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1 Introduction 

Twelve fuel rods irradiated in the Spanish reactor Vandellós 2 had been 
shipped to Studsvik for extensive hotcell investigations. In the framework 
of this high burnup fuel performance programme managed by ENUSA, 
representing a number of Spanish and Japanese organisations, a selection 
of isotopes had been determined by means of different techniques in two 
fuel rods that were supposed to be WZR0046 and WMtR124 [Ref. 1]. 
Radionuclides with suitable half-lives and gamma lines had been 
determined based on axial gamma scans of the entire fuel rods. High 
Pressure Liquid Chromatography combined with an Inductively Coupled 
Plasma Mass Spectrometer (HPLC-ICP-MS) or ICP-MS without 
separation had been applied for the analysis of individual isotopes of about 
10 different elements in a total of seven different samples. 

The present work included reanalysis of two fuel sample solutions from 
the first campaign and analysis of two new samples with extended scope 
from rods supposed to be WMtR113 and WZR0046.  

The isotope analyses revealed quite large differences in some cases 
between modelled and experimental data. This raised the suspicion that 
some mix-up of rod identities might have happened during rod handling on 
site or at Studsvik. One cause for this suspicion was the fact that the 
numbers engraved on the top end plugs, supposed to designate three 
different cladding types, did not match the expected loading pattern of the 
transport basket. The right pattern was achieved by rearranging the rods in 
a way corresponding to a 180° rotation of the basket. Details of thoughts 
and actions during reception of the shipment are described in [Ref. 2]. 

When comparing the pattern of experimentally determined burnup values 
with modelled average rod values, agreement can be reached by “undoing” 
the rearrangement action. Thus, it was supposed that the transport basket 
was loaded correctly, but that the information of the correlation between 
top end plug engraving and rod designation was wrong. This would mean 
that the rod assumed to be WZR0046 in fact was rod WZR0058, the rods 
assumed to be WMtR113 and WMtR124 were rods WZtR160 and 
WZtR165, respectively. 

Analysis of cladding samples cut out from the plenum region of six rods 
finally confirmed that the information on the top markings was wrong 
[Ref. 3]. Consequently, the rearrangement of rods performed at Studsvik 
during reception of the rods, fitting top end plug engravings to the 
expected pattern, led to a mix-up of the rods. In particular, rods with 
cladding of ZIRLO and more pronounced radial texture were mistaken for 
rods with MDA cladding. In that context, it should be noted that the rods 
were not individually marked, except for the mismatching top markings 
that distinguished between different cladding types only. 



STUDSVIK NUCLEAR AB STUDSVIK/N-07/140 Rev. 1 2 (43) 
 
 2010-02-10 Rev. 

 

  
 

2 Materials and Methods 

2.1 Fuel Rods 

The two rods WZtR160 and WZR0058 were irradiated in the Vandellós 2 
Pressurised Water Reactor during cycles 7 to 11, between June 1994 and 
September 2000. They had been fabricated by ENUSA as part of a 
cladding material test program. The initial 235U enrichment was 4.5 %wt. 
During the first four cycles of irradiation, the two rods were located in two 
different fuel assemblies, EC46 and EC45, respectively, loaded in 
equivalent positions. For their last cycle, both rods were removed from 
their original assembly and inserted into two different positions of 
assembly EF05. Consequently, irradiation histories are rather similar [Ref. 
4]. The calculated final rod average burnup was 66.5 and 68.5 MWd/kgU, 
respectively. 

After puncturing, full-length rods are cut into segments before they are 
further investigated. 

2.2 Axial Gamma Scans 

2.2.1 Method 

A high purity germanium detector behind a 0.5 mm tungsten collimator 
was used for the measurements. Axial gamma scanning was performed 
applying the technique of closely spaced point measurements. 

The efficiency file for the detector and collimator system was calibrated to 
give photon energy independent activity values for a fuel rod with an outer 
diameter of 9.5 mm with no extra absorber. Activities were decay 
corrected to the reference date September 11, 2000, corresponding to the 
end of irradiation. 

A well characterised reference rod (F3F6) was scanned together with the 
segments (see Paragraph 2.3.1 and [Ref. 5] for details). By comparing the 
apparent 137Cs activity measured for the reference rod with the decay-
corrected 137Cs activity known from the characterisation of the rod, a 
correction factor to be applied on all apparent activities was determined. 
The geometry of rod F3F6 is very similar to Vandellós rods. Therefore, no 
extra correction of geometrical differences was necessary. Dead time cor-
rection of the system was checked by following the signal from a 60Co 

source placed close to the detector. No extra correction was necessary. 

The absolute activity was determined according to the following general 
formula: 

dg
Ef

caa 
)(

1
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With 

a : Absolute activity [Bq/mm] 
a : Apparent (measured) activity [Bq/mm] 
f : Absorption factor 

E : Energy peak 
g : Geometry factor 
d : Dead time correction factor 

c : 
137Cs reference rod correction: 

)(

)(

refRR

refRR

ta

ta
c   

RRa : Activity of reference rod 

RRa : Apparent (measured) activity of reference rod 

reft : Time at end of irradiation of rod WZtR160 
 

2.2.2 Measurements 

Rod WZR0058 had been scanned in March/April 2002. Results had been 
reported together with those from rod WZtR165 in [Ref. 1]. These data 
were re-evaluated and results reported in [Ref. 6]. 

The lowermost part of rod WZtR160 was about 1500 mm long. This 
segment was gamma scanned in the framework of this project. 

Rod data and measurement parameters are compiled in Table 1. 

