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सारांश 

िविकरण सिक्रय आईसोटोपो का प्रयोग मलूभतू एवं अनपु्रयुक् त िवज्ञान तथा 

इंजीिनयिरगं म व ्यापक प से िकया जाता है िवशेषत :पयार्वरणीय एवं 

औ योिगक टे्रकर  के प म तथा िचिकत ्सा प्रितिबबंन कायर्प्रणाली हेतु इनका 

उपयोग होता है । रेिडयो आईसोटोप  के संघटक  का उत ्पादन भारतीय नािभकीय 

कायर्क्रम की प्रमखु गितिविध है । जब से ध्रवु िरएक् टर क्रांितक हुआ है तभी से 

औषध, उ योग एवं कृिष के के्षत्र म  अनपु्रयोग हेतु देश की रेिडयो आइसोटोप 

सबंंधी आवश ्यकताओ ंको िनयिमत प से इसके वारा पूरा िकया जाता है । 

नमनू  के इन-पाइल िकरणन के िलए नमनेू के अिभिक्रयता भार, तापन दर, 

िवकिसत सिक्रयता और िकरणन पश ्च हस ्तन हेतु पिररक्षण मोटाई का पूवर् 

प्राकलन करने की आवश ्यकता होती है । इस िरपोटर् म ध्रवु िरएक् टर के योगदान 

की प्रमखु िविशष ्टताओं को व ्यक् त करने का प्रयास िकया गया है तथा इन-पाइल 

िकरणन नमून  के सरंक्षा मलू ्यांकन म प्रयक्ु त प्रणाली िवज्ञान का िवस ्ततृ वणर्न 

िकया गया है ।    

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

                     Abstract 

Radioactive isotopes are widely used in basic & applied science, engineering, industries and 

medical purposes. Production of radioisotope constitutes important activity of Indian nuclear 

program. Since its initial criticality, DHRUVA reactor has been facilitating the regular supply 

of most of the radioisotopes required in the country for application in the fields of medicine, 

industry and agriculture. In-pile irradiation of the small samples requires a prior estimation of 

the reactivity load, heating rate, activity developed and shielding thickness required for post 

irradiation handling. This report is an attempt to highlight the contributions of DHRUVA 

reactor, as well as to explain in detail the methodologies used in safety evaluation of the in 

pile irradiation samples. 
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1. Introduction 

During the last sixty years, radioisotopes have been used extensively in various fields, 

including industry, research, agriculture and medicine. Production of radioisotopes, 

radiolabel led compounds, radiation sources and other products based on radioisotopes 

constitute important activity of national nuclear program. Owing to the advances in different 

fields such as electronics, computation, novel materials for detection of radiation etc., 

quantification of radiation and image processing have also advanced, leading to increase in 

the quality and quantity of applications. Two major sources of artificial radioisotopes are 

accelerators and reactors. Radioisotopes produced in reactors represent a large percentage of 

the total use of radioisotopes due to a number of factors. The reactor offers large volume for 

irradiation, simultaneous irradiation of several samples, economy of production and 

possibility to produce a wide variety of radioisotopes. The accelerator-produced isotopes 

relatively constitute a smaller percentage of total use. The accelerators are generally used to 

produce those isotopes which cannot be produced by reactor or which have unique properties. 

Use of research reactors for the production of radioisotopes for various applications 

constitutes an important program, all through the world. In India too, the advent of research 

reactors was accompanied by their utility in producing radioisotopes for applications leading 

to societal benefits. Radioisotope program of the Department of Atomic Energy (DAE) was 

conceived as soon as Apsara reactor was built. Soon after commissioning of the swimming 

pool reactor, Apsara in August 1956 [1], radioisotopes were produced and supplied to users. 

The commissioning of CIRUS [2] and later DHRUVA [3] reactors, led to significant growth 

in the variety and quantities of radioisotopes produced and used in India. While the operation 

of CIRUS at 40MWth power from 1960 enabled the production of large number of 

radioisotopes of medium to high specific activity, the addition of DHRUVA with higher flux 

and power of 100 MWth , from August 1985 facilitated the regular supply of most of the 

radioisotopes required in the country for application in the fields of medicine, industry and 

agriculture. Some Radio isotopes used in medical and industrial applications are given in 

Table:-1 & 2. 
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Table:-1 Isotopes used in medical applications 

Isotope Half Life Medical Uses 

Molybdenum-99 66 hours Used as the 'parent' in a generator to produce technetium-
99m. Most widely used isotope in nuclear medicine. 

Technetium-99m 6 hours Used in to image the skeleton and heart muscle in particular, 
but also used for brain, thyroid, lungs (perfusion and 
ventilation), liver, spleen, kidney (structure and filtration 
rate), gallbladder, bone marrow, salivary and lacrimal 
glands, heart blood pool, infection and numerous specialised 
medical studies. 

Chromium-51 27.7 days Used to label red blood cells and quantify gastrointestinal 
protein loss. 

Copper-64 13 hours Used to study genetic diseases affecting copper metabolism, 
such as Wilson's and Menke diseases. 

Holmium-166 26 hours Being developed for diagnosis and treatment of liver 
tumors. 

Iodine-125 60 days Used in diagnostically to evaluate the filtration rate of 
kidneys and to diagnose deep vein thrombosis in the leg. It 
is also widely used in radioimmunoassay to show the 
presence of hormones in tiny quantities. 

Iodine-131 8 days Used in diagnosis of abnormal liver function, renal (kidney) 
blood flow and urinary tract obstruction. 

Iron-59 46 days Used in studies of iron metabolism in the spleen. 

Potassium-42 12 hours Used for the determination of exchangeable potassium in 
coronary blood flow. 

Rhenium-188 17 hours Used to beta irradiate coronary arteries from an angioplasty 
balloon 

Selenium-75 120 days Used in the form of selenomethionine to study the 
production of digestive enzymes. 

Cobalt-60 10.5 month Formerly used for external beam therapy. 

Dysprosium-165 2 hours Used as an aggregated hydroxide for synvectomy treatment 
of arthritis 

Erbium-169 9.4 days Used for relieving arthritis pain in synovial joints. 

Iodine-125 60 days Used in cancer brachytherapy (prostrate and brain) 

Iodine-131 8 days Widely used in treating thyroid cancer. 

Iridium-192 74 days Supplied in wire form for use as an internal radiotherapy 
source for cancer treatment. 

Palladium-103 17 days Used to make brachytherapy permanent implant seeds for 
early stage prostate cancer. 

Phosphorus-32 14 days Used in the treatment of polycythemia vera. 

Yttrium-90 64 hours Used for cancer brachytherapy and as silicate colloid for the 
relieving the pain of arthritis in larger synovial joints. 
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Table:2 Isotopes used in industrial applications 

Isotopes Industrial Uses 

Co-60, Cs-137, or Am241 weight, level, or density gauges 

Kr-85, Sr-90, Cs-137, Pm-147, or Am-241; 
 

thickness and mass gauges by beta-particle or 
gamma photon absorptiometry 

C-14, Sr-90, Pm-147, or Tl-204; 
 

thickness gauges for thin coatings by beta-
particle back-scattering 

Am-241 or Cf-252 on-line analytical instruments by neutron-
gamma reaction 

C-14, Ni-63, and Pm-147 pollution measurement instruments using 
beta 
sources 

Fe-55,Co-57, Cd-109, and Am-241 X-ray fluorescence analyzers 
Cs-137, 
Am241-Be, or Cf-252 

density, parsity, water, and oil saturation of 
rock by neutron/gamma interactions 

Am-241 smoke detection 
 

2.0 Production of Radioisotopes in Reactor 

Radioisotopes are produced by exposing suitable target materials to the neutron flux in a 

nuclear reactor for an appropriate time,  thereby causing a nuclear reaction to occur which 

leads to the  production of desired radioisotope. The factors which decide the type of nuclear 

reaction that takes place and the rate of production are [4]: 

 The energy of the neutrons and the neutron flux. 

 The characteristics and quantity of the target material. 

 The activation cross-section for the desired reaction. 

