
VINATOM-AR--12-03 

 

The Annual Report for 2012, VINATOM 

 

29 

ESTABLISHING THE FUEL BURN-UP MEASURING SYSTEM  

FOR 106 IRRADIATED ASSEMBLIES OF DALAT REACTOR  

BY USING GAMMA SPECTROMETER METHOD 

Nguyen Minh Tuan, Phạm Quang Huy Tran Tri Vien, Trang Cao Su,                                                  

Tran Quoc Duong and Dang Tran Thai Nguyen 

Reactor Center, Nuclear Research Institute,Vietnam Atomic Energy Institute 

 

 

 

 

 

 

ABSTRACT: The fuel burn-up is an important parameter needed to be monitored and determined during a reactor 

operation and fuel management. The fuel burn-up can be calculated using computer codes and experimentally 

measured. This work presents the theory and experimental method applied to determine the burn-up of the 

irradiated and 36% enriched VVR-M2 fuel type assemblies of Dalat reactor. The method is based on 

measurement of Cs
137

 absolute specific activity using gamma spectrometer. Designed measuring system consists 

of a collimator tube, high purity Germanium detector (HPGe) and associated electronics modules and online 

computer data acquisition system. The obtained results of measurement are comparable with theoretically 

calculated results. 

INTRODUCTION 

The fuel burn-up is an important parameter needed to be monitored and determined in the 

operation and core management of a nuclear reactor in order to enhance safety, economic aspect 

and efficiency of the reactor use and exploitation. The fuel burn-up can be determined by theoretical 

calculations using computer codes and experimental measurements.  

Before converting to the use of LEU fuel with 19.75% enrichment, Dalat reactor has been 

used 36% enriched VVR-M2 fuel type of Russian from 1984 to 2011. For Dalat reactor, WIMS-

ANL computer code with ENDF 6.0 nuclear database library is used for fuel cell calculation and 

MCNP code combined with REBUS-PC code is used to calculate physics characteristics, core 

management and fuel reshuffle. The advantage of theoretical calculations is possibility of 

determining fuel burn-up at any moment. The experimental methods are additional methods used 

for verifying the calculation methods.      

In principle, there is a wide selection of experimental methods to measure the burn-up with 

different advantages and disadvantages. The experimental method with high accuracy is chemical 

separation, however this method requires sample destruction and installation of sophisticated and 

expensive facility for radiochemical separation. The nondestructive assay methods (NDA) applied 

in research reactors are the method of reactivity measurement and the method of gamma 

spectrometry. The method of gamma spectrometry allows determination of contents of fission and 

activation products in spent fuel. The method of gamma spectrometry is divided into 2 sub-methods 

which are method of absolute activity measurement and activity ratio measurement.     

To verify theoretical calculations, the experimental research on the burn-up measurement in 

Dalat reactor using gamma spectrometry has been carried out in period of 1999-2000, the results of 

Cs
137

 relative activity distribution measurement associated with average burn-up calculation derived 

from the integrated thermal power and result of measurement of Cs
134

/Cs
137

 activity ratio associated 
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with burn-up calculation using WIMSD code showed a good agreement between theoretical 

calculations and experimental measurements. 

During the implementation of HEU to LEU fuel conversion project, the irradiated VVR-M2 

fuel assemblies with 36% enrichment were stored and cooled in the spent fuel storage pool of Dalat 

reactor from 04/2011 to 06/2013 before they were returned to Russian according to a signed 

contract. Research on the burn-up measurement using gamma spectrometry was repeated in this 

period because of good conditions for experimental measurements.  

This work presents basic of experimental method and the results of burn-up measurement for 

the 106 irradiated fuel assemblies of Dalat reactor after more than 20 years of operation. The 

method is based on measurement of gamma-ray emitted from irradiated fuel assemblies and 

determination of Cs
137

 absolute specific activity. The designed measuring system consists of a 

collimator tube, high purity germanium detector (HPGe), associated electronics modules and online 

computer data acquisition system. The obtained results of measurement were comparable with 

results of calculation. 