Table 1 
Rod data and measurement parameters 

 WZtR160 Reference rod F3F6 
End of irradiation Sept. 11, 2000 June 5, 1993 
Scanning date May 19, 2006 
Fuel density [g/cm3] 10.47 10.51 
Pellet diameter [mm] 8.192 8.190 
Cladding inner diameter [mm] 8.356 8.36 
Cladding outer diameter [mm] 9.5 9.62 
Collimator window [mm] 0.5 
Extra absorber None 
Step width [mm] 0.25 
Accumulation time [s] 15 
Geometry factor 1 
Absorption factor 1 
137Cs reference rod correction 1.15 
Dead time correction factor 1 

 

Due to the long decay time, only 137Cs, 134Cs and 154Eu could be measured. 
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The total relative error is estimated to 2.3 % for 137Cs, 4.1 % for 134Cs and 
6.5 % for 154Eu. This includes the following contributions: 

 Statistical error of the gamma spectrometry measurement, 
determined by calculating the standard deviation of single 
data points from 850 to 1000 mm, excluding pellet-pellet 
interfaces (0.7 % for 137Cs, 3.3 % for 134Cs and 5.3 % for 
154Eu) 

 Statistical error of 137Cs measurement in the reference rod 
(1.0 %) 

 Uncertainty of 137Cs content in reference rod (2.0 %) 

 Uncertainty of decay corrections (0.1 %) 

 Uncertainty of efficiency calibration relative to 661 keV line 
of 137Cs (1 % for 605 keV line of 134Cs, 3 % for 1274 keV 
line of 154Eu) 

2.2.3 Transformation into Amount nX relative to 238U 

The gamma scan results from the peak burnup region were transformed 
into amount of nuclide nX in weight percent relative to 238U according to 
the following procedure: 

 The average activity per length unit [Bq/mm] was calculated 
from the gamma scan data of the maximum burnup region in 
the second span from the lower end of the rod, between 850 
and 1000 mm. Values from pellet-pellet interfaces were 
excluded. 

 Based on the basic formula for radioactivity (A = λN), the 
amount of nuclide nX per length unit [μg/mm] was calculated. 

 The amount of 238U per length unit [μg/mm] of unirradiated 
fuel was determined, based on pre-irradiation data (density, 
stoichiometry, enrichment). 

 The residual 238U per length unit at the end of bombardment 
(in percentage of initial amount of 238U) was estimated based 
on CASMO calculations, neglecting the irradiation-induced 
change of the fuel stack length, which uses to be less than 
1 %. 

 The amount of nuclide nX in weight percent relative to 238U 
was calculated by dividing the amount of nuclide nX per 
length unit by the amount of 238U per length unit. 

The error includes the error of the activity measurement and a relative 
error of 2 % for the amount of 238U per length unit. 
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2.3 Radiochemical Analyses 

2.3.1 Selected Samples 

A solution from fuel rod 14595/F6 (F3F6) has been used for verifying that 
the new equipment works properly. This rod had been irradiated in the 
Swedish Forsmark 3 reactor to an average burnup of about 58 MWd/kgU 
(end of irradiation: June 5, 1993). A sample from the central part of the 
rod was dissolved [Ref. 7]. Aliquots of this solution were analysed 
independently in Harwell [Ref. 8] and in Dimitrovgrad [Ref. 9]. Both 
laboratories applied separating methods corresponding to those described 
in [Ref. 10], in combination with Thermal Ionisation Mass Spectrometry. 
A sample located adjacent to the one taken for these analyses was 
dissolved and analysed in parallel with the samples from the Vandellós 2 
rods WZtR165 and WZR0058 within the first campaign. Results had been 
reported in [Ref. 11]. This solution was re-analysed applying the new 
equipment. Uranium, plutonium, cerium and neodymium nuclides were 
assessed. 

A segment of rod F3F6 serves as standard rod for gamma scanning analy-
ses performed at Studsvik. 

Solutions from samples E58-88 and E58-793 were re-analysed. Two new 
samples were cut and dissolved with an alternative method (see Paragraph 
2.3.2). Sample E58-257 was cut from rod WZR0058 adjacent to sample 
E58-263, sample WZtR160-800 from rod WZtR160 at an elevation of 
about 800 mm from the lower end plug. Whereas a slice of about 2 mm 
was dissolved in the first campaign, the new samples consisted of about 
10 mm fuel, cut into two pieces. Table 2 shows an overview and the 
designation of the samples. Sample locations are shown in Figure 1 and 
Figure 2, together with corresponding axial distributions of 137Cs. 

Table 2 
Analysed samples 

Rod F3F6 WZR0058 WZtR160 
Sample E58-88(1) E58-793(1) E58-257 WZtR160-800 
Cutting Position [mm](2) 

Central part
88 793 252 - 262.5 792 - 802.5 

Burnup [MWd/kgU] 60(4) 41(3) 74(3) 63(3) 73(3) 
(1) Old solution 
(2) From bottom end of rod 
(3) Based on gamma scanning 
(4) [Ref. 5] 
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WZR0058, Axial Cs-137 Distribution
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Figure 1 
Rod WZR0058, axial 137Cs activity distribution with sample positions 

WZtR160, Axial Cs-137 Distribution
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Figure 2 
Rod WZtR160, axial 137Cs activity distribution with sample position 

2.3.2 Dissolution 

In the first campaign, the fuel sample was placed in a glass flask together 
with 20 ml of concentrated HNO3 and kept at 65 °C for 6 h. Evaporation 
of liquid was avoided by means of an air-cooled reflux cooler. Nitrogen 
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was bubbled through the liquid in order to stir it. The fuel matrix together 
with all fission products of interest went into solution. The cladding and 
the metallic fission product inclusions remained undissolved. 

