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esa 232U dh ek=k 500 ih-ih-,e dk ekiu vYQk o.kZdzferh; ls fd;k 
ftldk eku vksfjftu&2 dksM }kjk fl)kUr% ifjdkfyr eku ls ikWap xq.kk 

vf/kd ik;k x;kA 
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Abstract 

Burn-up was determined experimentally using thermal ionization mass spectrometry 

for two samples from ThO2 bundles irradiated in KAPS-2. This involved quantitative 

dissolution of the irradiated fuel samples followed by separation and determination of Th, U 

and a stable fission product burn-up monitor in the dissolved fuel solution. Stable fission 

product 148Nd was used as a burn-up monitor for determining the number of fissions. Isotope 

Dilution-Thermal Ionisation Mass Spectrometry (ID-TIMS) using natural U, 229Th and 

enriched 142Nd as spikes was employed for the determination of U, Th and Nd, respectively. 

Atom% fission values of 1.25 ± 0.03 were obtained for both the samples. 232U content in 233U 

determined by alpha spectrometry was about 500 ppm and this was higher by a factor of 5 

compared to the theoretically predicted value by ORIGEN-2 code. 

 

Key-words: Burn-up, Irradiated thoria, 232U content, 229Th, Thermal ionisation mass 

spectrometry, Isotope dilution, Neodymium, Thorium, Uranium, Burn-up monitor 

 

1. INTRODUCTION 

 

Thorium (Th) occupies a unique place in Indian scenario due to its large resources and 

limited U deposits. Thus, the third stage of nuclear power program of the Department of 

Atomic Energy (DAE) is based on Th utilization for the long-term energy security of the 

country [1]. Thoria bundles were test irradiated in Kaiga Atomic Power Station (KAPS-2) for 

flux flattening and for studying the irradiation behaviour of Th [2]. The implementation of Th 

fuel cycle requires development of methodologies for evaluating the performance of the fuel 

in the reactor. Burn-up is an important parameter for nuclear fuel development, fuel 

management and fuel performance analysis [3,4].  



 

 

Burn-up is defined as the atom percent fissions or Fissions per Initial heavy Metal 

Atom (FIMA) and it represents the amount of energy released by a given amount of fuel 

during its life in a reactor. It is also important to determine the 232U content in 233U obtained 

from irradiation of thoria to decide about the thickness of the shielding facility during the fuel 

fabrication in view of the gamma dose due to the daughter products in decay chain of 232U, 

viz. 212Bi and 208Tl which are high energy gamma emitters (1.7 and 2.7 MeV, respectively). 

Experimental determination of burn-up of spent fuels is required for the development and 

validation of theoretical codes [5]. This involves dissolution of the irradiated fuel in a 

shielded facility, separation and determination of major heavy elements and fission product(s) 

to be used as burn-up monitor. Radiochemical and chemical analysis methods are generally 

used for burn-up determination of irradiated nuclear fuels [6]. In the mass spectrometry 

method, burn-up is determined by correlating the amount of a fission product formed during 

irradiation with that of heavy elements. This approach based on stable fission product as a 

burn-up monitor provides the most reliable data for burn-up, with an overall uncertainty of 

about 3%. 

 

This report deals with the determination of burn-up of two samples from thoria 

bundles irradiated in KAPS-2.  Stable fission product 148Nd was employed as a burn-up 

monitor. Isotope Dilution Mass Spectrometry (IDMS) was employed for the quantification of 

burn-up monitor and the heavy elements (U and Th) since the results are not affected by 

incomplete recovery after equilibration of sample and spike isotopes [4,7]. 

 

2. EXPERIMENTAL  

 

2.1   Irradiated fuel samples 

Two samples from thoria bundles viz. LY-263 and LY-274, irradiated in KAPS-2, 

were provided by Post Irradiation Examination Division (PIED), BARC for the determination 

of burn-up.  The irradiation history as well as the details of the fuel samples are given in    

Table 1. 

