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ABSTRACT 

 

Radioactivity measurement using CdZnTe detector and dose measurement using 

teletector were done at several locations of primary heat transport (PHT) system of the 

Tarapur Atomic Power Station-III & IV reactor during shut down as well as operating 

condition of the reactors.  The detector efficiency for the required counting geometry was 

simulated using MCNP code. Using this simulated efficiency and the experimental count 

rate (cps), the activity concentrations (Bq/mL) of different radionuclides in coolant water 

were calculated. The dose rates for the counted locations were also simulated using 

Monte Carlo code and it matched well with the experimentally obtained dose rate.  

 

Keywords: PHT pipeline, MCNP code, efficiency, CdZnTe detector, gamma ray  
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1. INTRODUCTION 

Most of the operating nuclear power plants in India are Pressurized Heavy Water Reactor 

(PHWR) type. In this type of reactor, associated with the reactor vessel is a piping system 

through which the reactor coolant (D2O) is pumped. The primary coolant removes heat 

from the core, moderates the core, and transfers the heat to the steam generators [1]. As a 

part of radiological surveillance in nuclear power plant, presence of different radioactive 

nuclides has been observed. Fission products and activation products find their way into 

the coolant water by different ways and their activity concentration determination is also 

very important. 

1.1 Activation products in reactor coolant  

The primary coolant water used in the reactor is highly pure but still it contains some 

amount of trace level impurities. When the coolant water flows through the reactor core 

region, these impurities and the coolant itself get activated and produce nuclides like 

24Na, 32P, 38Cl, 3H, 18F etc. Major water and impurity activation products in reactor 

coolant are shown in table 1. As the residence time of the coolant in the reactor core 

region is very small, the production rates of these activation species depend on the 

concentrations of their parent targets in water.  

Activation products (60Co, 124Sb, 95Zr, 54Mn etc.) in coolant water may also come by the 

activation of corrosion products of structural materials. The formation route of these 

nuclides are shown below  

             54Fe (n, p) 54Mn            59Co (n, γ) 60Co        94Zr (n, γ) 95Zr     123Sb (n, γ) 124Sb 
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Corrosion/erosion products of structural materials when deposited on the fuel surfaces, 

they become activated by the neutron flux in the core. The structural materials in the core 

also contribute to the formation of activation products. 

1.2 Fission products in reactor coolant  

Defective fuel rods in the reactor core contribute to presence of fission product activities 

in coolant water. The magnitude and composition of the released fission products depend 

on the size of the defect and the number of defective fuel rods in the core. Even though 

the reactor core may contain no defective fuel, natural uranium contamination of core 

construction materials and Zircaloy cladding, as well as enriched uranium contamination 

of the external cladding surfaces, could be the source of fission products in the coolant 

during power operations.  

1.3 Need of radioactivity concentration determination in coolant water 

Radioactive fission and activation products in the coolant water are responsible for the 

exposure to the plant personnel during the operating and shut down period of a nuclear 

power plant. Identification and quantitation of the radionuclides present in the work 

environment is an important part of radiological surveillance in the nuclear power plant 

[2]. Measurement of radionuclides concentration in the coolant water is also important to 

confirm the integrity of the fuel assemblies. In PHWRs, the level of I-131 activity 

concentration is measured to estimate the number of fuel failures, and the ratio of I-131/I-

133 is measured to characterize the type of defect. Cs-134 and Cs-137 activities 

measurement in the reactor coolant may be used as an indicator of the exposure of a 

failed fuel rod from which the fission products are released. The release rates of the 
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different noble gases like Kr-87 and Xe-135 from reactor core to the coolant channel 

have also been commonly used to characterize the type and magnitude of fuel failures. It 

is therefore important to develop online systems which can detect and measure the 

concentration of radionuclides at several places in the primary heat transport system of a 

nuclear power plant.  