The two samples E58-257 and WZtR160-800, each cut in two pieces, were 
dissolved in a 4748 Large Capacity Bomb from Parr Instrument 
Company1. This high pressure bomb has a capacity of 125 ml and can be 
used at 250 °C with a pressure of 1900 psig (=X MPa). It contains a 
removable PTFE cup in a stainless steel body with six cap screws in the 
screw cap to seal the flanged PTFE cup. An expandable wave spring 
maintains continuous pressure on the seal during the cooling cycle when 
PTFE parts might otherwise relax and leak. A safety rupture disc above the 
PTFE cup protects the bomb from excessive overpressure. The oven for 
heating the bomb was constructed and built at Studsvik. It is made of brass 
and steel. The resistive heating is controlled by a thermostat. 

The two pieces of sample E58-257 were each dissolved in 20 ml of a 2:1 
mixture of concentrated HCl and HNO3 during 6 hours at 200 °C. The 
cladding was found to have disintegrated, with only a few larger pieces 
left. A grey residue was found on the bottom of the container. Therefore, 
the two pieces of sample WZtR160-800 were dissolved in two steps, first 
in 15 ml HNO3 (suprapur) during 4 hours at 180 °C. After removal of the 
cladding ring, alloy particles were dissolved by adding 30 ml concentrated 
HCl, followed by a second heat-up to 200°C for 4 hours. All solutions 
were combined in one single flask. 

In the order of 0.1-0.4 g of the original fuel solution was diluted into 
100 ml of HNO3 (7.5 M) in the hotcell. 20 ml of this solution were trans-
ferred to the laboratory. An appropriate aliquot was diluted with 100 ml 
HNO3 (0.16 M) to a target uranium concentration of about 4 ppm. The 
uranium concentration was determined by Scintrex analysis. The Scintrex2 
UA-3 is a uranium analyser, measuring the characteristic fluorescence of 
the uranyl ion in solution after irradiation with a very short pulse of 
ultraviolet light from a nitrogen laser. 30 g of this mother solution is then 
mixed with all necessary spike solutions. 

2.3.3 The HPLC-ICP-MS Instrument 

A DIONEX SP Gradient High Performance Liquid Chromatography 
(HPLC) system and Autosampler Dionex AS with an IonPac CG10 
(4 x 50 mm) guard and an IonPac CS10 (4 x 250 mm) analytical column 
was used for the separations. Chromeleon Xpress, CHX-1 software was 
used to control the autosampler, injector and HPLC pump. The eluents 
were directly injected into a Perkin Elmer Elan 6100 DRC II Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS), installed in a glove box. 

                                                 
1 Parr Instrument Company, 211 Fifty Third Street, Moline, Illinois 61265-9984 
2 SCINTREX UA-3 Uranium Analyser, SCINTREX, Snidercroft Road, Concord Ontario 
Canada L4K 1B5 
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The ICP-MS instrument is controlled by Perkin Elmer Chromera software. 
The Chromera software was also used for the collection and evaluation of 
the chromatograms. Peak areas were used for the evaluation. 

2.3.4 ICP-MS Analysis Based on One-Point Calibration 

In this mode of analysis, count rates from an aliquot of the mother solution 
that is diluted as appropriate were compared to count rates from multi-
element standard solutions. The first step in the evaluation of the data 
consisted of normalising all count rates to each other by means of an added 
internal standard (115In). Blank corrections were performed by means of 
measurements of a pure diluted HNO3 solution (0.16 M) preceding the 
analysis of each sample and standard solution. Average values were then 
compared to the corresponding average values measured in the standard 
solutions. Based on the known concentration of the nuclide in the standard 
the concentration of the nuclide in the sample was calculated. 

This mode of analysis is restricted to isotopes without any isobaric 
overlap. 99Tc, 133Cs, 135Cs, 139La, 237Np as well as 244Cm and 246Cm, 
together with some nuclides analysed by Isotope Dilution Analysis (IDA) 
as well, were determined by analysis based on one-point calibration. The 
error estimation was amongst others based on a comparison with the IDA 
results for interference-free nuclides determined by both methods. 

2.3.5 Isotope Dilution Analysis 

Basis 

IDA is based on the addition of a known amount of an enriched isotope 
(“spike”) to a sample. Isotopic ratios between the added isotope and the 
isotope to be analysed are determined by mass spectrometry in the mixture 
of spike and sample, in the sample and, if not already known, in the spike. 
The amount of the isotope to be determined in the sample can be 
calculated according to the method derived below: 

spikeinbisotopeofnumberN

sampleinbisotopeofnumberN

spikeinaisotopeofnumberN

sampleinaisotopeofnumberN

mixtureinratioisotopeR

spikeinratioisotopeR

sampleinbaratioisotopeR

analysedbetoisotopeb

isotopespikea

Sp
b

S
b

Sp
a

S
a

M

Sp

s
















)/(
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By transforming Equation (3), the following Equation (4) can be derived: 

sM

Sp
bM

Sp
aS

b RR

NRN
N




  (4) 

Sp
bN  can be substituted by means of Equation (2), which leads to 

Equation (5): 

sM

Sp

M

Sp
a

S
b RR

R

R

NN





1

 (5) 

Once the amount of isotope b in the sample has been determined, all other 
isotopes of the same element can easily be determined by means of the 
isotopic ratios measured by mass spectrometry. 