 

2.2   Dissolution 

Dissolution of irradiated thoria samples was carried out in a facility housed in a 

shielded glove box.  200-500 mg of the sample was taken up for dissolution. The samples 



 

were refluxed in a mixture of Conc. HNO3 + 0.005 M NaF. After dissolution, the solutions 

were evaporated to dryness and were repeatedly treated with conc. HNO3. The residues were 

finally dissolved in 1 M HNO3.  Aliquots from the two irradiated fuel dissolver solutions were 

transferred to a shielded fume-hood for further experiments.  

 

2.3   Aliquoting and Spiking   

  IDMS methodology was employed for the concentration determination of Nd, Th and 

U in the dissolver fuel samples. Natural U (NIST-SRM-950a U3O8) and enriched isotopes of 
142Nd and 229Th were used as spikes for concentration determination of U, Nd and Th, 

respectively. 142Nd and 229Th spike solutions were calibrated by reverse ID-TIMS against 

their respective (natural) chemical assay standards. The spike solutions of 142Nd, 229Th and 
238U were added individually to the sample aliquot on weight basis.  Triplicate aliquots (0.2 

to 0.5 gm) from each of the two dissolved fuel samples were mixed with appropriate amounts 

of the spike solutions. The aliquots were subjected to repeated treatment with Conc. HNO3 

for ensuring proper chemical exchange between the sample and the spike isotopes. Unspiked 

sample aliquots were also taken from each of the two irradiated fuel dissolver solutions for 

determining the isotopic composition of Nd and U. 

 

2.4   Ion Exchange Separation 

TIMS technique demands that the element should be in the purest chemical form for 

achieving the best results. Purification and chemical separation are also essential to eliminate 

potential isobaric interferences during the mass spectrometric analysis.  The spiked aliquots, 

after isotopic equilibration, were used for separation and purification by anion exchange 

using Dowex 1x8, 200-400 mesh resin in 7M HNO3 medium. Th and U are retained on to the 

column while fission products wash down during the loading and subsequent washing steps 

with 7 M HNO3. Using 0.1 M HNO3, Th and U were eluted together.  The separation of Th 

and U was done in 9 M HCl medium on Dowex 1x8, 200-400 mesh resin. Under this loading 

condition, U is retained while Th is washed down. Later, U was eluted with 0.1 M HNO3.  

Fission product fraction was collected and subjected to a second stage anion-exchange 

separation on Bio-Rad 1x2, 200-400 mesh resin by (HNO3+MeOH) medium for the 

purification of La and Nd fractions [3,8].   

 

 

 



 

2.5   Mass Spectrometric Analysis 

  Thermal ionisation mass spectrometer (MAT-261) with variable multi-collector 

Faraday cup detector system was employed for the isotopic analyses. Purified Nd, U and Pu 

fractions in 1M HNO3 were loaded on to the vaporization filament of a high purity double 

rhenium filament assembly.  The filament heating temperatures and the Faraday cup 

configurations employed for the atom ratio measurements of Nd, Th and U are given in Table 

2(a) and Table 2(b), respectively. 

 

2.6   Alpha Spectrometric Analysis 

  232U was determined by alpha spectrometry using direct evaporated source prepared 

on electro-polished stainless steel disk [9].  Alpha spectra were recorded by using a 100 mm2 

PIPS detector. Both the source and the detector were mounted in a vacuum chamber  

(pressure < 10-2 torr Hg).  Alpha spectra were recorded for a time sufficient to accumulate at 

least 104 counts in the peak corresponding to 232U with an objective of reducing random 

uncertainty due to counting statistics.  The interference due to in-growth of 228Th at 232U 

alpha peak was accounted for. Alpha spectrum was evaluated for 232U/(233U+234U) alpha 

activity ratio using geometric progression (G.P.) method to account for tail contribution at 

low energy (233U+234U) peak due to energy degradation of high energy 232U peak. 232U/233U 

atom ratio was calculated using the 232U/(233U+234U) alpha activity ratio and 234U/233U ratio 

obtained by TIMS . 

 

  Table 3 gives the alpha energies, % abundances and half-life values of different Th, 

Pa and U isotopes, which are of interest in Th based fuel cycle.  

 

3. RESULTS AND DISCUSSION  

 

3.1   Dissolution  

 Dissolution of irradiated thoria was initially carried out in (Conc. HNO3+HF) mixture.  