I. THEORY 

I.1. VVR-M2 fuel type assembly 

The irradiated fuel assemblies of Dalat reactor are 36% enriched VVR-M2 fuel type 

assemblies which are composed of 3 aluminum-uranium alloy made coaxial tubes, the outer tube is 

hexagonal and 2 inner tubes is tubular. In each fuel assembly contains 40.2g of Uranium-235 with 

density of 1.4g/cm3 and nuclear concentration of 1.30312x10
21

 nuclides/cm
3
. The fuel meat 

thickness is 0.7mm and aluminum cladding thickness is 0.9mm. Total length of fuel assembly is 

865mm and length of fuel region is 600mm. Light water (H2O) is used as moderator and coolant 

which follows upward in fuel gaps by natural convection mode. The geometry parameters of VVR-

M2 fuel type assembly are presented in Fig. 1.   

  

 

The 106 irradiated fuel assemblies being the subject of this research have complicated 

irradiation and decay history. Most of them were loaded into the reactor core in 1984 and irradiated 

through many reactor operation cycles and removed from the core in 2011 for temporary storage 

before returning to Russian in June 2013.    

 

Figure 1:  Cross-

section and 

geometry 

parameters of 

VVR-M2 fuel 

type assembly. 
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I.2. Method of Cs
137

 specific activity measurement 

In the field of nuclear reactor, there are two each other related definitions of fuel burn-up. By 

definition (1) burn-up is the number of fissions per 100 fissile nuclides initially present in fuel. By 

definition (2) burn-up is the integrated energy released from the fission of fissile nuclides initially 

present in fuel. In this research, burn-up is defined by the definition (1) and specific burn-up is 

determined as ratio in percentage of fissions and the number of U
235

 nuclides initially present in one 

fuel volume unit (1cm
3
). 

                                                 (%)
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In which: N
fission

(U
235

)  and N
initially

(U
235

) are the number of fissions and the number of U
235

 

nuclides initially present in one fuel volume unit (1 cm
3
), respectively. 

Cs
137

 is usually selected to determine the burn-up because it is a radioactive fission product 

directly from U
235

 nuclides and its thermal fission yield is well known (y ≈ 6.26%) and it has low 

neutron capture cross-section, long half-life relative to irradiation period. In addition, its gamma ray 

of 661.6keV is less attenuation in materials and easily resolvable gamma ray.   

Accumulated nuclear concentration of Cs
137

 in fuel is proportional to (ΣfФT), in which (Σf ) is 

fission cross section, (Ф) is neutron flux and (T) is irradiation time. In general, the distribution of 

Cs
137

 in a fuel assembly depends on neutron flux distribution axially and radially, however 

primarily exploration measurements of gamma spectrum emitted from VVR-M2 fuel assemblies 

showed that Cs
137

 activity doesn’t depend much on 6 faces of fuel assembly (<1%) but depends 

mainly on its axial level and loaded position in the reactor core.      

In this research, specific activity of Cs
137

 is assumed to depend only on the height (z) of VVR-

M2 fuel assembly, therefore count rate (A) of 661.6keV gamma rays hit on a gamma detector can be 

determined by the following equation (2):   

                                             
i

i
irinsicgannma
VWrIzzA 




6

1

2

int
)()(                                          (2) 

In which: ρ(z) is specific activity of Cs
137

 radioisotope, Igamma is gamma-ray intensity of 

661.6keV gamma ray, (εintrinsic) is intrinsic efficiency of detector, (r) is radius of collimator (r is 

very small compared with radius of HPGe detector), (Wi ) is the probability of a gamma ray emitted 

from visible fuel region (i) to the detector.   

From equation (2):                  
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By the decay law, the concentration of Cs
137

 at the end of the last reactor operation cycle is: 
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In which: (λ) is half-life decay constant of Cs
137

 in unit (1/s), (tc ) is decay time taking into 

account from the end of the last irradiation cycle (22/08/2011) to measurement start in (s) unit.   