Spiking 

RS, the isotope ratio in the sample, is given. RSp, the ratio in the spike is 
fixed as well, once the appropriate standard is chosen for a series of 
analyses. RM, the isotope ratio in the mixture, on the other hand can be 
influenced by the amount of spike solution that is blended with the sample 
aliquot. Two aspects have to be taken into account when choosing the 
appropriate RM value: counting statistics, influencing the uncertainty of the 
isotopic ratio, and the factor that determines the contribution of the 
uncertainty in RM by error propagation to the overall error of the analysis. 

The approximate amount of the isotopes to be analysed in the sample as 
well as the corresponding RS values were estimated based on the result of 
semi-quantitative analyses and on CASMO calculations. After choosing an 
appropriate RM value, the number of spike isotopes to be added to an 
aliquot of the mother solution was calculated based on Equation (5). 

Identities of spike isotopes and of isotopes to be analysed, as well as their 
abundance in the corresponding spike solutions, are shown in Table 3. 
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Table 3 
Abundances of spike isotope and isotope to be analysed in spike solutions 

Spike Isotope Abundance [%] 
Isotope to be 

analysed 
Abundance [%] 

233U 98.043 238U 0.804 
242Pu 99.903 239Pu 0.0826 

243Am 
99.966(1) 

99.967(2) 
241Am 

0.031(1) 

0.030(2) 
96Mo 95.60 97Mo 1.03 
133Cs 100.00 137Cs - 
140Ce 99.30 142Ce 0.70 
148Nd 91.60 146Nd 2.50 
154Sm 99.02 152Sm 0.473 
151Eu 99.24 153Eu 0.76 
155Gd 91.6 156Gd 6.34 

(1) Reference date: April 12, 1984 
(2) Calculated for February 2007 

 

IDA without Separation 

Uranium isotopes were determined by IDA based on ICP-MS without 
separation. Aliquots of spiked and unspiked solutions were diluted as 
appropriate in order to avoid too large dead time corrections. The meas-
urements were performed in the peak jump mode. 

HPLC-ICP-MS 

Plutonium and americium isotopes were determined by IDA based on 
HPLC-ICP-MS, with an elution program separating the two elements from 
each other and from interfering elements, e.g. uranium. Aliquots of spiked 
and unspiked solutions were diluted as appropriate. 

In a separate run, the lanthanides cerium, neodymium, samarium, euro-
pium and gadolinium were determined, applying the corresponding elution 
method. 

Molybdenum was analysed by separating it as molybdate anion from 
disturbing elements. Caesium was separated as cation. 

Data Evaluation 

Count rates measured in the analysis of uranium, performed without any 
separation, were blank corrected. The count rates from the unspiked and 
spiked samples of mass 238 were corrected for the contribution of 238Pu, 
based on the count rate for mass 239 and the ratio of 238Pu and 239Pu de-
termined in the plutonium analysis. The abundance of uranium isotopes in 
the unspiked sample was determined by normalising the corresponding 
count rates of five individual measurements to 100 %, followed by calcu-
lating an average value for each individual isotope. RS was determined 
based on the corresponding abundances; RM was calculated directly from 
the corresponding count rates. The number of 238U atoms was calculated 
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according to Equation (5). For all other isotopes, the number of atoms in 
the sample was calculated by means of the corresponding abundances, 
based on the number of atoms of the isotope to be analysed. 

The number of atoms in the sample was transformed into micrograms. Fi-
nally, the amount of nuclide nX in weight percent relative to 238U was 
calculated by dividing the corresponding amount by the amount of 238U. 

Error Estimation 

The uncertainty of the number of counts in a pulse counting system like 
ICP-MS is given by the square root of the number of counts, neglecting 
the contribution of the background signal. When applying the rules of 
error propagation on the simple equation (6) for the ratio of two isotopes 
of interest, it can be demonstrated that the precision of the ratio is limited 
by the size of the smaller peak (equation (7)). 

b

a
r   (6) 

with 

countsofnumberba

ratioisotopicr



,

 

bar

sr 11
  (7) 

with 

roferrorsr   

Experience from routine analysis has shown that it is normally not possible 
to achieve a lower relative standard deviation of r than about 0.1 %, even 
if sufficient counts are available [Ref. 12]. If the number of counts in the 
smaller of the two peaks is significantly larger than 106, the contribution of 
counting statistics is negligible. This is normally the case in HPLC-ICP-
MS analyses. In ICP-MS analyses in peak jump mode, numbers of counts 
may be smaller. With 105 counts in the smaller peak, the contribution of 
counting statistics to the relative error of r is still below 0.5 %. On the 
other hand, additional factors like instrument instability limit the 
achievable accuracy. A possibility of assessing this scatter is calculating 
the relative standard deviation of the five and three abundance values of 
individual isotopes, respectively, in the unspiked samples that were 
determined by normalising the count rates of individual measurements to 
100 %. For each isotopic ratio, sr calculated by error propagation from the 
standard deviation of abundance values was compared to a value based on 
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equation (7). The larger of the two values was then used in the overall 
error estimation. 

The equation for calculating the error of the number of atoms of the iso-
tope to be analysed in the sample (Equation (8)) is derived from Equation 
(5) according to the general rules of error propagation. 
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ioferrorabsolutesi   

For all other isotopes, Equation (9) is applied: 
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The relative error of the number of added spike atoms 
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Sp  used in the calculations are estimated as shown in 

Table 4. 