But the rate of dissolution was very slow and, therefore, HF was replaced with NaF (0.05M) 

and the sample was quantitatively dissolved in 20 hrs [10,11]. The dissolved fuel sample 

solutions were transferred to pre-weighed 25 mL volumetric flasks and made up to known 

weights.   

 

 



 

3.2   Optimization of Mass Spectrometric Analysis Conditions for Th 

In spite of the separation and purification of U from bulk of Th, there would always 

be small amount of Th associated with purified fraction of U.  Depending upon the separation 

efficiency, U/Th amount ratio in the purified U fraction varies and this alters the ion source 

chemistry occurring in the thermal ionisation source of the mass spectrometer. Hence, it was 

of interest to study the ion source chemistry of Th and U when present together on the same 

filament.  The various ions monitored at different temperatures of the vaporization (sample) 

filament were U+, UO+, UO2
+, Th+, ThO+ and ThO2

+. It was observed that intensities of U+ 

and ThO+ ions were quite large compared to UO+ and Th+, respectively. 

 

The method for the mass spectrometric analysis of thorium was standardized by 

loading natural Th(NO3)4  solution on the vaporization filament and monitoring the relative 

intensities of Th+ and ThO+ peaks as a function of the vaporization filament temperature [12].  

It was observed that at a vaporization filament current in the range of 2.5 - 3.0 A,  232ThO+ 

(m/z 248) begins to appear whereas 232Th+ starts appearing only after 3.5 A.  232ThO+/232Th+ 

intensity ratio at vaporization filament current of 4.0 to 4.5 A was about 50.  Further, 
232ThO2

+ (m/z 264) signal was not detected even at a vaporization filament current of 5.0 A.  

Thus the purified Th fractions were analysed for 229ThO+(m/z 245)/232ThO+(m/z 248) to 

determine concentration of Th. The results of different investigations carried out are 

published recently [13]. 

 

3.3   Mass Spectrometric Analyses 

  Purified fractions from the spiked mixtures as well as unspiked samples were 

analyzed by TIMS for the atom ratios. U+, ThO+ and Nd+ ions were monitored for U, Th and 

Nd, respectively.   

 

3.3.1   Isotopic Composition  

Table 4 gives the data on the isotopic composition and the average atomic weight of 

different spikes used.   

Isotopic composition of uranium, determined experimentally in the irradiated Th 

sample, can be strongly influenced by the pick-up of natural uranium from the laboratory 

environment, reagents or lab-wares used during the experiments. Table 5 (Experiment I) 

shows this effect observed experimentally from the data on the isotopic composition of U 



 

obtained for sample L Y-274 using two different volumes for processing of the sample. The 

difference in the atom% of 238U obtained in the two aliquots clearly shows the 

contamination by nahrral U. A simple calculation by IDMS procedure showed the ratio of 

U contamination to the amOlmt ofU present in the aliquot of irradiated thoria to be 0.001 

and 0.03 for the aliquots 10 mL and 5 mL, respectively. Subsequent to this, the complete 

separation procedure was repeated keeping a strict control on the cleanliness of apparatus 

and reagents. The values obtained from two independent aliquots are also summarised in 

Table 5 (Experiment 11). Hence extreme care should be taken during the isotopic 

composition determination of U to minimize nahrral contamination by employing leached 

glasswares, high purity reagents and maintaining clean laboratory environment. 

Isotopic composition data of U in the dissolver fuel samples obtained after 

meticulously following the procedures are given in Table 6. 232U in the sample was 

determined by alpha spectrometry due to its low ablllldance, high alpha specific activity 

(half-life ~ 70 y) and possibility of isobaric interference of 23~h at 232U during TIMS 

analysis. Typical calculation of 232U/233U atom ratio using the 232U/e33U+2~) alpha 

activity ratio and 234U/233U atom ratio (from TIMS) for sample L Y-274 is given in 

Appendix. The experimentally determined 232U content was fOlllld to be five times more 

than that predicted theoretically based on ORIGEN-2 code. The difference between the 

theoretical estimation and the actual concentration was attributed to (n,2n) reaction on 

23~h. Table 7 presents the isotopic composition ofNd in the dissolver fuel samples. 