 
2.1 Energy of neutrons in pile 

The pile neutrons are classified according to their energy as follows: 

 

2.1.1 Thermal neutrons 

The thermal neutrons have energy of about 0.025 eV at a temperature of 20°C. In the thermal 

region the neutrons achieve a thermal equilibrium with the atoms of the moderator material. 

In any given collision they may gain or lose energy, and over successive collisions will gain 

as much energy as they lose. These thermal neutrons, even at a specific temperature, do not 

all have the same energy or velocity; there is a distribution of energies, usually referred to as 

the Maxwell distribution.  The energies of most thermal neutrons lie close to the most 

probable energy, but there is a spread of neutrons above and below this value. 
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2.1.2 Epithermal neutrons 

In  the  thermal  reactor,  the  flux  in  the  intermediate  energy  region  (1  eV  to  0.1  MeV)  

has approximately  a  1/E  dependence.  That is, if the energy (E) is halved, the flux doubles.  

This 1/E  dependence  is  caused  by  the  slowing  down  process,  where  elastic  collisions  

remove  a constant fraction of the neutron energy per collision (on the average), independent 

of energy; thus, the neutron loses larger amounts of energy per collision at higher energies 

than at lower energies.  The fact that the neutrons lose a constant fraction of energy per 

collision causes the neutrons to tend to "pile up" at lower energies, that is, a greater number 

of neutrons exist at the lower energies as a result of this behavior. 

2.1.3 Fast neutrons 

Fast neutrons are neutrons with high energy (above 1 MeV). They have an energy 

distribution similar to that of fission neutrons.  

 

The number of neutrons that exist at a given energy level in a reactor varies.  A plot of either 

the fraction of neutrons or the neutron flux at a given energy versus the energy level is called 

a neutron energy spectrum.  The neutron energy spectrum varies widely for different types of 

reactors. Also the distribution of neutrons in the three groups is different at different locations 

in the reactor. For example in the reactor core, the fast neutron percentage will be higher, 

whereas as one approaches the periphery of the reactor, the fast neutrons flux will decrease. 

The neutron spectrum in irradiation position (H-07) is shown in Figure-1[5]. 

 

 

 

 

 

           

Fig.1 Neutron flux spectrum at Dhruva irradiation position at 100 MW 
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2.2. Cross-section 

The neutron interaction with the nucleus of the target material can be expressed quantitatively 

in terms of the nuclear cross-section, which is a measure of the probability that the given 

reaction takes place. This can be expressed in terms of an imaginary cross sectional area 

presented by the nucleus around the nucleus to the beam of neutrons, perpendicular to the 

beam, such that if and only if the neutrons pass through this area, the nuclear reaction takes 

place. The unit of cross-section is barn (one barn = 1024 cm2).  

 

The value of cross-section varies with energy of the neutrons and from nucleus to nucleus. In 

general, slower the neutron, greater is the probability for the reaction. The neutron energy 

spectrum and the epithermal neutron fraction have an important influence on the measured 

capture rate, particularly for large samples and non-1/v absorber nuclides. Even for some 

nuclides that are commonly considered good 1/v absorbers, slight deviations from 1/v capture 

may exist.  

 

Normally the cross-section values are quoted at room temperature (20°C). If the temperature 

is high, the cross-section value will have to be corrected for the temperature. As the energy of 

neutrons increases to epithermal region, the cross-section shows sharp variation with energy, 

with discrete sharp peaks or resonances. At very high neutron energies, the cross-section 

value decreases sharply. The standard energy for tabulation of thermal neutron cross-sections 

is that of room temperature of 293.59K, corresponding to neutron energy of 4.05x 10-21 J, i.e. 

0.0253 eV or a neutron velocity of 2200 m/s. This standard energy is chosen because sample 

irradiation locations in many reactors are at approximately ambient temperatures. As most 

reactors do not operate at a temperature of exactly 20 0C, there must be some mechanism for 

converting the cross-section, σ0, at the tabulated energy to the effective cross-section, σ, at 

the actual temperature of the reactor.  

 

The effective cross section is equal to the 2200 m s-1 cross section σ0 for a perfect 1/v 

absorber or even a realistic 1/v absorber nuclide irradiated in neutron fields with negligible 

epithermal neutron fraction in the resonance region of the nuclide. When the nuclide is a non-

1/v absorber (Cd113, Xe124, Sm149, most Eu isotopes, Gd155, Gd157 , Lu175, Lu176 , Ta180 etc.) or 

the neutron spectrum contains a significant epithermal component, the effective cross section 

is no longer equal to σ0 . Westcott approached this problem for the case of a Maxwellian 

thermal spectrum and a 1/E epithermal spectrum. Westcott developed a method for 
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converting σ0 to σ by describing the neutron spectrum as a combination of a Maxwellian-

Boltzmann velocity distribution function which is characterized by a temperature, T, and a 

component of epithermal energy neutrons, whose neutron flux distribution is proportional to 

the reciprocal of the neutron energy, i.e. dE/E. Adopting the Westcott convention, the 

effective cross section is given by: 

σ = σ0 (g+rs), 

where g is the Westcott g-factor, r is an index for epithermal fraction in the neutron density, 

and s is a parameter related to the reduced resonance integral. Parameter r for 1/E epithermal 

neutrons can be obtained by measuring the Cd ratio with a thin 1/v detector or an activation 

foil. Since the Maxwellian shape depends on the temperature, both g and s are dependent on 

the Maxwellian temperature. In the absence of an epithermal component, r=0. In this case, the 

g-factor is the ratio of the Maxwellian averaged cross-section, σt, to the 2200 m/s cross-

section, σ0, given by the following expression: 

( )
3 2

0 0 0

1 4 expt

t t

g d
σ ν νσ ν ν
σ ν σ ν νπ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞= = ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠ ⎝ ⎠

∫
 

Where υt is the most probable speed of the Maxwellian function, and is related to the 

temperature (T) by m υt
2 /2 = kT or υt = υ0 (T/T0)1/2. If σ(υ) varies as 1/υ, the Maxwellian 

cross-section is equivalent to the 2200 m/s value and g=1 and s=0. For many nuclides, there 

are particular energies for which the probability of capturing a neutron becomes very large. 

These large probabilities are referred to as resonances in the capture cross-section for the 

nuclide at that neutron energy. For nuclides which have resonances in the cross-section in the 

thermal neutron energy range, their corresponding g-factors are different from unity. The 

values of the g-factors for these nuclides are also temperature dependent. The g-factors for 

some of the nuclides listed are greater than unity and the values increase with increasing 

temperature. Other nuclides have g-factors which are less than unity and the values decrease 

with increasing temperature. A few nuclides have g-factors whose values go through a 

maximum or a minimum as the temperature changes. 

 

The evaluated thermal capture cross sections, capture resonance integrals, Westcott g-factor 

(temperature of 300K) for the elements used in radio isotope production are summarized in 

Tables 3 [6]. An asterisk in these tables indicates that the units of the relevant quantity are 

expressed in millibarns. A blank entry in the Westcott g-factor indicates the lack of an 

ENDF/B evaluation for that isotope.  
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Table:-3 Evaluated thermal capture cross sections, capture resonance integrals, Westcott g-

factor (temperature of 300K) for the elements of interest  
Isotope Abundance(%) Capture cross section (b) Westcott g-

factor 
Resonance 
Integral(b) 

Arsenic        As75    
Barium        Ba130 

Barium        Ba132 

Bromine      Br81  
Cadmium    Cd106 

Cadmium    Cd108 

Cadmium     Cd110 

Cadmium     Cd111 
Cadmium     Cd112 
Cadmium    Cd113 
Cadmium     Cd114 
Cadmium    Cd116 