 

1.4 Online radioactivity monitoring 

Estimation of different radionuclides responsible for the observed doses in the reactor is 

required to find the contribution of individual γ ray energy to the collective dose received 

by radiation workers. This can be done by on line radioactivity monitoring. It is a 

challenging task as it is done in places with difficult accessibility and high dose rates. The 

gamma ray spectrum in coolant channel is very complex due to presence of different kind 

of activation and fission products. Proper analysis of the spectra needs a detector with 

good resolution. HPGe detector is having a resolution of ~ 2 keV at 1332 keV and is 

routinely used for non destructive assay of different Radioanalytical samples. There are 

several reports on the measurement of radionuclide concentrations [3-6] in reactor 

employing HPGe detectors. In spite of having excellent energy resolution, these detectors 

need continuous cooling while operating. So it results in a bulky device, difficult to work 

with in the reactor environment. There is an increasing need to use a portable device with 

integrated monitoring system for application needing online monitoring of gamma rays. 

CdTe and CdZnTe detectors are particularly suitable for this purpose because of their 

small size, good energy resolution (~ 20 keV at 1332 keV). The biggest advantage of 

these detectors is that they can be operated in room temperature [7, 8] condition within 



 4

the reactor environment. These detectors are commonly used for many safeguard 

measurements [9-11].   

Online gamma spectrometric measurement of radioactivity in different parts of coolant 

channels in nuclear power reactors often posses the problem of detector efficiency 

calibration as experimental duplication of the source geometry in the laboratory may not 

always be possible. Without the detector efficiency, the activity of the radionuclides 

responsible for the observed doses can not be quantified. It would therefore be convenient 

to apply a simulation method (such as the Monte Carlo method), to calculate the detector 

efficiency for this kind of situation. This method of efficiency calibration has been widely 

used e.g. for hold up measurement of 235U in pipe [12] and estimation of internal 

contamination of coolant and moderator channels [13]. However there is not enough 

literature on such online measurements using CdZnTe detector. 

 

1.5 Present Work 

In the present work, online radioactivity measurements were done at several parts of 

coolant channels of Tarapur Atomic Power Station (TAPS) –III & IV reactors, which are 

PHWR of 540 MWe capacity each. Measurements were done during shut down as well 

as operating period of the reactor using a portable CdZnTe detector coupled to a 4k MCA 

device. Dose rate monitoring at those locations were also done using a teletector. The 

MCNP code [14] was used to optimize the geometry of the CdZnTe detector, so as to 

reproduce the experimental efficiency of a point and a liquid standard 152Eu source. The 

efficiency of the detector having optimized geometrical details for the counting geometry 

was calculated using MCNP code. The simulated efficiency values were used to calculate 
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the activity concentration for different radionuclides and the total dose rates at those 

locations in the coolant channels. The computed dose rates were compared with the 

measured one for individual location.  

 

2. EXPERIMENTAL 

In the present work, the experiments involved can be described in two different parts. 

2.1 Experiments for detector efficiency calibration 

To obtain any quantitative data from gamma spectrometric measurement, the efficiency 

of the detector is the first requirement. To calibrate the efficiency of the CdZnTe detector, 

a standard point as well as a 100 ml liquid 152Eu source was used. The 100 ml liquid 

source was contained in a glass bottle of 2.5 cm radius, having a wall thickness of 0.3 cm. 

Both the types of sources were counted separately in room temperature condition for 

about ~ 15000 sec. The point source was counted at 5 cm distance from the surface of the 

detector casing, while the liquid source was counted in touching configuration with the 

detector. The detector was coupled to a portable 4k multi channel analyzer and had a 

resolution of ~20 keV at 1332 keV.  

 

2.2 Experiments with the coolant channels in the reactor environment 

Online radioactivity measurement at several places of the primary heat transport system 

of TAPS –III & IV reactor was carried out using the same CdZnTe detector. The detector 

was coupled to a portable 4k MCA device. The gamma ray spectrum obtained in reactor 

operating and shut down condition show presence of different kinds of radionuclides. In 

order to differentiate the radionuclide responsible for the observed doses, gamma 
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spectrometric measurements were carried out both during the shut down and operating 

condition of the reactor. In all the counting, the detector was placed directly on the outer 

surface of the pipelines in coolant channels. In Figure 1 the schematic diagram of the 

geometrical arrangement of a pipeline and the detector used in the present work is shown. 