).2 Concentration Determination 

Concentrations ofNd, Th and U were calculated using the equation: 

c ~ C,pxW,p x_l_x (R,p-R,,)x (AvAtWtlm x (AFifisotopei)'P ................ (1) 
m Wm R,p (R" -R~) (AvAtWt),p (AY if isotope j)~ 

where, C 

W 

R 

sp 

: Concentration of element 

: Weight of aliquot 

: Isotopic ratio (i/j), where 'i' is the spike isotope and 'j' is the sample 

isotope 

: Spike solution 



 

sa : Sample solution 

m : Spike + sample mixhrre 

Av. At. Wt. : Average atomic weight of element 

AF. : Atom fraction of the isotope 

Since 142Nd is a shielded nuclide and not produced in the fission, the observed 

e42Nd/14~d) ratio of the (spike+sample) mixtures was corrected for the contribution from 

natural contamination ofN d by using the equation: 

(
2/8]1 218]1) 

(
2/8]1) _ 2/8 ]1 + 2/8]1 .L'm .L'n 

.L'm corr - .L'm .L'oa ( 218 R" _ 2/8 R,.,) 

where, e/8 Rm)corr 
2/8Rm 

2/8R.,a 

2/8R" 

: 142Nd /14~d ratio corrected for the natural contamination 

: Observed 142Nd /1 4~d ratio in the spiked sample 

: 142Nd /14~d ratio of the 1lllspiked sample 

Natural 142Nd /1 4~d ratio determined experimentally 

(2) 

The corrected e42Nd/14~d) ratio was used for calculating the concentration ofNd. Data 

on the concentrations ofNd, Th and U in the dissolver solutions of irradiated fuels are given in 

Table 8. Concentration of Th was also determined by EDTA titration using xylenol orange 

indicator. The Th concentration value obtained by EDTA titration was higher by about 15% 

and the bias was attributed to the interference from the non-separated fission products in the 

dissolver solution used for titration [14, 15]. 

3.4 Calculation 

The data on the fission yields of 1 4~d and 139La in the thermal neutron induced fission 

for different fissile nuclides are given in Table 9 [16, 17]. Using the data on isotopic 

composition and concentration ofTh, U and Nd, bum-up was calculated using the equation: 

Atom % fission = (3) 

where, NBM : Number of atoms of bum-up monitor 

Npu : Number of atoms ofPu after irradiation 



 

NU : Number of atoms of U after irradiation 

YBM : Fission yield of burn-up monitor 

 

Burn-up of the two samples was calculated using the eq. (3) based on the number of 
148Nd atoms determined experimentally. The atom percent fission obtained for the two 

irradiated thoria samples was found to be 1.25%.    

 

The fission product 139La is the ideal burn-up monitor for thoria based fuels but 

demands the availability of enriched 138La to be used as a spike in ID-TIMS.  Table 10 shows 

a comparison of burn-up obtained for the sample LY-263 using 148Nd and 139La as burn-up 

monitors. It is seen that the atom percent fission calculated based on the two monitors agrees 

with each other within 6%, the reason for this difference need be investigated in future.  

  

4. CONCLUSIONS 

 

Burn-up was determined experimentally for two samples from thoria bundles 

irradiated in KAPS-2. Thermal ionisation mass spectrometry was used for the determination 

of isotopic composition and concentrations of Th, U and Nd.  The atom percent fission was 

calculated based on stable fission product 148Nd as a burn-up monitor. The burn-up data 

obtained were also compared with those calculated from 139La as a burn-up monitor for one 

sample. The experimentally determined 232U content in 233U was five times more than the 

theoretically calculated value based on ORIGEN-2 code.  
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Table1.  Details and irradiation history of the fuel samples  

 

Bundle No. LY 263 LY 274 

Channel ID L 11 J 11 

String position 7 9 

Expected burn-up [n/Mb]* 3,146 2,980 

Expected burn-up [MWd/t(Th)]# 11,640 11,026 

Irradiation duration (Effective full power days, EFP) 477 508 

* Neutrons per Megabarn 

# 1 n/Mb   = 3.7 MWD/t (Th) 



 