Table 4 
Errors of input data used in calculations 

Parameter Relative Error (Comment) 
Sp
aN  1 % (Estimated, same value for all elements) 

RSp  
U 0.1 % (Estimated) 

Pu 0.1 % (Estimated) 
Am 1 % (Estimated) 
Mo 1 % (Estimated) 
Cs 0.1 % (Estimated) 
Ce 1 % (Estimated) 
Nd 0.5 % (Estimated) 
Sm 0.5 % (Estimated) 
Eu 0.5 % (Estimated) 
Gd 1 % (Estimated) 

RS ,RM, r Determined according to the method described in the text 
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2.4 Decay Corrections 

Gamma scanning data are automatically corrected to a reference date, 
which was chosen to be the end of bombardment (EOB, September 11, 
2000). Corresponding half-lives are part of the nuclide library of the 
gamma scanning system. 

Besides stable isotopes with short-lived mother nuclides, radiochemical 
analyses include radioactive nuclides and nuclides with long-lived mother 
nuclides as well. In these cases, the analysed value is reported together 
with a value that is decay-corrected back to the EOB. All applied half-
lives are compiled in Table 5. All values applied for correcting 
radiochemical analysis data are taken from [Ref. 13]. The reference for 
half-lives applied in gamma scanning is not known. In the case of 154Eu, 
the different half-lives introduce a potential systematic deviation of less 
than 2 %. 

Table 5 
Half-lives applied for decay corrections 

Nuclide Half-life Nuclide Half-life 
244Cm 18.10 a 155Eu 4.761 a 

134Cs 2.06 a 144Ce 284.8 d 
284.2 d  2.062 a 

137Cs 30.17 a 241Pu 14.35 a 
 30.1 a 

147Pm 2.62 a 106Ru 1.02 a 
154Eu 8.8 a 

8.5 a 
Italic: Applied in gamma scanning 

2.5 Burnup Determination 

One of the traditional methods for determining the burnup of irradiated 
LWR fuel is the 148Nd method according to ASTM E 321 [Ref. 10]. 
Probably one of the largest sources for systematic errors in this method is 
the assumed fission yield, requiring knowledge of the fraction of fissions 
occurring in 238U (fast neutron fission) and 235U, 239Pu and 241Pu (thermal). 
Another traditional method for burnup determination is based on the 
uranium and plutonium isotopic composition (ASTM E 244 [Ref. 14]); 
this method is rarely used for LWR fuel due to its rather simplified and 
rough assumptions regarding the neutron spectrum and fission fractions 
(the standard has been withdrawn in 2001). However, modern physics 
codes like CASMO and HELIOS are instead able to calculate the amount 
of fission products and actinides formed or consumed during reactor 
operation in a much more sophisticated way, taking changes of irradiating 
conditions into account in a more detailed way than in the ASTM E 321 
and ASTM E 244 methods. The uncertainty of these methods can therefore 
be eliminated to a certain extent, if the experimentally determined amount 
of suitable fission products or actinides is compared to the result of, e.g., 
CASMO calculations. Cross sections applied for CASMO calculations of 
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isotope number densities are in general well known, at least in the case of 
fission products that are candidates for being used for burnup 
determination. The accuracy of CASMO results depends primarily on the 
quality of modelling operating history. In the case of the two analysed 
rods, operation was well documented, thus allowing a quite detailed 
modelling. Therefore, the error of CASMO calculations is assumed to be 
smaller than experimental errors. The method is described in [Ref. 5]. 

Based on [Ref. 4 and Ref. 16], number densities of all actinide and fission 
product isotopes of interest were calculated as a function of burnup by 
CASMO. The number densities were transformed into nX/238U values. 
Experimentally determined values for 144Nd, 145Nd, 146Nd, 148Nd and 
150Nd, were compared to the calculated values, thus allowing a 
determination of the local pellet burnup. In addition, local pellet burnup 
was determined by comparing 235U and 239Pu isotopic abundances 
analysed by ICP-MS to isotopic abundances calculated from CASMO 
number densities. 

In a similar way, the 137Cs/238U content based on gamma scanning was 
compared to CASMO values, thus yielding an additional local burnup 
value.  

Finally, the burnup was determined according to [Ref. 15], based on 137Cs 
activities determined by gamma scanning in the analysed rod and in the 
reference rod. The decay of 137Cs during irradiation was based on the 
power history given in [Ref. 4 and Ref. 16]. 
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3 Results and Discussion 

3.1 Activity Profiles, Rod WZtR160 

Profiles of 137Cs, 134Cs and 154Eu are shown in Figure 3, Figure 4 and 
Figure 5. 

Pellet-pellet interfaces are in general very well visible in the 137Cs profile, 
thus allowing exact definition of sample cutting positions around the 
maximum value at 800 mm from the bottom end plug. No significant 
caesium migration has taken place in this part of the rod. 

 

WZtR160, Axial Cs-137 Activity Profile

0.0E+00

5.0E+08

1.0E+09

1.5E+09

2.0E+09

2.5E+09

3.0E+09

3.5E+09

4.0E+09

4.5E+09

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Distance from lower end plug [mm]

A
c

ti
v

it
y

 [
B

q
/m

m
]

 
Figure 3 
137Cs activity profile 

 

WZtR160, Axial Cs-134 Activity Profile
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Figure 4 
134Cs activity profile 
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WZtR160, Axial Eu-154 Activity Profile
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Figure 5 
154Eu activity profile 

3.2 nX/238U Values based on Gamma Scanning 

In order to determine the amount of 134Cs, 137Cs and 154Eu in a represen-
tative part of the scanned segment of rod WZtR160, average activity 
values were calculated for the segment between 850 and 1000 mm from 
the bottom end plug. Pellet-pellet interfaces were excluded. The 
corresponding part of the profiles is plotted together with the respective 
average value in Figure 6 (137Cs), Figure 7 (134Cs) and Figure 8 (154Eu). 

Gamma scan data from rod WZR0058 were evaluated in the same way for 
parts representative for samples E58-88, E58-257 and E58-793. All 
nX/238U values are compiled in Table 6.  