For more than 20 years of irradiation, a fuel assembly of Dalat reactor was usually loaded in 

different positions in the core. To determine precisely burn-up, it is necessary to introduce a 

correction factor related to irradiation and decay history of fuel assembly. The correction model 

used in this research was taken from reference 
[2]

 with correction factor as follows:   
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In which: (Pi) is normalized relative power for the fuel assembly in the (i
th

) irradiation cycle 

( 1P
n

1i
i




),(n) is the number of irradiation cycle, (ti ) is duration of (i
th

) irradiation cycle, (τi ) is 

duration from the end of (i
th

) irradiation cycle to the end of the last irradiation cycle. Then specific 

burn-up of fuel assembly is determined by the following equation: 

                                                             f(%)
)(UyN

D
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235Initially
                                         (6) 

It is noted that for fuel assemblies of Dalat reactor, in fact Cs
137

 can be produced from 

fissionable nuclides such as of U
235

 and Pu
239

, Pu
240

. However the results of calculation 
[1]

 showded 

that the contribution of Cs
137

 produced from Pu
239

, Pu
240

 in case of Dalat reactor is less than 1% in 

the amount of Cs
137

 produced, thus it can be negligible.      

II. EXPERIMENT 

II.1. Experimental description 

The measuring system designed and installed in the temporary spent fuel storage pool consists 

of mechanical structure used to support collimator, fuel assembly and lead shield, HPGe detector, 

functionally electronic modules and computer based data acquisition system. The  layout and 

arrangement of the measuring system is presented in Fig. 2.      

The collimator tube is a stainless steel cylindrical tube with 3090mm length, 1mm thickness, 

65mm outer diameter. The bottom end of collimator tube is welded water tightly with 0.3mm  

thickness. Two cylindrical lead collimators with 50mm outer diameter of 50mm, 9mm inner 

diameter and 50mm height are mounted on two end of the collimator tube.     

The mechanical structure is a strong steel frame used to support collimator tube, lead shield 

and scanning device. By using scanning device, a VVR-M2 fuel assembly can be moved and 

rotated easily 3m underwater of the spent fuel storage pool. The distance from outer surface of fuel 

assembly to the bottom of the collimator tube is 16mm.     

Gamma measuring system consists of a horizontal HPGe detector with 15% relative 

efficiency, 2keV FWHM resolution at 1332keV (Model GC1518, Canberra), high voltage module 

(Model 660, Ortec), amplifier module (Model 2022, Canberra), MCA module (Model Multiport II, 

Canberra) and Genie 2000 software. 

In addition, to facilitate the monitoring and handling with VVR-M2 fuel assembly in water 

medium, a high resolution video-camera was installed in the spent fuel storage pool. 
 

 

 

 

 

 

 

Figure 2:  General 

view  and arrangement 

of the measuring 

system. 
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II.2. Determination of volume (Vi) of fuel regions seen by the detector  

The VVR-M2 fuel assembly is composed of three coaxial tubes and fixed in the scanning 

system horizontally. There are 6 fuel regions of fuel assembly in which emitted gamma-rays can hit 

the detector as presented in Fig.3. 

       
Figure 3: Cross section of fuel regions seen from the detector. 

Such fuel regions (Vi) have different distances to the detector and complicated geometry, thus 

the determination of these volumes is rather difficult analytically. A short program was developed 

in MathLab software environment using both to calculate these volumes which are analytical 

method and Monte Carlo method. The calculated results of these volumes consistent between the 

two methods within an error of less than 1% as presented in Tab.1.   

Table 1:  Calculated volume (Vi) of fuel regions seen from the detector. 

V1(mm
3
) V2(mm

3
) V3(mm

3
) V4(mm

3
) V5(mm

3
) V6(mm

3
) 

45.5385 47.2437 61.5076 61.8958 48.3987 47.2859 

 II.3. Determination of probability (Wi ) of gamma ray emitted from fuel regions to the 

detector 

To determine the probability of a gamma ray isotopically emitted from fuel regions seen by 

the detector to the surface detector of the gamma-ray measuring system, simulation calculations 

using MCNP5 code were performed. MCNP5 permits exact simulation of geometry, materials and 

real measuring conditions. The MCNP5 model for the measuring configuration is presented in 

Fig.4.    

 

 

 

 

 

Figure 4:  MCNP5 model of the real measuring 

configuration. 