Xenon         Xe124 

Xenon         Xe131 

Xenon         Xe132 

Xenon         Xe134 

Xenon         Xe136            
Cesium      Cs133 

Chromium   Cr50   
Copper        Cu63 

Cobalt         Co59 

Europium    Eu151 

Europium    Eu153 

Gold            Au197 
Holmium     Ho165 

Indium         In113 

Iron              Fe54  
Iridium        Ir191 

Lanthanum  La139 

Lutetium      Lu175  
Lutetium       Lu176 
Neodymium   Nd146 

Rhenium         Re185 

Rubidium       Rb85 

Samarium       Sm152 

Scandium       Sc45 

Selenium        Se74 

Silver             Ag109 

Sodium           Na23 

Strontium        Sr84 

Strontium        Sr88 

Sulphur            S32 

      Terbium           Tb159 
Tellurium         Te130 

Thallium          Tl203 

Thulium          Tm169 

Tin                   Sn112  
Tungsten          W186  

Ytterbium        Yb169 

Yttrium             Y89 

 Zinc                 Zn64 

100 
0.1058 
0.1012 
49.314 
1.25 
0.89 
12.49 
12.80 
24.13 
12.22 
28.73 
7.49 
0.0891 
21.1796 
26.8916 
10.4423 
8.8689 
100 
4.345 
69.174 
100 
47.81 
52.19 
100 
100 
4.288 
5.845 
37.272 
99.9098 
97.416 
2.584 
17.17 
37.398 
72.1654 
26.6 
100 
0.889 
48.1608 
100 
0.5574 
82.5845 
95.018 
100 
33.799 
29.524 
100 
0.973 
28.4259 
0.127 
100 
48.63 

4.23 ± 0.08 
8.7 ± 0.9 
6.5±0.8 
2.36±0.05 
~1 
0.72±0.13 
11±1 
24±3 
2.2±0.5 
20600±400 
0.34±0.02 
0.075±0.02 
165±11 
85±10 
0.415±0.045 
0.265±0.020 
0.26±0.02 
30.3±1.1 
15.9±0.2 
4.52±0.02 
37.18±0.06 
9200±100 
312±7 
98.65±0.09 
64.7±1.2 
12.0±1.1 
2.25±0.18 
954±10 
9.04±0.04 
23.1±1.1 
2090±70 
1.41±0.05 
112±2 
0.48±0.01 
206±6 
27.2±0.2 
51.8±1.2 
91.0±1.0 
0.53±0.005 
062±0.06 
5.4±0.4* 
548±10* 
23.3±0.4 
0.29±0.06 
11.4±0.2 
105±2 
0.86±0.09 
38.5±0.5 
2300±170 
1.28±0.02 
1.1±0.1 

1.0005 
 
1.0004 
 
0.9999 
1.0002 
1.0000 
0.9939 
1.0000 
1.3604 
1.0002 
1.0000 
 
1.0015 
1.0000 
 
1.0003 
1.0030 
1.0002 
1.0002 
1.0004 
0.8940 
0.986 
1.0054 
1.0020 
1.0057 
1.0002 
0.9964 
0.9996 
1.0027 
1.7579 
1.0002 
1.0053 
1.0003 
 
1.0002 
 
1.0057 
1.0003 
 
1.0003 
1.0095 
 
1.0003 
 
 
1.006 
1.0017 
 
1.0002 
 

61 ± 4 
170 ± 10 
33±3 
50±5 
4±1 
11±3 
41±3 
50±5 
12±2 
390±40 
14.1±0.7 
1.6±0.3 
3600±700 
900±100 
4.6±0.6 
0.4±0.1 
0.7±0.2 
437±26 
7.7±0.4 
4.97±0.08 
75.9±2.0 
3300±300 
1420±100 
1550±28 
665±22 
310±30 
1.2±0.2 
3500±10 
12.1±0.6 
610±50 
1087±40 
23.2±0.5 
1717±50 
5.9±0.5 
2970±100 
12.0±0.5 
560±50 
1400±48 
0.311±0.010 
8.6±0.4 
6.5±0.3* 
0.81 
418±20 
0.3±0.1 
43.0±0.2 
1720±30 
29±2 
485±15 
21300±1000 
1.0±0.1 
1.45±0.06 
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2.3. Types of nuclear reactions 

Some of the major nuclear reactions that are used for radioisotope production are given 

below: 
 

2.3.1. (n,γ) reaction 

Most of the reactor-produced radioisotopes, are products of the (n,γ) reaction. This 

reaction is also referred to as radiative capture and is primarily a thermal neutron 

reaction. Some of the common radioisotopes produced by (n,γ) reactions are: 

27Co59 + 0n1 → 27Co60 + γ      (σ =36 barns) 

77Ir191 + 0n1 → 77Ir192 + γ       (σ =370 barns) 

42Mo98 + 0n1→ 42Mo99 + γ    (σ =0.11 barns) 

Here,  the  product  is  an  isotope  of  the  target  element  itself  and  hence  cannot  be 

chemically separated. Therefore the specific activity is limited by the neutron flux available 

in the reactor. 
 
2.3.2. (n, γ)→β—  reaction 

In some cases the (n, γ) reaction produces a very short-lived radioisotope, which decays by 

beta emission to a different radioisotope. 

Example: 

52Te130 + 0n1 → 52Te131* + γ      (σ =67 millibarns) 

52Te131* → 53I131 + β— 

The product can be chemically separated from the target. This will enable us to obtain high 

specific activity or carrier free radioisotope. 
 
2.3.3. (n, p) reaction 

In some cases the absorption of neutron leads to emission of a proton as outgoing 

particle. Such a reaction is termed as (n, p) reaction, caused by fast neutrons having 

energy more than a particular value known as threshold energy. Hence, such a reaction is 

known as threshold reaction. 

Examples: 

28Ni58 + 0n1 → 27Co58 + 1p1      (σ =4.8 barns) 

16S32 + 0n1 → 15P32 + 1p1          (σ =165 millibarns) 

Also in this case, the product nucleus can often be chemically separated from the target, 

thereby obtaining very high specific activity product. 
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2.3.4. (n,α) reaction 
 
This reaction is mostly a threshold reaction, as neutrons having energy above a specific 

value (threshold energy) is absorbed by the nucleus causing an alpha particle to be ejected. 

In some very special cases, the reaction is caused by thermal neutrons as well. 

Examples: 

13Al27 + 0n1 → 11Na24 + 2He4      (E>3.5MeV)  

High specific activity/carrier free products could also be obtained in this. 

 

2.3.5. Multistage reactions 

There are certain radioisotopes that are produced by multistage processes or successive 

neutron capture: 

Examples: 

W186(n,γ) → W187(n,γ) →  W188(n,γ) 

 

2.3.6. Fission 

Thermal neutron induced fission of Uranium-235 provides a host of useful radioisotopes. Each 

fission provides two fission fragments. The fission products fall into two definite groups, one 

light group with a mass number of around 95 and a heavy group with a mass number of 

around 140. The fission yield of a nuclide is a fraction or the percentage of the total number of 

fissions, which leads directly or indirectly to that nuclide. The total fission yield is 200%. In 

addition, some fission products undergo successive decays, leading to production of decay 

products forming a fission decay chain. Some of the most important fission products that find 

useful applications are: 

Short lived fission products → 42Mo99, 53I131 

Long lived fission products → 55Cs137, 61Pm147, 38Sr90 

 

3.0 Reactor characteristics and Facilities 

Dhruva is a 100 MW research reactor, which attained its first criticality on August 8, 1985. 

Dhruva caters to production of radio-isotopes of high specific activity as well as diverse 

requirements of a broad-based multi-disciplinary user community. It is the major source of 

supply of radio-isotopes for application in the field of medicine, industry and agriculture. The 

reactor core is contained in a cylindrical stainless steel vessel, called calandria that is placed 

vertically in a light water filled vault. The calandria is a cylindrical stainless steel vessel with 
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each capsule holder. The central rod can be rotated to bring any of the three capsule holders 

in front of the window for capsule removal and reloading fresh capsules with master slave 

manipulator. The tray rods are heavy water cooled. The demand for production of radio 

isotopes is to be met on a weekly basis. Neutron and gamma fluxes in the tray rod location 

are given in Table-4&5 [7]. Tray rod capsule and tray rod are shown in Figure-4. 

Table:-4 Neutron fluxes at Tray rod locations 

 
Tier 
No. 