Table 2(a).  Filament heating temperatures for TIMS analyses of La, Nd, Th and U 

 

Element 

Ionic 

species 

used in 

TIMS 

Ratio 

determined  

Vaporization 

filament 

current 

(Amp) 

Ionization 

filament 

current 

(Amp) 

La LaO
+
 154/155 2.5-3.0 

6.0-6.2 
Nd Nd

+
 142/148 2.5-3.0 

Th ThO
+
 245/248 2.9-3.2 

U U
+
 233/238 2.0-2.5 

 

 

 

 

Table 2(b).  Faraday cup configurations used for static mode of multi-collection 

 

Element 

Faraday cup 

L3 L2 L1 C H1 H2 H3 

Th - - - 245 248 - - 

U  233 234 235 236 - 238 

Nd 142 143 144 145 146 148 150 

La - - - 154 155 - - 

L, C & H stand for Light, Centre (fixed) and heavy, respectively.  



 

Table 3.  Data on alpha energies and half-life values of Th, Pa and U isotopes  

 

Isotope Energy (keV) Abundance (%) * Half-life  (Yr) 

228Th 
5340.36 

5423.15 

27.2 

72.2 
1.913 

229Th 

4761 

4897.8 

4814.6 

4838 

4845.3 

4901 

4967.5 

4978.5 

5053 

1 

1.5 

9.3 

5.0 

56.2 

10.2 

5.97 

3.17 

6.6 

7340 

230Th 
4620.5 

4687 

23.40 

76.3 
7.54 x104 

232Th 3947.2 

4012.3 

21.7 

78.2 
1.405x1010 

231Pa 

4681 

4713 

4736 

4853 

4934 

4951.3 

4986 

5013.8 

5028.4 

5032 

5058.6 

1.5 

1 

8.4 

1.4 

3 

22.8 

1.4 

25.4 

20 

2.5 

11 

3.276x104 

232U 5263.36 

5320.12 

31.55 

68.15 
70.6 

233U 

4729.2 

4783.5 

4824.2 

1.61 

13.20 

84.4 

1.592 x105 

234U 4722.4 

4774.6 

28.42 

71.38 
2.455x105 



 

Isotope Energy (keV) Abundance (%) * Half-life  (Yr) 

235U 

4150 

4214 

4219 

4366.1 

4397.8 

4414 

4502 

4556 

4596.3 

1 

5.7 

1 

17 

55 

2.1 

1.7 

4.2 

5 

7.04x108 

236U 4445 

4494 

26% 

74% 
2.343 x107 

238U 4151 

4198 

21% 

79% 
4.468 x109 

 * Abundances < 1% are not listed. 

Ref.: http://www.nndc.bnl.gov  

http://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html  

Table of Isotopes, 8th Edn, Vol. II, R.B. Firestone and V.S. Shirley (Eds.), Wiley-Interscience 

Publications (1999). 



 

 

Table 4. Isotopic composition of enriched 138La, enriched 142Nd, 229Th and natural U 

used as spikes for isotope dilution-thermal ionisation mass spectrometry  

 

Spike isotope Isotope Nuclidic mass* Atom % # 

Average 

atomic 

weight of 

element in 

spike 

138La 
138La 137.9071 6.402 138.8424 

 139La 138.9064 93.598 

142Nd 

142Nd 141.9077 97.599 

141.9509 

 

143Nd 142.9098 1.193 
144Nd 143.9101 0.764 
145Nd 144.9126 0.150 
146Nd 145.9131 0.217 
148Nd 147.9169 0.0380 
150Nd 149.9209 0.0372 

238U 

(Natural U) 

(NIST-SRM-950a U3O8) 

234U 234.0410 0.006 
238.0288 

 
235U 235.0439 0.723 
238U 238.0508 99.271 

229Th 

229Th 229.0318 97.764 
229.0925 

 
230Th 230.0331 0.324 
232Th 232.0381 1.912 

* http://www.nndc.bnl.gov/masses/mass.mas03 

*http://physics.nist.gov/PhysRefData/Handbook/Tables/neodymiumtable1.htm  

# Determined experimentally by TIMS.  

 