 

The calculated results of the probability (Wi) with an error less than 0.1% corresponding to the 

fuel regions are presented in Tab.2.  
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Table 2: Calculated probabilities (Wi) 

W1 W2 W3 W4 W5 W6 

6.7745x10
-7

 6.2609 x10
-7

 5.6917 x10
-7

 5.2282 x10
-7

 4.7231 x10
-7

 4.3273 x10
-7

 

II.4. Determination of intrinsic efficiency (εintrinsic) 

To determine absolute specific activity of Cs
137

 in the equation (3), beside the (Vi) and (Wi) 

parameters, it is needed to determine the intrinsic efficiency of the detector (εintrinsic). The intrinsic 

efficiency of the detector is determined directly from experimental measurements using a Cs
137

 

calibration source. Due to the intrinsic efficiency depends much on the size and direction of the 

beam passing through the active zone of germanium crystal in the detector. A measuring 

configuration with lead collimator (Ø=9mm) in order to orientate the gamma beam passing the 

active zone of the detector was installed as presented in Fig.5. The formula for calculating the 

intrinsic efficiency (εintrinsic) is defined by the equation (7) as follows:     

                                                
TAIG
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int

                                                         (7) 
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In which: (Area ) is peak area of 661.6keV, (A=33310Bq) is  calibration source activity at 

measurement start, (Igamma =0.8510) is 661.6keV gamma intensity, (T) is the live time of 

measurement and (G) is the geometric correction factor and determined by equation (8), in wich 

(h=120mm) is distance from the source to detector surface, (g=5mm) is gap between detector 

surface and germanium crystal, (R=27mm) is radius of germanium crystal. 

 

 

 

 

 

 

Figure 5:  Measuring configuration                     

of HPGe detector intrinsic efficiency. 

 

The measurements were repeated several times, and finally the intrinsic efficiency when 

661.6keV gamma-ray beam passing the active zone center of  HPGe GC1518 detector germanium 

crystal determined was εintrinsic =18.5±0.5%. 

 III. RESULTS AND DISCUSSIONS 

106 irradiated VVR-M2 fuel assemblies of Dalat reactor were stored temporally in short time 

at the reactor pool, and then they were transferred to the storage pool. Until measurement start, the 

irradiated fuel assemblies has cooling time of 21-24 months. With this duration, most of the short 

live isotopes present in the fuel assemblies have disintegrated and it was very good to measure the 

Cs
137

 specific activity.     
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In the experimental process, the irradiated fuel assemblies were moved underwater with the 

depth of 3m and put in the scanning device. By using a special handling tool, the irradiated fuel 

assemblies can be moved and rotated easily and exactly to any position on it. In order to make the 

high accuracy of measurements, each fuel assembly was measured at 13 positions along the fuel 

assembly with movement step of 5cm. The measuring time needed to register gamma spectrum was 

20 minutes (to assure  the measurement error is less than 1% for 661.6 keV energy peak). However, 

in some cases, the movement step can be smaller and the measuring time can be longer. The 

obtained typical gamma ray spectrum of the irradiated fuel assemblies is presented Fig. 6.  

Total of  106 irradiated  VVR-M2 fuel assemblies of Dalat  reactor were scanned along the 

length and 6 sides of fuel assembly. As an example, the Cs
137 

activity distribution of fuel assembly 

No. 134 is presented in Fig.7 and 8. 

The correction factors (f) related to irradiation history and decay were calculated by the 

equation (5) for each fuel assembly, in which (Pi) are determined from calculation of power 

distribution for each the core loading patterns, which were 89, 100, 104, 104  (with beryllium 

chocks in 13-2 and 4-1 positions) and parameters related to reactor operation time (ti) and cooling 

time (τi) was taken from the reactor log book.  

  

Figure 6:  Gamma spectrum of the irradiated fuel 

assemblies   No. 134 (after 24 cooling months). 

 

Figure 7: Count rate at 661. 6keV energy peak along                                                                         

the length with the fuel assembly No.134. 