Regarding details on the indicated errors see Paragraphs 2.2.2 and 2.2.3.  
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Figure 6 
137Cs activity profile in rod WZtR160 together with average value for  
850 – 1000 mm 
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Figure 7 
134Cs activity profile in rod WZtR160 together with average value for  
850 – 1000 mm 
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Figure 8 
154Eu activity profile in rod WZtR160 together with average value for  
850 – 1000 mm 
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Table 6 
nX/238U values based on gamma scans 

Sample E58-88 E58-257 E58-793 WZtR160-800 
Distance [mm] 81 – 100 253.5 – 273 772 – 812 850 – 1000 
Residual 238U [%] 97.0 95.1 94.0 94.7 
106Ru/238U [%] 0.015 ± 0.001 0.026 ± 0.001 0.032 ± 0.001 - 
134Cs/238U [%] 0.017 ± 0.001 0.034 ± 0.001 0.045 ± 0.001 0.040 ± 0.001 
137Cs/238U [%] 0.171 ± 0.007 0.254 ± 0.008 0.299 ± 0.009 0.285 ± 0.009 
144Ce/238U [%] 0.020 ± 0.001 0.029 ± 0.002 0.033 ± 0.002 - 
154Eu/238U [%] 0.0034 ± 0.0002 0.0055 ± 0.0003 0.0065 ± 0.0004 0.0065 ± 0.0004 

Date of measurements: March 29, 2002 (WZR0058), May 19, 2006 (WZtR160) 

3.3 nX/238U Values based on One-Point Calibration 

The results of analyses performed in the one-point calibration method are 
compiled in Table 7. 99Tc was analysed in all samples, in contrast to 103Rh 
that was assessed only in the samples that were dissolved with the new 
method. As discussed later, alloy particles in sample E58-257 were most 
probably not completely dissolved. This can be concluded by comparing 
values for nuclides forming alloy particles with CASMO results (see 
Section 3.7). 

The analysed 244Cm value was decay-corrected to EOB. 

The content in 144Nd was corrected to EOB based on CASMO calcula-
tions. The portion of 144Ce determined by CASMO for EOB that decayed 
until the time of analysis was subtracted from the analysed amount of 
144Nd. This correction introduces a systematic deviation, if 144Ce is not 
modelled correctly. 
133Cs values are given for all four samples. Those of samples E58-257 and 
WZtR160-800 are for information only. They illustrate that a major part of 
caesium was lost during dissolution. 

The one-point calibration results are further discussed and compared to 
IDA results, where possible, under Section 3.5. 
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Table 7 
nX/238U values based on one-point calibration 

Sample E58-88 E58-793 E58-257 WZtR160-800 
99Tc/238U [%] 0.103 ± 0.008 0.115 ± 0.009 0.134 ± 0.011 0.163 ± 0.013 
103Rh/238U [%] Not analysed Not analysed 0.0448 ± 0.004 0.0818 ± 0.008 
133Cs/238U [%] 0.145 ± 0.012 0.226 ± 0.018 0.025 ± 0.002 0.054 ± 0.004 
139La/238U [%] 0.161 ± 0.013 0.286 ± 0.023 0.230 ± 0.018 0.259 ± 0.021 
237Np/238U [%] 0.063 ± 0.005 0.113 ± 0.009 0.099 ± 0.008 0.112 ± 0.009 
243Am/238U [%] 0.010 ± 0.001 0.051 ± 0.005 0.034 ± 0.003 0.047 ± 0.005 
244Cm/238U [%] 0.0017 ± 0.0002 0.021 ± 0.002 0.011 ± 0.001 0.018 ± 0.002 
(at EOB) 0.0021 0.027 0.014 0.024 
246Cm/238U [%] 1.6E-05 ± 2.E-06 6.5E-04 ± 1.E-04 2.1E-04 ± 3.E-05 4.8E-04 ± 7.E-05 
140Ce/238U [%] 0.162 ± 0.013 0.309 ± 0.025 0.232 ± 0.019 0.305 ± 0.024 
142Ce/238U [%] 0.150 ± 0.012 0.277 ± 0.022 0.212 ± 0.017 0.262 ± 0.021 
143Nd/238U [%] 0.105 ± 0.008 0.136 ± 0.011 0.121 ± 0.010 0.130 ± 0.010 
144Nd/238U [%] 0.171 ± 0.014 0.364 ± 0.029 0.273 ± 0.022 0.336 ± 0.027 
(at EOB) 0.125 0.319 0.227 0.290 
145Nd/238U [%] 0.087 ± 0.007 0.140 ± 0.011 0.115 ± 0.009 0.130 ± 0.010 
146Nd/238U [%] 0.088 ± 0.007 0.186 ± 0.015 0.138 ± 0.011 0.173 ± 0.014 
234U/238U [%] 0.0282 ± 0.0028 0.0199 ± 0.0020 0.0219 ± 0.0022 0.0215 ± 0.0022 
235U/238U [%] 1.405 ± 0.112 0.341 ± 0.027 0.564 ± 0.045 0.405 ± 0.032 
236U/238U [%] 0.616 ± 0.049 0.713 ± 0.057 0.697 ± 0.056 0.733 ± 0.059 
239Pu/238U [%] 0.635 ± 0.051 0.652 ± 0.052 0.639 ± 0.051 0.642 ± 0.051 
240Pu/238U [%] 0.248 ± 0.020 0.366 ± 0.029 0.328 ± 0.026 0.374 ± 0.030 