 
Elevation 
from RV 

bottom(cm) 

H-07 K-09 
Fast  

(×1012) 
n/cm2/sec 

Epithermal
(×1013) 

n/cm2/sec 

Thermal 
(×1014) 

n/cm2/sec

Fast 
(×1012) 

n/cm2/sec

Epithermal 
(×1013) 

n/cm2/sec 

Thermal 
(×1014) 

n/cm2/sec 
1 7.7 0.11 0.22 0.15 0.13 0.24 0.14 
2 18.4 0.30 0.48 0.29 0.37 0.52 0.28 
3 29.1 0.52 0.77 0.44 0.63 0.83 0.42 
4 39.8 0.77 1.14 0.63 0.93 1.24 0.60 
5 50.5 1.00 1.49 0.82 1.21 1.61 0.78 
6 61.2 1.22 1.82 0.99 1.47 1.97 0.94 
7 71.2 1.42 2.11 1.15 1.72 2.29 1.10 
8 82.6 1.60 2.38 1.30 1.93 2.58 1.24 
9 93.3 1.75 2.61 1.42 2.12 2.83 1.36 
10 104.0 1.87 2.80 1.52 2.28 3.05 1.46 
11 114.7 1.97 2.97 1.58 2.41 3.23 1.54 
12 125.4 2.08 3.12 1.61 2.51 3.37 1.61 
13 136.1 2.21 3.26 1.63 2.59 3.48 1.66 
14 146.8 2.20 3.30 1.70 2.65 3.56 1.70 
15 157.5 2.20 3.31 1.77 2.69 3.60 1.72 
16 168.2 2.22 3.32 1.80 2.70 3.60 1.73 
17 178.9 2.20 3.29 1.79 2.67 3.56 1.71 
18 189.6 2.15 3.21 1.75 2.60 3.47 1.66 
19 200.3 2.07 3.09 1.69 2.50 3.33 1.60 
20 211.0 1.96 2.92 1.59 2.36 3.15 1.51 
21 221.7 1.82 2.71 1.48 2.19 2.92 1.40 
22 232.4 1.65 2.46 1.34 1.99 2.65 1.27 
23 243.1 1.46 2.18 1.19 1.76 2.34 1.12 
24 253.8 1.25 1.86 1.02 1.50 2.00 0.96 
25 264.5 1.02 1.52 0.83 1.23 1.64 0.79 
26 275.2 0.78 1.16 0.64 0.94 1.25 0.60 
27 285.9 0.53 0.79 0.43 0.64 0.85 0.41 
28 296.6 0.27 0.40 0.22 0.33 0.43 0.21 
29 307.3 0.07 0.10 0.06 0.09 0.11 0.05 
30 318.0 - - - - - - 
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 1 MeV 
(×1012) 
γ/cm2/sec

7.2 
7.5 
9.7 
1.39 
16.5 
19.4 
22.5 
24.8 
28.3 
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t =300 cm 

8 MeV 
 (×1012) 
γ /cm2/sec 
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5.0 Safety evaluation of samples 

Any sample which is to be irradiated is evaluated for heating, activity, reactivity and doserate 

assessment. A sample when irradiated perturbs the steady operation of the reactor due to 

parasitic absorption of neutrons. So, introducing a sample inside a reactor is equivalent to 

adding a negative reactivity load. Therefore, reactivity load on the reactor due to a sample is 

an important parameter to be estimated before any irradiation takes place. Further, when the 

sample is inside the reactor it absorbs α, β and γ-radiations produced inside the reactor and in 

the sample itself, which cause heat generation in the sample. The rate of heat generation must 

be within the range allowed by the engineering design of the reactor.  

A sample after irradiation becomes radioactive and emits α, β and γ-radiations. Exposure to 

these radiations has been quantified in terms of radioactive dose rates. For the safety of the 

concerned personnel it is required that the dose rate at the surface of the sample should be 

less than 200 mR/Hr.  

Therefore, a proper shielding and cooling of the irradiated sample are required to meet the 

above criterion. Parameters such as the stability of the target during irradiation, amount of 

heat liberated from the target, reactivity load due to sample, suitability of post irradiation 

handling, are calculated using ORPAC computer code. Details about the calculations carried 

out by PIR (Pile Irradiation Request) evaluation code ORPAC [8] are given in the following 

sub sections. 

 

5.1. Flux Depression Factor  
 
For estimation of activity and heat produced in a sample kept for irradiation, it is necessary to 

know the flux in the sample. For this flux depression factor is an important parameter to be 

calculated. It decides the extent up to which neutron flux has been changed in the sample due 

to absorption. It is defined as the ratio of average flux in the sample to the flux at surface of 

the sample. i.e. 

  f
0

φ
=

φ
                                                               (5.1.1) 

Where,      f  = flux depression factor 

                  φ  = average flux in the sample, 
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                  0φ = flux at outer surface of the sample 

In integral form f  is defined as 

0

( )
V

V

r d r

f
d r

φ

φ
=

∫

∫

r r

r                                                    (5.1.2) 

Where, ( )rφ
r

= neuron flux at position r
r

. 

Flux depression factor ( f ) depends upon geometry of the sample. It is approximately 
determined by solving the Neutron Diffusion Equation for a given geometry with appropriate 
boundary conditions. One group diffusion equation in non fissile absorbing medium is 

                                                           2 0AD φ φ∇ − ∑ =                                                (5.1.3)   

 Where, D =diffusion coefficient, 

             AΣ =macroscopic absorption cross section, 

             2∇ = Laplacian operator for given geometry,  

    and,  φ  = neutron  flux.  

Equation (5.1.3) can be written as: 

                                                       2 2 0kφ φ∇ − =                                                    (5.1.4)                    

Where,  Ak
D

∑
=  

( )rφ  the solution of equation (5.1.4) for a given geometry, when substituted in (5.1.2) and 

integrated gives the expression for flux depression factor for that particular geometry of the 

sample. It is to be noted that for high absorbing samples like Co, Li, B etc, depression faction 

should be calculated by WIMSD lattice computer code. 

Two types of geometries have been considered here 

5.1.1. Spherical Geometry 

The neutron diffusion equation for spherical geometry is 

                                                     
2

2
2

2 0d d
k

dr r dr

φ φ φ+ − =                                              (5.1.5)                  

 Solution of equation (5.1.5) is given by 



17 
 

                                                   ( )
k r k rA e B e

r
r

φ
−+

=                                      (5.1.6) 

Where A and B are arbitrary constants which are determined using the following boundary 
conditions: 

          (1)   At    r = 0   ;   2 d
r

dr

φ
 = 0                         

 and   (2)   At    r = R  ;       0φ φ=                                                                                      (5.1.7) 

Constants A and B are determined as 

                                       0
kR kR

R
A B

e e

φ
−= − =

−
                                             (5.1.8) 

Substituting the expression for ( )rφ  in (5.1.2) and after completing the integration the 
expression for flux depression factor ( f ) for spherical geometry is obtained as                           

       [ ]2 2

3 coth( ) 1f kR kR
k R

= −                                              (5.1.9)                         

5.1.2. Cylindrical Geometry 

For cylindrical geometry neutron diffusion equation is given by 

                                             
2

2
2

1 0d d
k

dr r dr

φ φ φ+ − =                                                    (5.1.10)  

Solution of equation (5.1.10) can be written as  

               0 0( ) ( ) ( )r AI kr BK krφ = +                                                      (5.1.11) 

Where, A  and B  are arbitrary constants determined by boundary conditions and, 0 ( )I kr  and 

0 ( )K kr  are Spherical Bessel functions of zeroth order. The function 0 ( )K kr  diverges at 
0r = . Therefore, 0B = . 

Applying boundary conditions at r R= ; 0( )Rφ φ=  

   i.e.                                               0 0 ( )AI kRφ =  

 Therefore,                                     0

0 ( )
A

I kR

φ
=  

  or,                        0 0

0

( )( )
( )

I kr
r

I kR

φφ =                                                       (5.1.12) 
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Substituting ( )rφ  from (5.1.12) in (5.1.2) we get                                             

         
00

2
0

2 ( )

( )

R
rI kr dr

f
R I kR

= ∫                                                       (5.1.13) 

Solving the integral in (5.1.13) the flux depression factor ( f ) for a cylindrical sample is 
obtained as                                                    

    1

0

2 ( )
( )

I kR
f

kRI kR
=                                                          (5.1.14) 

Flux depression factor for various materials is given in Table-6. 
 