 

 

 

 

 

Figure 8:  661. 6keV energy peak 

count rates at the center position                                                    

depending on 6 fuel sides (fuel 

assembly No.134). 

 

The obtained gamma spectrum of the irradiated fuel assemblies after 21-24 cooling months 

(Fig.6) was quite simple and the measured energy peaks were energy peaks of Cs
137

, Cs
134

, Eu
154

 

isotopes, and the main contribution to total radioactivity of fuel assembly mainly was from Cs
137

 

isotope. The burn-up is concentrated in center region and very fast decreased in two end of fuel 

assembly. In addition, it was noted that the burn-up distribution was rather symmetric through the 

center of fuel assembly after more than 20 years of irradiation. 
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The fuel assembly No. 134 loaded near by the neutron trap where power picking factor was 

highest radially, however the measured results (in Fig.8) showed that the difference in Cs
137

 activity 

distribution of 6 surfaces is less than 2% of average value. It can be explained that the process of 

fuel assembly reshuffle enhanced the homogenous burn-up among 6 surfaces of fuel assembly.      

Based on the measured data of Cs
137

 activity distribution in height and the parameters (Vi ), 

(Wi ), (εintrinsic) obtained from calculation, Cs
137

 specific burn-ups were determined by equation (6). 

By fitting curve of Cs
137

 specific burn-up with degree 3 polynomial, the average burn-up of one fuel 

assembly can be determined by ratio of integral of the obtained degree 3 polynomial over fuel 

region length and fuel region length. Tab.3 presents the measured results and calculated results of 

the average burn-up of the 106 fuel assemblies. 

Table 3:  Average burn-up of the 106 irradiated fuel assemblies. 

Fuel No. BU(%) Calc. BU(%) Exp. 

FA-062 23.14 20.52 ± 4.29 

FA-063 23.02 21.33 ± 4.28 

FA-064 23.97 20.72 ± 4.28 

FA-065 23.46 22.42 ± 4.28 

FA-066 23.13 21.19 ± 4.28 

FA-067 20.00 19.20 ± 4.29 

FA-068 19.98 20.78 ± 4.30 

FA-069 20.50 19.21 ± 4.30 

FA-070 19.79 19.47 ± 4.29 

FA-071 19.78 18.09 ± 4.30 

FA-072 20.02 18.57 ± 4.30 

FA-073 22.13 21.05 ± 4.28 

FA-074 20.80 21.38 ± 4.29 

FA-075 18.72 18.02 ± 4.29 

FA-076 20.36 19.82 ± 4.28 

FA-077 20.10 20.51 ± 4.28 

FA-079 20.75 20.89 ± 4.29 

FA-080 23.55 21.80 ± 4.28 

FA-081 23.02 21.28 ± 4.27 

FA-082 21.23 21.74 ± 4.29 

FA-083 19.78 18.86 ± 4.29 

FA-084 20.64 20.29 ± 4.29 

FA-085 22.75 22.09 ± 4.28 

FA-086 21.07 19.69 ± 4.29 

FA-087 24.28 23.61 ± 4.28 
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FA-088 23.61 20.78 ± 4.28 