Most of the locations in coolant channel, where counting was done, had difficult counting 

condition due to large interference from neighboring pipe lines. The figure 2 shows one 

such case where the middle pipe line was chosen for radioactivity measurement. As 

shown in the figure, the two parallel pipes on both sides were shielded by a lead mat to 

reduce the background interference. Some of the locations had such a geometrical 

condition that there was no place to keep the detector on the table top while counting and 

was needed to be hold by some personnel during the whole counting period. In those 

cases the counting time was done for less time to reduce the personal exposure. 

Determination of activity concentration in the places chosen for radioactivity monitoring 

were possible since i) the efficiency of the detector for the counting condition could be 

computed as the geometrical details of the pipeline involved, were available ii) the count 

rate monitored by the detector was mainly due to the source pipe line only because 

background contribution of radiation from the neighboring pipelines could be minimized 

using lead mat. The counting time and the shielding of the detector were optimized 

depending upon the count rate and geometrical convenience in the location. A bare 

detector was used for the places having low count rate to minimize the data acquisition 

time. For the locations with high count rates, the detector was surrounded by a 1cm thick 

lead shield and placed at the surface of the concerned pipeline. In the locations with high 

background interference, the possible contributing areas were covered with a lead mat 
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while counting. Depending upon the count rate, the data acquisition time varied from 15 

to 30 minutes. Dose rate measurement using a teletector under the identical condition of 

the detector was also measured in all the locations. When counting was done with the 

shielded detector, the corresponding dose rate was also measured using the lead shield 

around the teletector, so that the experimental dose rate can be compared with the dose 

rate computed from the measured activity. 

 

3. CALCULATIONS 

The calculations were performed in three stages. 

3.1. Calculation of efficiency for standard point and liquid source 

Computed efficiency of a detector should be comparable to the corresponding 

experimental efficiency. In order to reproduce the experimental efficiency of the detector 

for the 152Eu point and 100 ml liquid source, MCNP calculation were carried out using 

the dimension of the CdZnTe crystal and casing specifications obtained from the detector 

manual supplied by the manufacturer.152Eu gamma ray energies with appropriate 

abundances were given as input to the calculations, along with the source configuration, 

material specifications and source-detector distance. It was found that the calculated 

efficiency for the standard point and liquid 152Eu source with the manufacturer supplied 

detector dimensions was much higher than the experimentally observed efficiencies. 

Such discrepancy in the experimental and calculated efficiencies has been cited in the 

literature [10]. This case is true for HPGe detector also. So, efficiencies of the detector 

were calculated by changing different geometrical parameters of the CdZnTe crystal and 

subsequently compared with the experimental efficiencies i.e. the detector dimension was 
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optimized to reproduce the experimental efficiency. The manufacturer supplied detector 

geometry specification and the optimized geometrical details of the detector are given in 

table 2 & the schematic representation of the CdZnTe detector housing details are shown 

in figure 3. Table 3 gives the calculated efficiency for the optimized detector geometry 

along with the experimental efficiencies for the standard point and the liquid 100 ml 

152Eu source. It is seen that for the optimized detector dimension, the calculated and the 

experimental efficiencies showed reasonably good matching for both the types of 

sources. This optimized detector dimension was used for further calculations. 

 

3.2 Calculation of activity concentrations at different gamma ray energies for 

coolant pipe as source 

3.2. a. Calculation of count rate 

The gamma ray spectra obtained from online radioactivity measurement by CdZnTe 

detector was analyzed using the PHAST [15] software to obtain the peak area 

corresponding to each gamma ray energy. The peak area for individual gamma ray 

energies was divided by the corresponding counting time to get the counts per second 

(cps) for respective γ ray energies. Wherever applicable, the background contribution in 

the count rate was also corrected. The background corrected cps thus obtained, was 

further used to get the required quantitative information on the activity concentration 

(Bq/mL) and the dose rate. Assuming the radioactivity being homogeneously distributed 

in the coolant matrix, the activity concentration (A) in Bq/ml for each radionuclide at 

individual γ ray energy is obtained using the following equation 

                                                        
cps

A
a V 

                                                                (1) 
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where, cps is the measured counts per second, aγ is the abundance of individual γ ray 

energy,  εγ is the MCNP computed efficiency of the detector at a particular γ ray energy 

and V is the source volume in ml.  