Table-6  Flux depression factor as calculated using ORPAC  
 

Sample Mass (gram) Density 
(g/cc) 

Flux depression 
factor 

TeO2 powder 28 5.8 0.991 
MoO3 powder 15 6.5 0.994 

Ir 0.038 (1 pellet*) 22 0.25 
CuO powder 0.015 6.3 1.0 

Red P 0.350 1.8 1.0 
Cobalt (6 mm dia pencil)** 6 gm 8.5 0.45 

Cobalt (1.8 mm thick annular)** 40 gm 5.4 0.6 
            * Pellet dimension: diameter- 2.7 mm, height- 0.3 mm 

** Calculations carried out by WIMSD 

5.2.   Heating Rate in the Sample 

A sample inside a reactor absorbs radiations produced inside the reactor and in the sample 

itself.  Nuclei present in the sample absorb radiations like alpha, beta, gamma and neutron 

produced in the reactor. The energy deposited by radiations is converted into heat energy. 

This causes heating of the sample. The calculation of heat developed in the sample due to 

core gammas, fast neutrons, betas, and capture gammas is described in the following sub 

sections. 

 

5.2.1 Capture gamma heating 

Energy deposition due to the process of gamma capture is expressed in terms of Build-Up 

factor, average energy of photons, number of photons, energy deposition coefficient and 

linear attenuation coefficient. Build-Up factor is function of mean free path and the energy of 

the photons. For gamma photons having energy > 2 MeV and for materials of intermediate 
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atomic mass number an approximate form for buildup factor is given by a linear relationship 

formulae  

     1. 1B F a R= + μ                                                      (5.2.1) 

For a sample having spherical geometry of radius R the average rate of energy deposition per 

cc considering Build-Up factor of form given by (5.2.1) is obtained as [9]. 

0 0 A 0 1C E S (  + ) H  =  v a 1μ ψ ψ
μ

                              (5.2.2) 

Where,   

                C0 = 1.6 × 10-13 (WS/Mev) a conversion factor  

                1 0.65a =  

                E0 = average energy of photons (MeV) 

                Sv = no. of gamma photons / cc/sec. of energy E0 

                Aμ = energy deposition coefficient for energy E0 (cm-1)    

                μ   = total linear attenuation coefficient (cm-1) 

For spherical sample of radius R, ψ0 and ψ1 are given as 

                
2 2 -2  R

0 3 3

6  R   - 3 + ( 3 + 6  R)e1 - 
8  R

μμ μ
ψ =

μ
 

                
2 2 2 2 -2  R

3 3

3  R   - 3 + ( 3 + 6  R + 3  R   )e  1 - 
 2  R

μ

1

μ μ μ
ψ =

μ
 

For cylindrical sample of radius R, ψ0 and ψ1 are given as 

0 1 1 0 0 1 1 0 1 1 0
2 11 - R 2 RK ( R)I ( R)+K ( R)I ( R)-2+ ( R)I ( R)-K ( R)I ( R)+K ( R)I ( R)
3 R

K
⎡ ⎤

ψ = μ μ μ μ μ μ μ μ μ μ μ μ⎢ ⎥μ⎣ ⎦
 

         1 11 - 2I ( R).K ( R)1ψ = μ μ         

Cylindrical shell for practical purpose, can be approximated to be a solid cylinder with same 

cross sectional area with an effective radius R given as 

2 2
out inR= R -R  

For a sample with mass M and density ρ the total heating rate is  
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A
0 0 0 1H = C E S (  + )v a 1

μ Μ
ψ ψ

μ ρ
                                      (5.2.3) 

To simplify calculations and to minimize the requirements for huge number of data it is 

assumed that for every neutron captured in the sample a single 8-MeV gamma photon is 

emitted. The values of parameters which are characteristics of materials in the sample has 

been taken as representative of medium atomic weight elements. So that errors involved in 

the estimations for lighter and heavier nuclei do not become too high to ignore. These 

assumed values has been taken to be 

                                                     0 8V aE S f= Σ φ  MeV/cm3 

                                                     0.025Αμ
=

ρ
 cm2/gm                      

                                              and, 0.042μ
=

ρ
 cm2/gm 

These values although a rough approximation give a reasonably good estimation for wide 

range of materials. An example for calculating capture gamma heating in Cobalt sample is 

given in Appendix-1. 

5.2.2 Decay gamma heating 
 

When a sample is irradiated in the reactor, it is converted in to radioactive nuclide. This 

radioactive nuclide may emit gamma/s. These decay gammas are also a cause of heating in 

the sample due to its absorption the sample. Only some decay gammas are absorbed into the 

sample, rest of them escapes. Heating due to absorption of decay gamma is same as 

calculated in equation 5.2.3. Only that Sv is replaced by specific activity A(Bq/gm) of the 

sample. 

A
0 0 0 1H = C E A(  + )a 1

μ Μ
ψ ψ

μ ρ  
5.2.3 Core gamma Heating 
 
Gamma radiations which are the byproducts of fission reactions taking place inside the 

reactor are called core gammas. These also include capture gammas produced as neutron 

capture in core materials. To make a model of heating in sample due to core gammas, let’s 

consider a homogeneous reactor core of volume V. The rate of production of photons of 
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energy E at position r0 of the core, is Sν photons/cc/sec. Assuming propagation of photons 

isotropically in all directions, the flux of uncollided photons at position , is [10] 

 

,
| |

4 | | ,  

 
Here µ(E) is the total attenuation coefficient of the core.  

Gamma flux at the depth x inside the sample volume will be attenuated by a factor of 

exp	 . Here µts is the total attenuation coefficient of the irradiated sample material. 

The power density deposited at depth x of the sample is , where µas is the 

absorption coefficient of gamma rays in the sample material. The energy is assumed to be 

deposited along the axis of a cylinder of length ,̅ equal to the mean chord length of the 

sample defined as ̅  , where Vs is the volume and Ss is the external surface of the 

sample. Thus, the power density deposited in the sample material by uncollided photons of all 

energy will be  

	
1

,
̅

 

                                                  ∑ ,  

Where 
1
̅ 1

̅  

For sample of negligible dimensions, i.e. for ̅ 	 1, R(E) ≈1 and 

	 ,  

The rate of production of fission photons of energy E is given by  

, Σ  

Where X(E) is the photon spectrum of energy E, ∑f is the macroscopic fission cross section 

of thermal neutrons, and φ is the thermal neutron flux. Photon Flux at the core centre was 

calculated by QADCG [11] computer code and is given in Table-7. 
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Table-7 Gamma flux at core centre as calculated by QADCG 

Energy (MeV) 1 2 4 6 8 

Gamma Flux at core centre 

(photons/cm2/sec) 
3.7e13 1.1e13 6.1e12 8.2e11 3.6e11 

The contribution to energy deposition from absorption of core gamma rays in the material is 

assumed to be proportional, as a first approximation, to the electron population per gram of 

the material since the interaction between gamma and atom is essentially controlled by 

electrons. Suppose value of 	  is calculated for Iron then one may obtain, the power 

density  	 , due to interaction with core gamma radiation for any material X as 

	 , 	 , 	  

Here X denotes the material of interest, N is the number of atoms per gram of material and Z 

is the atomic number of the nucleus. 

 

5.2.4 Fast neutrons heating 

Fast neutrons deposit their energy by elastic scattering and inelastic scattering and thus are a 

source of heating inside the sample. Consider elastic scattering of neutrons of energy E, with 

nuclei of the sample material of atomic mass A. The average 〈Δ 〉 of the energy loss ΔE , of 

the kinetic energy of the neutrons from elastic scattering is 

〈Δ 〉 1
2  

With                                                            		  

〈Δ 〉
2
1  

The power density deposited to the sample material placed at position  of the core by 

neutron elastic scattering may be estimated from 

Σ φ 〈Δ 〉 	
2
1 Σ φ E  
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Here φ  is the neutron flux of energy group n, Σ  is the macroscopic scattering cross 

section of the sample and En is the mean energy of group n. The neutron flux can be obtained 

from NEMSQR computer code. When computing neutron flux, the presence of the sample 

can be ignored if the sample size is small and there is no depression of flux inside the sample. 