 

Table 5.  Influence of natural contamination on isotopic composition of U in the   

irradiated ThO2 sample LY-274 

 

Nuclide 

Atom% abundance 

Experiment I Experiment II 

10 mL aliquot 5 mL aliquot 5 mL 
aliquot 

5 mL 
aliquot 

233 88.85 88.09 88.96 88.92 

234 9.58 9.28 9.582 9.584 

235 0.935 0.998 0.943 0.940 

236 0.074 0.075 0.0785 0.0768 

238 0.561 3.554 0.440 0.475 

 

 

Table 6.  Isotopic composition of U in the irradiated ThO2 samples 

 

Nuclide 

LY-274 LY-263 

Atom% 

abundance 

Average 

At. Wt. of 

U 

Atom % 

abundance 

Average  

At. Wt. of  

U 

232* 0.0489±0.0009 

233.171 

0.0459±0.0009 

233.169 

233 88.91±0.05 88.78±0.04 

234 9.58±0.02 9.95±0.02 

235 0.94±0.01 1.00±0.01 

236 0.078±0.001 0.085±0.002 

238 0.44±0.01 0.14±0.01 

         * Determined by alpha spectrometry. 



 

Table 7.  Isotopic composition of Nd in the irradiated ThO2 samples  
 

Nuclide 
Atom% of the nuclide 

LY-263 sample  LY-274 sample Natural Nd  

142 0.863 0.403 27.153 

143 22.808 23.331 12.173 

144 33.971 33.730 23.798 

145 17.168 17.414 8.293 

146 7.244 15.073 17.189 

148 2.854 7.281 5.756 

150 15.093 2.764 5.638 

Average atomic weights of Nd in samples LY-263, LY-274 and natural Nd are 

144.601 and 144.603 and 144.242, respectively. 

 

 

 

 

Table  8. Concentrations of Nd, Th & U in the solutions of the irradiated fuel samples 

 Sample 

code 

Nd Th U Amount ratio 

Conc. * 
(µg/g) 

No. of 
atoms/g 

of 
solution 

Conc. * 
(µg/g) 

No. of 
atoms/g 

of 
solution 

Conc. * (µg/g) 

No. of 
atoms/g 

of   
solution 

Th/U 
 

Th/Nd 
 

LY-263 
1.89 

(±0.5%) 
7.87E+15 

1338.61 

(±0.5%)
3.47E+18 19.13(±0.3%) 4.94E+16 69.97 708.3 

LY-274 13.92 5.80E+16 9870.43 2.56E+19 162.6 4.20E+17 60.70 709.1 

* All the concentration values are given as average of 3 aliquots. 

 

 

 



 

Table 9.   Fission Yields of 148Nd and 139La in thermal neutron  
 induced fission of 233U, 235U, 239Pu & 241Pu 

 

Fissile nuclide 
Fission yield (%) of burn-up monitor 

148Nd 139La 

233 U 1.28 6.40 

235 U 1.68 6.48 

239Pu 1.69 5.64 

241Pu 1.91 6.73 

       References [16,17]  

 

Table  10.  Results of burn-up determined in the irradiated thoria sample (LY-263) 
   based on 148Nd and 139La fission monitors 

 

Burn-up monitor 148Nd 139La 

Conc. of  B.M. (µg/g) 1.89 0.703 

Av.At. Wt. of B.M. 144.601 138.901 

A.F. of B.M. 0.0724 0.999 

No. of  B.M.  Atoms 5.70E+14 3.05E+15 

Yield of B.M. (%) 1.28 6.40 

Total No. Fissions 4.45E+16 4.76E+16 

No. of U-Atoms 4.94E+16 

No. of Th Atoms 3.47E+18 

Total No. of  Heavy 

Elements 
3.56E+18 3.57E+18 

Atom% Burn-up 1.25 1.33 

where, Av.At.Wt. = Average Atomic Weight of the element  

 A.F. = Atom Fraction of the isotope 

B.M. = Burn-up Monitor 



 



 