FA-098 15.94 14.92 ± 4.30 

FA-099 16.65 15.04 ± 4.30 

FA-100 16.68 15.26 ± 4.31 

FA-108 15.35 15.68 ± 4.30 

FA-110 8.74 8.24 ± 4.36 

FA-111 8.84 8.34 ± 4.36 

FA-112 8.55 8.52 ± 4.36 

FA-113 4.03 4.19 ± 4.51 

FA-115 4.10 4.19 ± 4.51 

FA-118 8.47 8.39 ± 4.38 

FA-119 15.16 13.50 ± 4.31 

FA-120 14.76 13.57 ± 4.32 

FA-121 15.04 13.53 ± 4.33 

FA-122 23.31 21.98 ± 4.27 

FA-123 22.34 20.42 ± 4.27 

FA-124 21.18 19.48 ± 4.28 

FA-125 20.68 19.00 ± 4.30 

FA-126 20.83 19.34 ± 4.29 

FA-127 20.81 19.14 ± 4.29 

FA-128 22.94 20.66 ± 4.29 

FA-129 24.35 22.40 ± 4.28 

FA-130 19.85 19.36 ± 4.29 

FA-131 14.75 13.81 ± 4.31 

FA-134 15.77 15.42 ± 4.30 

FA-135 15.80 15.42 ± 4.29 

FA-136 14.69 15.04 ± 4.30 

FA-137 24.81 23.25 ± 4.27 

FA-138 26.11 23.01 ± 4.27 

FA-139 24.03 21.37 ± 4.28 

FA-143 18.85 18.17 ± 4.29 

FA-144 22.59 22.29 ± 4.28 

FA-145 26.27 23.89 ± 4.27 

FA-146 23.87 21.65 ± 4.27 
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FA-147 26.02 24.40 ± 4.27 

FA-148 25.68 23.23 ± 4.25 

FA-149 20.06 20.32 ± 4.21 

FA-150 25.09 23.94 ± 4.27 

FA-151 24.87 23.44 ± 4.76 

FA-152 24.68 23.41 ± 4.27 

FA-153 24.69 22.39 ± 4.28 

FA-154 25.89 24.46 ± 4.26 

FA-155 22.68 22.26 ± 4.29 

FA-156 22.76 22.59 ± 4.28 

FA-157 20.27 20.98 ± 4.29 

FA-158 20.86 21.56 ± 5.73 

FA-159 19.66 17.78 ± 4.30 

FA-160 22.56 22.68 ± 4.26 

FA-161 19.49 18.90 ± 4.29 

FA-162 19.25 20.36 ± 4.29 

FA-163 21.00 21.69 ± 4.29 

FA-164 20.60 19.87 ± 4.29 

FA-165 21.35 21.31 ± 4.28 

FA-166 24.28 24.80 ± 4.27 

FA-167 23.05 23.30 ± 4.28 

FA-168 20.19 19.65 ± 4.29 

FA-169 23.64 21.91 ± 4.28 

FA-170 20.11 21.63 ± 4.29 

FA-171 21.52 20.62 ± 4.29 

FA-172 19.26 18.15 ± 4.29 

FA-173 23.96 22.42 ± 4.27 

FA-174 23.13 20.93 ± 4.28 

FA-175 21.91 21.04 ± 4.28 

FA-176 23.77 23.20 ± 4.27 

FA-177 19.35 18.39 ± 4.29 

FA-178 18.40 16.86 ± 4.31 

FA-179 23.42 21.92 ± 4.27 

FA-181 22.39 21.27 ± 4.28 
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FA-182 22.48 19.00 ± 4.29 

FA-183 23.12 19.78 ± 4.26 

FA-184 21.67 18.48 ± 4.29 

FA-185 22.14 20.29 ± 4.29 

FA-186 21.87 20.29 ± 4.28 

FA-188 20.62 19.52 ± 4.29 

FA-189 23.11 23.15 ± 4.27 

FA-190 21.60 21.18 ± 4.29 

FA-191 24.26 21.04 ± 4.28 

FA-192 21.09 21.59 ± 4.28 

FA-193 22.05 19.66 ± 4.28 

FA-194 23.19 22.49 ± 4.29 

FA-195 22.71 21.59 ± 4.29 

The results of measurement and calculation for the 106 fuel assemblies show 4% maximum 

difference, this difference comes from both the error of calculation and measurement. The error of 

calculation results from the used physics and mathematics models and nuclear data library. The 

error of measurement is quite complicated and largely from measurement of gamma spectrum and 

intrinsic efficiency of detector. Thus, it can be concluded that results of measurement were 

consistent with the results of calculation within error (4% BU).      

IV. CONCLUSION 

Experimentally research on fuel burn-up measurement for 106 36% enriched VVR-M2 fuel 

assemblies of Dalat reactor by method of Cs
137

 specific-activity determination using gamma 

spectrometry was performed. A fuel burn-up measuring system including collimator tube, HPGe 

detector, functionally electronic modules and data acquisition system was installed. The results of 

measurement were good agreement with the results of calculation within error and the average 

burn-up of fuel assemblies before returning to Russian was determined about 18-20%.    
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