Otherwise sample material and geometric configuration has to be included in the computation 

of depression factor, in order to calculate the flux inside the sample. 

If relatively light sample materials are considered, for which elastic scattering is significant 

While inelastic scattering is of minor importance, the total heating power can be expressed as 

	  

Heating in structural materials due to absorption of gamma radiations produced inside the 

core of Dhruva reactor has been calculated and given in Table-8 at thermal neutron flux Φ = 

1.8E+14 n/cm2/sec. 

Table-8 Core gamma and fast neutron heating in various materials 

S.No. Material 
Fast Neutron 

Heating 
HFN (mw/gm) 

Core Gamma 
Heating 

Hγ (mw/gm) 

Total Heating 
(mw/gm) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Heavy Water 

Aluminum 

Copper 

Lead 

Light Water 

Stainless Steel 

Zircaloy 

126.5 

3.0 

2.87 

0.42 

297.7 

5.45 

1.57 

459.52 

442.50 

416.44 

364.06 

486.55 

405.00 

404.00 

586.02 

445.50 

419.31 

364.48 

784.25 

410.45 

405.57 

 

Note: The values are quoted for a maximum thermal neutron flux level of 1.8 x 1014 

n/cm2/sec assuming that the reactor neutron spectrum is independent of space and hence that 

the energy deposition rate due to fast neutron is proportional to the thermal neutron flux. 

5.2.5 Heating in the sample post irradiation 

When the sample has completed its irradiation in tray rod, it is removed from the tray rod and 

is taken in the Hot Cell facility. Post irradiation heating in the sample is due to absorption of 

decay alpha, beta, and gamma in the sample. 

	 1.6 10 1 	  for gamma heating 
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	 1.6 10  watts for alpha and beta heating 

Here A is the sample activity in disintegration per sec, E is the average energy of gamma/ 

beta/alpha particle in MeV, r is the radius of the spherical sample. 

5.3 Reactivity Load 

Reactivity load due to a sample is determined by solving neutron diffusion equation. For   

introduction of small reactivity change, perturbation theory is best suitable to solve the 

neutron diffusion equation. Neutron diffusion equation for steady state in operator form can 

be written as 

H F0φ = λ φ                                              (5.3.1) 

Where,      2H DΑ= Σ − ∇  

                  fF = νΣ                 

      And,    
0

1
K0λ =  

Adjoint equation of (1.3.1) is  

                                                          H F+ + + +
0φ = λ φ                                             (5.3.2) 

For small perturbation (5.3.1) can be written as 

                1( F + FH 1 0+ δ Η ) φ = ( λ + δ λ ) (  δ ) φ                     (5.3.3) 

Where, 1φ  is the perturbed flux. 

Equation (5.3.3) along with its adjoint equation can be rearranged after neglecting second 
order terms as 

F )
F + F )K

+
0 1

+
0 0 1

< φ , (δ Η − λ δ φ >δ Κ − δ λ
= = −

λ λ < φ , ( δ φ >
                    (5.3.4) 

Here only non fissile material is considered for which F=0δ . Hence equation (5.3.4) is 
reduced as  

FK

+
1

+
0 1

< φ , δ Η φ >δ Κ
= −

λ < φ , φ >
                                        (5.3.5) 

In one group model the adjoint flux is same as real neutron flux (i.e. +φ = φ ) 

Writing the above equation in integral form 
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f

dV D dV

dV
S S

R

V V

V

K

Α 1

0 1

− φδΣ φ − Δφδ Δφ
δΚ

=
λ φνΣ φ

∫ ∫

∫
                               (5.3.6) 

Where, SV  = Volume of the sample, RV  = Volume of the reactor 

The range of integration for numerator has been taken to be within the sample volume 

because there is no perturbation in other part of the reactor. Further the second term of the 

numerator contains second order term ( Δφ.Δφ ) which can be neglected compared to the first 

term. 

0

f

dV

dV
S

R

V

V

K

K

Α 1

1

φδΣ φ
δΚ

= −
φνΣ φ

∫

∫
                                         (5.3.7)      

Since, there is no perturbation in other part of the reactor  1φ = φ  .The flux in the sample can 

be replaced by average flux i.e. f1φ = φ  .Therefore equation (5.3.7) can be rewritten as  

0

f

d V

d V
S

R

V

V

K f

K

2
Α

2

δ Σ φ
δ Κ

= −
φ ν Σ

∫

∫
                                  (5.3.8) 

If at the sample location hφ  is the flux then integral in the numerator can be replaced by 2
SVhφ

Therefore 

2
0 S

f

V
dV

R

h

V

K f

K
Α

2

δΣ φδΚ
= −

φ νΣ∫
                                             (5.3.9) 

For a white absorber i.e. f =1.0 having SVΑδΣ =1.0 cm2, values of 
K

δ Κ at maximum flux mφ

have been found to be 0.0258 mk/cm2 for Dhruva. Substituting these values in equation 

(5.3.9) the final expression for reactivity load in case of Dhruva is given as 

2

S 20.0258 V h

m

f mk
K Α

δΚ φ
= − δΣ

φ
                                (5.3.10) 

Table-9 gives the tier wise sample reactivity load in mk at H-07 tray rod location. 
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Table-9 Tier wise sample reactivity load in mk at H-07 tray rod location 

Tier no. Reactivity load values in mk at H-07 Tray Rod for  
moderator height of 300 cm 

TeO2 (28 gm) MoO3 (15 gm) Ir (3.8 gm) Co(36 gm) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

0.000 
0.001 
0.001 
0.002 
0.004 
0.005 
0.007 
0.009 
0.010 
0.012 
0.013 
0.014 
0.015 
0.015 
0.015 
0.014 
0.014 
0.013 
0.011 
0.010 
0.008 
0.006 
0.005 
0.003 
0.002 
0.001 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.001 
0.001 
0.002 
0.002 
0.003 
0.003 
0.004 
0.004 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.004 
0.004 
0.003 
0.003 
0.002 
0.002 
0.001 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000

0.0012 
0.0035 
0.0081 
0.0138 
0.0219 
0.0311 
0.0403 
0.0495 
0.0599 
0.0679 
0.0760 
0.0806 
0.0841 
0.0864 
0.0864 
0.0829 
0.0783 
0.0725 
0.0645 
0.0564 
0.0461 
0.0368 
0.0265 
0.0184 
0.0115 
0.0058 
0.0023 
0.0000 
0.0000 
0.0000

0.001 
0.006 
0.014 
0.025 
0.038 
0.054 
0.069 
0.087 
0.103 
0.118 
0.130 
0.140 
0.147 
0.150 
0.149 
0.145 
0.137 
0.126 
0.112 
0.097 
0.080 
0.063 
0.047 
0.032 
0.020 
0.010 
0.003 
0.000 
0.000 
0.000

 

5.4. Activity 

A sample under irradiation absorbs neutrons and a series of nuclear reactions start and new 

isotopes are produced in the process. These newly generated isotopes are usually radioactive. 

The rate of production of these isotopes is proportional to the neutron flux and the capture 

cross section of the parent nuclide. As soon as they are generated they also start decaying to 

their daughter nuclide. Rate of decay of an isotope is proportional to its decay constant, its 

population density. There are many nuclear reactions possible. A daughter nuclide produced 

due to the decay may also be radioactive and may give rise to a chain of decay reactions till 
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stable isotope is formed. An isotope may absorb a neutron and give rise to a new isotope 

along with an alpha particle.    

5.4.1. First order case 

In this case the daughter nuclide of radioactive neutron capture product is not radioactive. i.e. 

121
0 1 2 3 ( )cn X X X stable2

σ λ+ ⎯⎯⎯→ ⎯⎯→  

If  1N  and 2N  are number density of 1X  and 2X equations governing first order case are: 

1
1

dN
N

dt 1Α= − σ φ                                                             (5.4.1)                         

           2
1 2( )C

dN
N N

dt 12 22 Α= σ φ − λ + σ φ                                          (5.4.2)                      

Here, 
1Ασ ,

2Ασ  are absorption cross section of nuclides 1X  and 2X  respectively and C12
σ  is 

activation cross section of nuclide 1X  to form 2X . 