 

3.2. b. Calculation of detector efficiency and optimization of source volume 

The efficiency of the CdZnTe detector for the counting condition with the coolant pipes 

was simulated using MCNP code. Efficiency simulation by MCNP code requires exact 

information about the source and detector configuration. Slight variation in the 

geometrical details may cause substantial error in the simulated values. Better is the 

accuracy in the given geometrical details, better will be the reproduction of experimental 

efficiency. For this, exact optimized geometry (as shown in figure 3) of the detector, the 

dimension and thickness of the pipes were given as an input for the MCNP calculations. 

The exact densities of all the materials like steel, D2O, CdZnTe etc and the observed γ ray 

energies with appropriate abundances were also given for better result.  

The coolant pipeline with D2O as the inside matrix can be considered to be a 

homogeneous cylindrical source of infinite length and a finite wall thickness. Efficiency 

simulation for a source of infinite length is not possible. So, the detector efficiency for 

such a source was simulated for different lengths of the pipeline. It was observed that the 

calculated detector efficiency values continuously decreased with increasing extension of 

the source. So it becomes difficult to obtain a reliable estimate of the activity 

concentration (Bq/mL) of the source from the observed count rate (cps) using eq. 1. This 

is due to the fact that, with increasing pipe length, the source photon is distributed over a 

larger volume so that its probability of reaching the detector decreases. So, for a given 
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count rate obtained in the detector, the calculated activity (Bq) will increase with 

increasing pipe length. However the activity corrected for the source volume i.e. activity 

concentration in Bq/ml was found to decrease with the increase in pipe length, eventually 

leveling off at a constant value. It is important to mention that results obtained by MCNP 

simulation are obtained as normalized to per photon generated in the entire source 

volume. 

The trend of activity concentration with different lengths of pipe line is shown in figure 4 

(a), (b), (c) for three different locations for which calculations were performed. The initial 

decrease in activity concentration is due to the contribution of a larger source volume to 

the actual count rate than the considered source volume. The pipe length at which the 

activity concentration becomes constant corresponds to the effective pipe length which 

actually contributes to the count rate at the detector. Depending upon the pipe dimensions 

and the measurement condition i.e. whether shielded or bare detector was used, the 

effective pipe length changes. For bare detector case, more the diameter of the pipe line 

more will be the effective pipe length. This can be understood from the figure 5. For 

shielded detector case no such correlation can be drawn. Table 4 gives the details of the 

dimensions of the pipes, calculated effective length and the counting conditions for 

different locations. It is to be noted that location 2 & 3 corresponds to the same pipe line 

but measured in reactor operating and shut down condition respectively. The source 

volume considered for calculation of activity concentrations corresponds to the 

cylindrical source of effective pipe length with D2O as the inside matrix.  
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3.2. c. Type of source distribution 

The source distribution in the coolant matrix is not exactly known. The radioactivity 

monitored by the detector may be either due to homogeneous distribution of different 

radionuclides in the D2O matrix or it may be due to deposition of the radionuclides in the 

inner wall of the pipeline. These two types of source distributions are shown 

schematically in figure. In order to verify whether this difference in the distribution of 

radionuclides can make a significant difference in the efficiency calculation, both the 

source distributions for a particular pipeline were considered separately and efficiencies 

were calculated. The simulated detector efficiency values at the effective pipe length for 

these two kinds of source distributions for location 1 are shown in figure 6. It is seen that 

there is a significant difference in efficiency values at lower pipe lengths, whereas the 

two efficiencies do not differ appreciably at the effective pipe length. Hence for 

simplification, the efficiency of the detector for their respective effective length, 

computed by homogeneously distributing the source within the D2O matrix, was used for 

further calculations.  