Date of analysis: January 24, 2007 

3.4 Isotope Dilution Analysis 

3.4.1 Verification of IDA Method 

Table 8 shows nX/238U analysed in sample F3F6 together with results from 
the first campaign and with values based on data from Harwell and 
Dimitrovgrad. 241Pu data from the first campaign and from Harwell and 
Dimitrovgrand were recalculated to the date of analysis of the present 
work. Relative deviations are compiled in Table 9 and plotted in Figure 9. 
When comparing the present results with those from the first campaign, we 
can conclude that the new equipment is somewhat more stable, as errors 
determined according to the method described on page 11 are somewhat 
smaller. In general, agreement between the different sets of data is good. 
Exceptions are the minor nuclides 234U, 238Pu and 142Nd, as well as the 
cerium isotopes, which had caused some troubles with unidentified 
reasons in earlier campaigns, and 236U, which is systematically higher than 
expected throughout the entire campaign. 

When comparing the neodymium results to CASMO calculations per-
formed for work published in [Ref. 5], it can be concluded that these val-
ues form a set of data that is consistent with calculated values (Figure 10). 
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Table 8 
nX/238U values analysed in sample F3F6, together with results from first 
campaign and with values based on isotopic information from Harwell and 
Dimitrovgrad 

 present work 1st analysis Harwell Dimitrovgrad 
234U/238U [%] 0.020 ± 0.001 0.017 ± 0.001 0.016 ± 0.001 0.013 ± 0.001 
235U/238U [%] 0.356 ± 0.007 0.359 ± 0.013 0.356 ± 0.002 0.351 ± 0.005 
236U/238U [%] 0.701 ± 0.013 0.643 ± 0.020 0.625 ± 0.009 0.631 ± 0.003 
238Pu/238U [%] 0.045 ± 0.002 0.044 ± 0.002 0.047 ± 0.0005 0.050 ± 0.0002 
239Pu/238U [%] 0.512 ± 0.016 0.524 ± 0.017 0.535 ± 0.0009 0.529 ± 0.0007 
240Pu/238U [%] 0.339 ± 0.011 0.346 ± 0.012 0.348 ± 0.0007 0.346 ± 0.0004 
241Pu/238U [%] 0.085 ± 0.004 0.101 ± 0.005 0.095 ± 0.0002 0.095 ± 0.0001 
242Pu/238U [%] 0.141 ± 0.005 0.143 ± 0.005 0.148 ± 0.0003 0.147 ± 0.0002 
140Ce/238U [%] 0.227 ± 0.004 0.254 ± 0.007 not analysed 0.251 ± 0.0002 
142Ce/238U [%] 0.208 ± 0.003 0.233 ± 0.006 not analysed 0.227 ± 0.0002 
142Nd/238U [%] 0.0062 ± 0.0001 0.0065 ± 0.0003 0.0076 ± 0.0001 0.0069 ± 0.0001 
143Nd/238U [%] 0.106 ± 0.002 0.110 ± 0.002 0.106 ± 0.0007 0.113 ± 0.0001 
144Nd/238U [%] 0.282 ± 0.004 0.294 ± 0.007 0.281 ± 0.0006 0.298 ± 0.0002 
145Nd/238U [%] 0.116 ± 0.002 0.116 ± 0.003 0.115 ± 0.0002 0.121 ± 0.0002 
146Nd/238U [%] 0.141 ± 0.002 0.140 ± 0.003 0.140 ± 0.0003 0.148 ± 0.0001 
148Nd/238U [%] 0.070 ± 0.001 0.073 ± 0.002 0.070 ± 0.0001 0.075 ± 0.0001 
150Nd/238U [%] 0.034 ± 0.001 0.036 ± 0.002 0.035 ± 0.0001 0.038 ± 0.0001 

Analyses for present work performed mid-December 2006 

Table 9 
Sample F3F6. Relative deviation of nX/238U values from first campaign 
and of nX/238U values based on isotopic information from Harwell and 
Dimitrovgrad from results of present work 

 Deviation of Difference 

 1st analysis Harwell Dimitrovgrad 
Harwell-

Dimitrovgrad 
234U/238U [%] -12.32% -20.37% -35.30% 23.08% 
235U/238U [%] 1.03% 0.14% -1.26% 1.42% 
236U/238U [%] -8.27% -10.88% -10.02% -0.95% 
238Pu/238U [%] -2.14% 3.88% 12.27% -7.48% 
239Pu/238U [%] 2.30% 4.42% 3.28% 1.11% 
240Pu/238U [%] 2.09% 2.61% 2.00% 0.61% 
241Pu/238U [%] 18.24% 11.43% 11.43% 0.00% 
242Pu/238U [%] 1.74% 5.07% 4.81% 0.25% 
140Ce/238U [%] 11.71% not analysed 10.39% not analysed 
142Ce/238U [%] 12.00% not analysed 9.07% not analysed 
142Nd/238U [%] 3.93% 22.85% 10.42% 11.26% 
143Nd/238U [%] 3.62% 0.25% 6.21% -5.61% 
144Nd/238U [%] 4.30% -0.32% 5.72% -5.71% 
145Nd/238U [%] -0.56% -1.29% 4.45% -5.50% 
146Nd/238U [%] -0.79% -0.44% 5.11% -5.27% 
148Nd/238U [%] 4.94% 0.32% 7.22% -6.44% 
150Nd/238U [%] 3.71% 1.91% 10.76% -7.99% 
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Figure 9 
Sample F3F6. Relative deviation of nX/238U values from first campaign 
and of nX/238U values based on isotopic information from Harwell and 
Dimitrovgrad from results of present work 
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Figure 10 
nNd/238U values in sample F3F6 compared to CASMO calculations from 
[Ref. 5] 
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3.4.2 nX/238U Values Based on Isotope Dilution Analysis 

The results of all IDA analyses are compiled in Table 10, together with 
errors (1σ) determined according to the description given on page 11. 