Solution of (5.4.1) with initial boundary conditions 0
1 1N N=  and 2 0N =  at 0t = ;              

0
1 1

t
N N e Α 1

− σ φ=                                                      (5.4.3) 

Substituting (5.4.3) in (5.4.2) and when solved  

      
12

(
0

2 1 C

t t
e e

N N
Α 2 Α1 2

2 1

−σ φ − λ +σ φ)

2 Α Α

⎡ ⎤−
= σ φ ⎢ ⎥

λ + (σ − σ )φ⎢ ⎥⎣ ⎦
                                 (5.4.4)   

Activity due to the daughter nuclei is the product of its number density and its decay 

constant. i.e.  

                                     2 2A N2= λ                                                           (5.4.5) 

Cobalt and Iridium activity buildup as a function of irradiation time is shown in Fig.-6&7. In 
activity calculation 25 days reactor operation and 5 days shutdown has been taken in to 
account. 
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Fig.-6 Co60 Activity vs Irradiation time              Fig.-7 Ir192 Activity vs Irradiation time 

 
5.4.2. Second order case: 

In this case isotope X2 may decay to another radioactive isotope X3 or may be another 

isomeric state of the same isotope X2. X3 may also be produced from X1 due to neutron 

capture. 

                                                 12 21
0 1 2

c An X X
σ σ+ ⎯⎯⎯→ ⎯⎯→  

                                                                  
13cσ       2λ  

                                                                           3
3

AX
σ⎯⎯→  

                                                                                3λ  

 The kinetics of reaction is governed by three differential equations  

                                   1
1

dN
N

dt 1Α= −σ φ                                                                     (5.4.6) 

 

           2
1 2( )C

dN
N N

dt 12 22 Α= σ φ − λ + σ φ                                             (5.4.7) 

 

3
1 2 3( )C

dN
N N N

dt 13 32 3 Α= σ φ + λ − λ + σ φ                                 (5.4.8) 
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Using initial boundary conditions 0
1 1N N= , 2 0N =  and 3 0N =  at t = 0, solutions of above 

equations are- 

0
1 1

t
N N e Α1

−σ φ=                                                                                      (5.4.9) 

 

   
12

(
0

2 1 C

t t
e e

N N
Α 2 Α1 2

2 1

−σ φ − λ +σ φ)

2 Α Α

⎡ ⎤−
= σ φ ⎢ ⎥

λ + (σ − σ )φ⎢ ⎥⎣ ⎦
                                                   (5.4.10) 

2( ((

3

t tt t
e e e e

N B D
3 Α 3 ΑΑ Α3 31 2

3 1 3 2

− λ +σ φ) − λ +σ φ)−σ φ − λ +σ φ)

3 Α Α 3 2 Α Α

⎡ ⎤ ⎡ ⎤− −
= +⎢ ⎥ ⎢ ⎥

λ + (σ − σ )φ λ − λ + (σ − σ )φ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
               (5.4.11) 

Here, 
1Aσ ,

2Aσ
3Aσ  are absorption cross section of nuclides 1X , 2X and 3X  respectively. 

12Cσ  

and 
13Cσ  are  activation cross section of nuclide 1X  to form nuclide 2X  and 3X  respectively. 

B and D are constants given below. 

                    12

13

2 1

C0
1 )C

A A

B N 2

2

⎡ ⎤λ σ
= φ σ +⎢ ⎥

λ + (σ − σ φ⎢ ⎥⎣ ⎦
                                             (5.4.12) 

And  

        12

2 1

0
1 C

)A A

N
D 2

2

φ λ σ
=

λ + (σ − σ φ
                                                                 (5.4.13) 

Total activity immediately after irradiation:  2 3A N N2 3= λ + λ  

And total activity after cooling time ct : 

2 3( ) c ct t
cA t N e N e2 3− λ − λ

2 3= λ + λ                  (5.4.14) 

Example:  

	 	  

	 	  

Molybdenum, Tellurium and Iodine activity buildup as a function of irradiation time is shown 
in Fig.-8,9 &10. In the calculation continuous reactor operation has been taken in to account. 
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Fig.8 Mo99 specific activity vs Irradiation Time 
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Fig.9 Te131 specific activity vs Irradiation Time     Fig.10 I131 specific activity vs Irradiation Time 

 
5.5 Dose Rate 

An irradiated sample contains radioactive isotopes which emit α, β and γ radiations. Alpha 

and beta radiations do not require special shielding. The shielding needed to stop γ radiations 

is also adequate for these (α , β) radiations. Bare dose rate 0D  (mR/hr) at a distance of ‘r’ cm 

from the irradiated sample is given as, 

0 2

5574C E f
D

r

ν ν
ν=

∑
                                                    (5.5.1)                         

  Where, C = activity in Curie, Eν =photon energy of gamma ray (MeV), fν = fractional yield 

of the gamma ray having photon energy Eν                            
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The bare dose rate may be too high to permit handling the irradiated sample. To reduce the 

dose rate to acceptable limit, a suitable shielding material is used. The shielded dose rate D

(mR/hr) at a distance of 1 foot is given as, 

       5 5 7 4 ( , )xD C E f e B E x− μ
ν ν ν

ν

= μ∑                    (5.5.2)   

Where, μ = attenuation coefficient for gamma radiation, x =shield thickness 
            ( , )B E xν μ = Build-up factor 1  

Gamma- Ray Exposure Buildup factors ( , )B E xν μ  for a point isotropic source in case of lead 

as shielding material are given in Table-10[12]. Tenth value layer calculated for lead, 

Concrete and iron are given in Table-11. 

Table-10 Gamma- Ray Exposure Buildup factors for lead 

Energy 
(MeV) 

xμ
1.0 2.0 4.0 7.0 10 15 

0.5 1.24 1.39 1.63 1.87 2.08 2.67 
1.0 1.38 1.68 2.18 2.80 3.40 4.20 
2.0 1.40 1.76 2.41 3.36 4.35 5.94 
3.0 1.36 1.71 2.42 3.35 4.82 7.18 
4.0 1.28 1.56 2.18 3.29 4.69 7.70 
6.0 1.19 1.40 1.87 2.97 4.69 9.53 
10.0 1.11 1.24 1.54 2.27 3.54 7.70 

 

Table-11 Tenth Value Layers for Gamma rays at varying energies for various materials 

Energy 
(MeV) 

LEAD 
(Density= 
11.35g/cc) 

IRON 
(Density= 
7.86g/cc) 

CONCRETE 
(Density= 
2.35g/cc) 

 TVL(cm) HVL(cm) HVL(cm) 
0.3 0.4 2.2 3.5 
0.5 0.9 2.1 3.2 
1.0 1.6 2.4 3.2 
1.5 1.9 2.6 3.3 
2.0 2.1 2.7 3.4 
2.5 2.1 2.7 3.4 
3.0 2.1 2.7 3.4 
3.5 2.1 2.7 3.4 
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5.5.1 Dose rate due to capsule activity 

In the process of irradiation of samples the capsule which is made of Aluminium also gets 

irradiated and some activity is developed in the capsule. Irradiation of Aluminium (Al27) with 

neutron flux generates Na24 by (n, α) reaction*. Na24 being a hard gamma emitter it also 

contributes to the total dose rate. The bare Dose rate at one foot due to capsule activity is 

given by the equation                              

   0
0

(1 )i ct tD D e e
φ
φ

−λ −λ= −                                                (1.5.3) 

Where,  λ = decay constant of Na24, 

              φ = neutron flux at which sample is being irradiated, 

              it = irradiation time, 

              ct = cooling time and 

             0D = saturation dose rate at 1 foot due to irradiation at flux 0φ . 

*In its irradiation, Al28 is also produced. As half life of Al28 is only 2.8 min., for all practical 

purposes its contribution to dose rate may be neglected. An irradiated sample sees more than 

30 min. of radioactive cooling before being loaded into the lead flask. Thus, the activity from 

Al28 at the time of loading in the flask will be negligible. 