3.2. d. Calculation of total dose rate 

It is already mentioned that MCNP results obtained are normalized to per photon 

generated within the source volume. In the present case, the dose rate per photon (dp) at 

the pipe surface for individual monitored gamma ray was calculated separately. Separate 

dose rate calculation for each gamma ray was carried out to take care of the dose rate due 

to photo peak as well as the full Compton background for individual gamma energy. The 

dose rate per photon of each gamma ray was then corrected for the detector efficiency at 

that energy and the corresponding measured count rate to obtain the contribution (dγ) of 
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each γ ray to the total dose rate. The conversion relation can be understood better from 

the following equation 

                                            p

cps
d d


                                                                             (2) 

The total dose rate for each location was obtained by summing the dose contribution of 

individual γ ray observed in the acquired spectrum.  

 

 

4.  RESULTS AND DISCUSSION 

4.1 Spectral difference 

In the present work radioactivity measurements were carried out in reactor operating as 

well as shut down condition. The gamma ray spectra acquired during these two separate 

conditions are very from different from one another. In general, during shut down 

condition only the long lived fission and activation products are seen while during reactor 

operating condition the shorter lived radionuclides (t1/2 ~ hr) are the major one. The 

radionuclides observed in shut down condition depends on the time since the reactor has 

been shut down. If immediately after the shut down, radioactivity monitoring is done, 

then some radionuclide with t ½ ~ 4-5 hr may also be observed. Figure 7 and 8 shows the 

experimental gamma ray spectra obtained using the CdZnTe detector at two different 

locations corresponding to the reactor shut down and the operating conditions 

respectively. The figure 7 shows the presence of long lived fission products such as 140Ba, 

131I, 137Cs and activation product 124Sb. Correspondingly, the figure 8 shows the presence 

of shorter lived fission products like 135Xe, 134I, 138Cs and 41Ar. Different radionuclides 
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observed in reactor shut down and operating condition along with their half lives are 

given in table 5 and 6 respectively. 

 

4.2 Activity Concentration and Dose rate 

The observed cps for the respective γ rays of different radionuclides are given in Table 7, 

8, 9 and 10 for four different locations.  The cps obtained by PHAST analysis was then 

corrected for corresponding γ ray abundances, the respective calculated efficiency values 

and the source volume to get activity concentration (eq. 1) in Bq/ml as given in the tables. 

The percentage error on activity concentrations are also given in the tables which is 

essentially the error due to counting statistics.  The dose rates computed from the 

experimental cps for individual γ rays are also included in the tables. 

 The data given in table 7 correspond to location 1, acquired in the reactor shut down 

condition and mostly shows the presence of long lived activation and fission products 

activities. As seen from the table, the activity concentrations of 140Ba obtained from three 

widely different γ ray (328.8, 487.0 and 1596.5 keV) energies are comparable, indicating 

the validity of the efficiency calculation. This table also shows that the activity 

concentration of 124Sb calculated at two widely different gamma ray energies (602.9 and 

1691.0 keV) are not comparable. This is due to the contribution of other radionuclides 

like 125Sb (600.6 keV) and 134Csg (604.7 keV) to the 602.9 keV gamma ray peak leading 

to its higher activity concentration. However, this contamination in the 602.9 keV does 

not affect the computed dose rate as it depends on the measured count rate and the 

detector efficiency at that gamma ray energy. It is seen that the major contribution (~ 
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80%) to the total dose rate is due to the 602.7 keV, 661 keV, 1596.5 keV and 1691.0 keV 

γ ray.  

The data given in table 8 corresponding to location 2 was acquired in the reactor 

operating condition and mostly shows the presence of shorter lived fission products 

activities. In reactor operating condition the acquired spectrum become very complex, so 

spectral analysis as well as comparison of activity concentration becomes difficult. As 

seen from this table, the activity concentration of 138Cs obtained from 3 different γ rays 

(462.8, 1009.8 and 1435.9 keV) and that of 132Te at 667.0 keV and 772.6 keV γ ray are 

comparable, which again validates the calculation procedure. The activity concentration 

of 134I obtained from 595.4 keV, 847.0 keV, 884.1 keV are comparable but differ from 

that obtained at 405.5 keV γ ray. This can be explained by the fact that 87Kr is having a γ 

ray at 402.6keV with 49.6% abundance and contributes to the peak area of 405.5keV 

peak resulting in higher activity concentration of 134I. In this case the major contributor (~ 

60%) to total dose rate are the γ rays at 847.0 keV, 884.1 keV, 1293.7 keV and 1435.9 

keV.  

