels of 304.7 and 321.8 cm respectively. The corresponding values estimated by Monte 

Carlo code are 1.43x10
12

 and 8.0x10
12 

n/cm
2
/s respectively. Total neutron flux values at 100 MW 

power are 3.42x10
12

 and 1.72x10
13 

n/cm
2
/s for heavy water levels of 304.7 and 321.8 cm 

respectively. The corresponding values estimated by Monte Carlo code are 1.53x10
12

 and 

8.3x10
12 

n/cm
2
/s respectively. The thermal and total neutron flux values for heavy water level of 

321.8 cm as estimated by NEMSQR are 1.58x10
13 

and 1.65x10
13 

n/cm
2
/s. It is clearly seen from 

the results that as the heavy water level increases from 305 to 322 cm, the neutron fluxes 

(thermal and total) increase by a factor of 6-8. 

 
 Table-12(a): Measured neutron flux values (n/cm

2
/s) [same position and different heights] 

 

Self-Serve 

Position 

Reactor 

Power 

(th) 

Critical 

height 

(cm) 

Measured values Values extrapolated  

to 100 MW 

Thermal 

neutron flux 

Total  

neutron flux 

Thermal 

neutron flux 

Total  

neutron flux 

S-2-3 97.3 304.7 1.87E+12 3.33E+12 1.92E+12 3.42E+12 

S-2-3 100.142 321.8 1.58E+13 1.73E+13 1.58E+13 1.72E+13 

 

Table-12(b): Comparison of Measured and estimated neutron flux values 

 

Self-

Serve 

Position 

Critical 

height 

(cm) 

Thermal neutron flux Total neutron flux 

Measured Estimated Measured Estimated 

Monte Carlo NEMSQR Monte Carlo NEMSQR 

S-2-3 304.7 1.92E+12 1.43E+12 - 3.42E+12 1.53E+12 - 

S-2-3 321.8 1.58E+13 8.00E+12 1.55E+13 1.72E+13 8.30E+12 1.65E+13 

 

Table-13(a) shows the results for the third set of measurements. Thermal neutron fluxes at three 

different locations of the self serve facility are shown with S-2-1 being the outermost location. 

The measured values are compared with the estimated ones in Table-13(b). It can be seen from 
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the table that the two values are in good agreement. Counting of the third set of samples was 

taken up after about 30 days as compared to the first two sets for which cooling times were about 

2 months and 40 days respectively. Thus, good statistics of counts was obtained. Both 

experimental and theoretical results indicate that as one moves inside from first position to the 

third one, there is almost a fivefold increase in thermal neutron flux.     

Table-13(a): Measured thermal neutron flux values (n/cm
2
/s)  

[Same height and Power and different positions]  

Self-Serve 

Position 

Reactor Power 

(th) 

Critical height 

(cm) 

Measured  

values 

Values extrapolated  

to 100 MW 

S-2-1 97.951 327.3 3.23E+12 3.30E+12 

S-2-2 97.951 327.3 9.16E+12 9.35E+12 

S-2-3 97.951 327.3 1.49E+13 1.52E+13 

 

Table-13(b): Comparison of Measured and estimated thermal neutron flux values  

 [P=100 MW, H=327.3 cm]  
 

Self-Serve 

Position 

Total neutron flux 

Measured Estimated 

Monte Carlo NEMSQR 

S-2-1 3.30E+12 3.39E+12 2.18E+12 

S-2-2 9.35E+12 6.90E+12 1.11E+13 

S-2-3 1.52E+13 1.08E+13 2.18E+13 

 
The difference between the estimated and measured values can be due to the following factors: 

1. There is uncertainty associated with the material composition. As per the chemical 

analysis of the foils [5], gold content in the foils can be measured within ±5%. 

2. The samples are counted for a fixed duration of time varying from 500 to 60,000 s 

depending on the activity of the sample. The total counts during the interval are used to 

estimate the cps values which, along with detector efficiency and branching ratio, are 

then used to estimate the activity build-up. There is no provision for accounting for decay 

of the activity during counting. Moreover, there may be some uncertainty in the 

calibration of the detector i.e. in the estimation of its efficiency. Statistical error of up to 

3% is also involved in counting of the activated foils.  

3. Due to the assumptions made in the analysis (as described above), there is uncertainty of 

about 3-4% associated with estimation of neutron flux from the measured data.   

4. Finally, the estimated values have an uncertainty band of ±0.8%. 
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9.0 Conclusions 

Neutron flux measurements have been carried out at three positions (S-2-1, S-2-2 and S-2-3) of 

the self-serve facility by foil activation method. The measurements were carried out for three 

different levels of heavy water in reactor vessel. Bare gold foils (with 1.67% gold and remaining 

Al) and cadmium covered gold foils were used for obtaining total and thermal neutron flux 

values. It is observed that thermal neutron flux increases by one order as heavy water level 

increases from 305 to 322 cm. This is due to the fact that for 322 cm of heavy water level, the 

self-serve facility is fully submerged in heavy water while for 305 cm only leakage flux reaches 

the facility. It is also observed that as one moves inward from position S-2-1 to S-2-3, thermal 

neutron flux increases by a factor of about 5. The results have been compared with the 

theoretical values obtained by deterministic and Monte Carlo simulation of the core and a good 

agreement between the two has been observed.   
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