6.0 Reactor operation and utilization 

After attaining its first criticality Dhruva has been operating for more than 25 years with an 

availability factor of about 80%. Table-12 gives an overview of radio isotopes produced in 

Dhruva[3]. 
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Table-12 Radioisotopes Produced in Dhruva 

Radionuclide 
produced 

Target and the reaction Amount and 
frequency 

Application 

99Mo Natural MoO3 
98Mo(n,γ)99Mo 

1-1.3 TBq 
(30-40 Ci)/ wk 

Medicine; 99mTc is obtained 
from 99Mo-99mTc generator 

131I Natural TeO2 
130Te(n,γ)131Te(β-)131I 

0.7-1TBq 
(20-30 Ci)/ wk 

Medicine; for management of 
thyroid disorders 

32P Natural Sulphur 
32S(n,p)32P 

1.11GBq(3Ci)/15d  Medicine-therapy 
Agriculture, Molecular 
Biology  

153Sm Natural Sm2O3 
152Sm(n,γ)153Sm 

222GBq(6Ci)/ 
month 

Medicine-therapy  

177Lu Enriched 176Lu(n,γ)177Lu 222GBq (6Ci)/ 
month 

Medicine-therapy 

125I Natural Xenon 
124Xe(n,γ)125Xe (EC)125I 

18.5GBq   (500 mCi)   
bi-monthly 

Brachytherapy and 
Radiometric assays 

45Ca Nat.CaCO3
44Ca(n,γ)45Ca As required Research 

35S Nat. KCl  35Cl(n,p)35S As required Research 
203Hg Natural target 

202Hg(n,γ)203Hg 
As required Industry-radiotracer 

82Br Natural NH4Br 
81Br(n,γ)82Br 

55.5GBq(mCi) 
as required 

Industry-radiotracer 

46Sc Natural Sc2O3 
45Sc(n,γ)46Sc 

As per the 
reuqirement 

Industry-radiotracer  

140La Natural target 
139La(n,γ)140La 

As per the 
requirement 

Industry-radiotracer 

60Co Natural Cobalt 
59Co(n,γ)60Co 

Long irradiation; as 
required 

Industry-radiography, 
radiation source  

192Ir Natural Iridium 
191Ir(n,γ)192Ir 

37TBq/ wk Industrial Radiography 

115Cd Natural target 
114Cd(n,γ)115Cd 

As required Research 

115mCd 114Cd(n,γ)115mCd As required Research 
65Zn 64Zn(n,γ)65Zn As required Research 

85+89Sr 84+88Sr(n,γ)85+89Sr As required Research 
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7.0 Future prospects/plans for isotope production 

There are various plans of augmentation of isotope production in Dhruva and in proposed 

new research reactors viz modified 2 MW Apsara and 30 MW HFRR. Following gives the 

salient points about future plans of enhancing isotope production in Indian research reactors. 

 

7.1 Fission molybdenum production in Dhruva 

Technetium-99m, the daughter product of Molybdenum-99 (Mo99), is the most commonly 

utilized medical radioisotope in the world. Tc99m (half life=6 hrs) is very much suited for 

medical diagnostic applications because of its soft gamma (140-keV).  Mo99     (half life 67 

hrs) the parent isotope of Tc99m can be produced in two ways. First way to produce it is by 

irradiating natural molybdenum in the reactor. Basically Mo99 is produced after Mo98 

undergoes (n,γ) reaction. However, the specific activity of Mo99 is very low because of low 

neutron capture cross section of Mo-98 and only 24% natural abundance.  Since fission yield 

of Mo99 is around 6%, nuclear fission method is the other way to produce Mo99. By this route 

one can produce Mo99 of very high specific activity.  

A preliminary analysis for production of fission moly in Dhruva reactor has been. LEU-Al 

alloy has been considered as a target material for this purpose. The enrichment of U-235 has 

been assumed to be 20%. Fuel position has been considered for placing the target for 

irradiation. Total of two targets have been assumed to be loaded at fuel position.  

Total Mo-99 activities developed after one and two weeks of irradiation at 60 MW 350 and 

425 curies respectively. Total uranium loading in both targets is about 33.5 gm. The amount 

of aluminium is limited to 200 gm. LEU foil and aluminium clad thicknesses are assumed to 

be 300 and 500 micrometer respectively. 

 

7.2 Commissioning of self serve facility in Dhruva 

In Dhruva there is a provision of self serve facility in upper through tube of the reactor. 

Efforts are underway to commission the facility. In all there will be 5 positions with 

maximum thermal fluxes of the order of 1013 n/cm2/sec. 

 

7.3  2 MW upgraded Apsara core 

The upgraded 2 MW modified Apsara[13] reactor will include all the features of old Apsara 

reactor as well as enhanced thermal and fast neutron flux levels. It is designed to produce 

high specific activity radioisotopes (similar to the Cirus Reactor) to meet the projected 

requirements of various isotopes. The reactor will be loaded with low enriched uranium 
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Appendix-1  

Heating in Cobalt sample 

1. Heating in Cobalt sample due to capture gamma 

A cylindrical pin of Cobalt sample of mass 6 gm & dimension 6mm dia x 25mm height. Lets 

assume energy of gamma due to neutron capture is 8 MeV. Capture cross section for Co is 37 

barns.  

Reaction rate  

Here, N : Number of Co nuclides  

          σ : Microscopic capture cross section 

          ƒ : Flux depression factor for Cobalt, calculated value is 0.45 

          φ : Thermal neutron flux, calculated value is 1.8 x 1014 n/cm2/sec 

For 1 gm Cobalt Reaction Rate : 0.6023 10 37 10 0.45 1.8 10  

                                                      = 3.06 x 1013 captures/sec 

Capture gamma heating: A
0 0 0 1H = C E R(  + )a 1

μ
ψ ψ

μ
 

C0 = 1.6 × 10-13 (WS/Mev) a conversion factor  

                1 0.65a =  

                E0 = average energy of photons (MeV), i.e  8 MeV 

                R = Capture reaction rate 

                Aμ = energy deposition coefficient for energy E0 (cm-1) , For Co it is 0.2 cm-1   

                μ   = total linear attenuation coefficient (cm-1), For Co it is 0.319 cm-1 

 For cylindrical sample of radius R, ψ0 and ψ1 are given as 

{ } { }0 1 1 0 0 1 1 0 1 1 0
2 11 - R 2 R K ( R)I ( R)+K ( R)I ( R) -2+ ( R)I ( R) -K ( R)I ( R)+K ( R)I ( R)
3 R

K
⎡ ⎤

ψ = μ μ μ μ μ μ μ μ μ μ μ μ⎢ ⎥μ⎣ ⎦
 

         1 11 - 2I ( R).K ( R)1ψ = μ μ         



40 
 

0.1219 

0.0124 

 

 
 

2. Heating in Cobalt sample due to β- absorption 

Energy of Beta particle emitted in Co60 decay is Eβ= 0.318 MeV 

  = .  =0.106 MeV 

	 	 	 	 3.7 10 1.6 10 	 / 	 

Where C is specific activity of Cobalt 

 

 

3. Heating due to decay gamma 

Co60 gives two decay gammas of energy 1.17 and 1.33 MeV 

Total Decay gamma energy : 2.5 MeV 

Heating due to decay gamma in a cylinder of infinite length 	     w/gm 

Where C0 = Conversion factor ,1.603 x 10-13 

            Eγ = Decay gamma energy , 2.5 MeV 

            S = C x 3.7 x 1010 photon/sec/gm 

            µa = energy deposition coefficient for energy Eγ , For Co it is 0.2206 cm-1   

            µ = = total linear attenuation coefficient (cm-1), For Co it is 0.4654 cm-1 

            R = radius of cylinder, here it is 0.3 cm   
            	

0.3432 
 

 

4. Core Gamma & Fast neutron heating 
It is about 475 mw/gm 

Capture Gamma Heating H = 3.19 w/gm 

0.63 /  

2.4 /⁄  