The data given in table 9 and 10 corresponds to the same location but measured in reactor 

operating and shut down condition respectively. From these two tables, the difference in 

the presence of radionuclide and their activity concentration can be seen clearly in these 

two conditions. While table 9 is showing shorter lived activities like 135Xe, 41Ar as well 

as longer lived activities like 124Sb and 140Ba, table 10 is showing presence of only longer 

lived activities. Table 9 shows the activity concentration of 138Cs obtained from two 

different γ ray energies (1009.8 and 1435.9 keV) are quite close. The peak at 463 keV 

can have contribution from 138Cs (462.8 keV) and 125Sb (463.4 keV). Thus the activity 



 15

concentration 125Sb calculated from this peak is not comparable to that calculated from 

427.9 keV. The activity concentration of 140Ba at (328.8, 487.0 and 1596.5 keV) energies 

are comparable, again validating the calculation. In this case the γ ray energies which are 

major contributor (~ 80%) to dose are the one at 249.8 keV, 526.6 keV, 1293.7 keV, 

1435.9 keV and 1596.5 keV. From table 10 it is seen that the activity concentration of 

125Sb obtained from 4 different gamma rays at 176.3 keV, 427.9 keV, 463.4 keV and 

635.9 keV are nearly same. Activity concentration of 124Sb at 602 keV and 1691 keV can 

not be compared due to contribution of 125Sb to the 602 keV peak. Here the major 

contributors to dose rate are the gamma rays at 602 keV, 1597 keV and 1691 keV. 

Similarly calculations were performed for other two locations.  

The measured and the calculated total dose rates in Sv/hr for different counting 

locations are given in table 11. As seen from the table the calculated dose rates are upto 

20% higher than the measured total dose rates. This can be attributed to the uncertainty in 

the measured dose rate by the teletector and error in the effective pipe length selection for 

calculations. The effective pipe length may also vary depending upon the energy of the γ 

ray, which was not considered for the present calculations. The results show that the 

simulation procedure based on Monte Carlo code combined with activity measurement 

by CdZnTe detector can be used to obtain quantitative informations regarding the 

radionuclides and the γ ray energies that contribute to the observed dose rate. 
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5.  CONCLUSION 

This study shows that MCNP is a very important tool to obtain any quantitative 

information from the online activity measurement in a nuclear power plant. It can be 

reliably used to get efficiency of counting geometries which are difficult to reproduce in 

laboratory. But to obtain a good estimate of radioactivity concentration using MCNP, 

finer details of source-detector geometry is a must. The code can also be used effectively 

to obtain dose rates from the measured activities of the radionuclides.  
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Table 1.  Major water and impurity activation products in reactor coolant 

Nuclide Half Life Reaction Natural Isotopic 
Abundance (%) 

3H 12.3 y 2H(n,α)3H 0.015 

    6Li(n,α)3H 7.5 

    10B(n,2α)3H — 

    10B(n,α)7Li — 

    235U(n,f)3H — 
14C 5730 y 13C(n,γ)14C 1.11 

    14N(n,p)14C 99.63 

    17O(n,α)14C 0.038 
15C 2.45 s 18O(n,α)15C 0.204 
13N 9.97 m 16O(p,α)13N 99.76 
16N 7.13 s 16O(n,p)16N 99.76 
19O 26.9 s 18O(n,γ)19O 0.204 
18F 1.83 h 18O(p,n)18F 0.204 

24Na 14.96 h 23Na(n,γ)24N 100 
32P 14.28 d 31P(n,γ)32P 100 

    32S(n,p)32P 95 
38Cl 37.2 m 37Cl(n,γ)38Cl 24.23 
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Table 2. Geometrical details of CdZnTe detector used for radioactivity 

measurement. 

  

Geometrical 

details from 

Manual 

Optimized 

geometrical 

details  

Thickness of front 
Al casing (cm) 0.1 0.1 

Outer radius of side 
Al casing (cm) 1.2 1.2 
Length of front 
Vacuum (cm) 0.6 0.6 

Detector Crystal 
dimension (cm3) 1 x 1 x 0.5 1 x 1 x 0.35 
Length of total 

detector housing 
(cm) 3.3 3.3 
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Table 3. Calculated and experimental efficiencies of the CdZnTe detector having the 

optimized geometry for the standard point and the voluminous liquid 152Eu source. 

  
152Eu  ray 

energy 

(keV) 

Point Source Liquid Source 

Calculated 

Efficiency

Experimental 

Efficiency 

Calculated 

Efficiency

Experimental 

Efficiency 

121.8 2.2 x 10-3 2.2 x 10-3 3.4 x 10-3 3.6 x 10-3 

244.7 6.4 x 10-4 6.3 x 10-4 1.1 x 10-3 1.2 x 10-3 

344.3 3.0 x 10-4 3.0 x 10-4 5.4 x 10-4 6.1 x 10-4 

778.9 5.3 x 10-5 4.4 x 10-5 9.8 x 10-5 9.9 x 10-5 

964.0 3.5 x 10-5 3.3 x 10-5 7.2 x 10-5 6.5 x 10-5 

1408.0 1.7 x 10-5 1.8 x 10-5 3.8 x 10-5 3.5 x 10-5 
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Table 4. Dimensions of pipe, Effective length and counting condition of the detector 

for different locations. 

Location 

Inner radius 

(cm) 

Thickness 

(cm) 

Effective pipe 

length (cm) 

Counting Condition 

of detector 

1 4.5 0.57 24 Open  

2 1.25 0.29 15 Open  

3 5 0.71 20 Shielded 

4 5 0.71 20 Shielded 

5 2.5 0.39 12 Shielded 

6 7.5 1.00 20 Shielded 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 22

 

Table 5. Major radionuclides observed in reactor shut down condition 

Nuclides Half life 
95Zr 64.03d 

124Sb 60.2d 
125Sb 2.73y 

131I 8.02d 
137Cs 30.14y 
134Cs 2.06y 
140Ba 12.75d 

 

 

 

Table 6. Major radionuclides observed in reactor operating condition 

Nuclides Half life
41Ar 1.83hr 

132Te 3.26d 
134I 52.6m 

135Xe 9.08hr 
138Cs 32.2m 
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Table 7. Experimental count rates, calculated activity concentration and dose rates 

for different radionuclides present in location 1. 

Nuclide 

Energy 

(keV) 

Experimental 

CPS 

Activity Conc. 

(Bq/mL) 

% Error 

Act Conc. 

Dose 

(Sv/hr) 

140Ba 328.8 3.3 139.6 6.3 0.8 
131I 364.5 4.0 58.1 6.1 1.1 

125Sb   427.9 2.5 139.9 9.2 1.0 
140Ba   487.0 3.6 140.2 3.9 1.9 
124Sb  602.7 6.3 198.3 2.6 5.8 
137Cs  661.6 5.4 249.6 2.5 6.8 
134Cs  795.8 1.2 66.9 3.3 2.1 
140Ba  1596.5 1.4 122.6 3.8 8.7 
124Sb   1691.0 0.5 129.5 4.3 4.3 
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Table 8. Experimental count rates, calculated activity concentration and dose rates 

for different radionuclides present in location 2. 

Nuclide 

Energy 

(keV) 

Experimental 

CPS 

Activity Conc. 

(Bq/mL) 

% Error 

Act Conc. 

Dose 

(Sv/hr) 
135Xe 249.8 128.9 2914.9 1.6 16.5 

134I 405.5 12.1 8877.8 3.2 4.5 
138Cs 462.8 16.7 3703.4 2.1 7.9 

134I 595.4 4.5 4342.1 7.4 3.6 
134I 621.8 4.2 4580.8 6.3 3.8 

132Te 667.0 14.9 2046.1 3.3 16.9 
132Te 772.6 8.8 2055.7 3.4 15.5 

134I 847.0 20.6 4437.9 1.3 43.6 
134I 884.1 13.0 4351.7 1.7 30.1 

138Cs 1009.8 3.5 3084.8 3.8 10.8 
41Ar 1293.7 4.2 1581.6 2.9 23.1 

138Cs 1435.9 5.1 3327.8 1.4 40.2 
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Table 9.  Experimental count rates, calculated activity concentration and dose rates 

for different radionuclides present in location 3. 

Nuclide 

Energy 

(keV) 

Experimental 

CPS 

Activity Conc. 

(Bq/mL) 

% Error 

Act Conc. 

Dose 

(Sv/hr) 

135Xe 249.8 236.8 2735.4 1.7 30.4 
140Ba 328.8 4.8 314.8 12.2 1.1 

134I 405.5 6.2 1624.3 7.7 2.2 
125Sb 427.9 2.6 223.7 16.4 1.3 
125Sb 463.4 2.5 749.7 15.1 1.3 
140Ba 487.0 6.0 323.5 8.6 3.4 

135mXe 526.6 28.7 1220.5 1.7 20.6 
124Sb 602.7 5.8 254.9 3.5 5.7 
137Cs 661.6 4.6 245.6 7.0 5.1 
138Cs 1009.8 1.8 468.6 5.7 4.6 
41Ar 1293.7 3.9 462.0 3.0 18.7 
138Cs 1435.9 2.3 432.9 6.5 15.3 
140Ba 1596.5 2.6 353.8 4.4 19.7 
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Table 10.  Experimental count rates, calculated activity concentration and dose 

rates for different radionuclides present in location 4. 

Nuclide 

Energy 

(keV) 

Experimental 

CPS 

Activity Conc. 

(Bq/mL) 

% Error Act 

Conc. 

Dose 

(Sv/hr) 

125Sb 176.3 8.2 735.2 6.6 0.5 
125Sb 427.9 9.1 717.3 4.1 4.0 
125Sb 463.4 3.4 790.2 16.3 1.6 
140Ba 487.0 5.3 273.7 8.3 2.9 
124Sb 602.7 23.7 969.3 1.2 21.8 
125Sb 635.9 2.4 767.6 7.0 2.1 
137Cs 661.6 6.6 378.0 2.8 7.9 
95Zr 724.2 1.9 247.0 8.3 2.9 

95Zr+95Nb 765.0 1.4 107.1 7.8 3.0 
140Ba 1597.0 2.2 298.8 1.5 14.4 
124Sb 1691.0 2.4 911.1 1.6 21.0 
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Table 11. Comparison between measured and the calculated total dose rate at 

different location. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location 

Measured Dose 

rate (Sv/hr) 

Calculated Dose 

rate (Sv/hr) 

1 30 32.6 

2 200 239.7 

3 130 130.9 

4 70 82.1 

5 50 59.7 

6 200 234.2 



 28

                                                                 

                

Figure 1. The schematic diagram of the geometrical arrangement of a pipeline and 

the detector. 

 

 

 

 

                                

 

Figure 2. Schematic presentation of a location having difficult counting condition. 
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Figure 3. The geometrical details of CdZnTe detector housing. 
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Figure 4(a). Activity concentrations (Bq/mL) at different gamma ray energies as a 

function of length of the pipe for location 1. The arrow indicates the corresponding 

chosen effective pipe length. 
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Figure 4(b). Activity concentrations (Bq/mL) at different gamma ray energies as a 

function of length of the pipe for location 2. The arrow indicates the corresponding 

chosen effective pipe length. 
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Figure 4(c). Activity concentrations (Bq/mL) at different gamma ray energies as a 

function of length of the pipe for location 3  
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Figure 5. Variation of effective pipe length with diameter of pipe. 
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Figure 6. Comparison between efficiencies when activity is distributed in the matrix 

and deposited in the inner wall for effective length of a pipe.  
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Figure 7. Experimental spectra acquired by CdZnTe detector in location 1, showing 

presence of different radionuclides during reactor shut down condition. 
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Figure 8. Experimental spectra acquired by CdZnTe detector in location 2, showing 

presence of different radionuclides during reactor operating condition. 

 