Instrumental troubles with the HPLC system impacted plutonium and 
americium analyses. Reproducibility was not as good as it should be, 
leading to a larger spread between the results of individual runs. This 
caused a rather large error in the first analysis of sample E58-257. In the 
case of sample WZtR160-800, the first set of results was based on two 
runs only instead of three runs as in all other HPLC-ICP-MS analyses. 
Several repeated attempts failed, before the equipment worked well and 
gave excellent results in test analyses of standard solutions. Finally, a good 
analysis could be performed with the last portion of the spiked solution of 
sample E58-257. In the case of sample WZtR160-800, a new technical 
defect, this time in the ICP-MS instrument, prematurely terminated the 
experiment during measurement of the spiked solution. Nevertheless, this 
analysis could be “saved” by combining it with an earlier measurement of 
the spiked solution, thus leading to a satisfactory result as well. 
Consequently, two sets of plutonium and americium results are given for 
samples E58-257 and WZtR160-800 in Table 10. 

The amount of 241Pu was decay-corrected to EOB. The amount that 
decayed was subtracted from the analysed amount of 241Am, thus 
correcting back to EOB. This correction corresponds to a significant 
portion of the analysed 241Am amount. Thus, a small error in the amount of 
analysed 241Pu leads to a large systematic deviation in the 241Am amount at 
EOB. This is illustrated by the large difference in the two repeated 
analyses, in particular in WZtR160-800. Thus, the 241Am amount at EOB 
is of limited value only. 
144Nd was corrected in the same way as described in Section 3.3. The same 
principle was applied for correcting the analysed 147Sm amount for the 
contribution of the 147Pm decay. 
154Eu and 155Eu were decay-corrected. The decayed portions were 
subtracted from the analysed amounts of 154Gd and 155Gd, respectively. In 
the case of 155Gd, this resulted in negative EOB values, indicating that 
roughly no 155Gd was present in the fuel at the end of the irradiation. This 
corresponds to expectations. With a thermal neutron capture cross section 
of 61’000 barn, all 155Gd is transformed into 156Gd during reactor 
operation. The same is true for 157Gd as well (254’000 barn), but lacking a 
long-lived mother nuclide, no 157Gd is found in the IDA analysis either. 

No 92Mo and 94Mo is formed in nuclear fuel during reactor operation. The 
presence of significant portions of these two nuclides in the two samples 
analysed for molybdenum indicated a contamination of the sample 
solution with natural molybdenum. The contamination source could not be 
identified. A contribution of natural molybdenum was therefore subtracted 
from all measured molybdenum isotopic data, by assuming that 92Mo 
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exclusively stems from this contamination. This led to an increased scatter. 
Moreover, the data for sample E58-257 were most probably impacted by 
incomplete dissolution of the alloy particles. Finally, the values reported in 
the first version of this report were impacted by a systematic error, due to a 
mistake in an equation in the Excel data evaluation files (wrong atomic 
weight applied for calculating the number of added spike atoms). 

Table 10 
nX/238U values based on IDA analysis 

Sample E58-88 E58-793 E58-257 WZtR160-800 
233U/238U [%] <0.001 <0.001 <0.001 <0.001 
234U/238U [%] 0.0274 ± 0.0016 0.0192 ± 0.0014 0.0219 ± 0.0013 0.0200 ± 0.0012 
235U/238U [%] 1.385 ± 0.023 0.342 ± 0.008 0.572 ± 0.011 0.397 ± 0.008 
236U/238U [%] 0.679 ± 0.012 0.776 ± 0.014 0.772 ± 0.013 0.789 ± 0.014 
238Pu/238U [%] 0.0277 ± 0.0011 0.0869 ± 0.0015 0.0743 ± 0.0023 0.0874 ± 0.0042 
     0.0688 ± 0.0036 0.0802 ± 0.0013 
239Pu/238U [%] 0.646 ± 0.013 0.666 ± 0.010 0.657 ± 0.016 0.657 ± 0.010 
     0.664 ± 0.014 0.658 ± 0.010 
240Pu/238U [%] 0.249 ± 0.006 0.373 ± 0.007 0.336 ± 0.009 0.386 ± 0.006 
     0.347 ± 0.010 0.379 ± 0.006 
241Pu/238U [%] 0.117 ± 0.004 0.169 ± 0.003 0.153 ± 0.004 0.164 ± 0.003 
(at EOB) 0.159 0.231 0.209 0.224 
     0.162 ± 0.008 0.169 ± 0.003 
(at EOB)   0.224 0.233 
242Pu/238U [%] 0.058 ± 0.002 0.190 ± 0.004 0.137 ± 0.004 0.179 ± 0.003 
     0.143 ± 0.008 0.183 ± 0.003 
241Am/238U [%] 0.075 ± 0.002 0.093 ± 0.002 0.081 ± 0.004 0.085 ± 0.002 
(at EOB) 0.032 0.031 0.025 0.026 
     0.064 ± 0.003 0.065 ± 0.002 
(at EOB)   0.0019 0.0003 
243Am/238U [%] 0.012 ± 0.002 0.053 ± 0.001 0.033 ± 0.002 0.046 ± 0.002 
     0.037 ± 0.002 0.050 ± 0.002 
140Ce/238U [%] 0.173 ± 0.003 0.314 ± 0.007 0.255 ± 0.009 0.304 ± 0.011 
142Ce/238U [%] 0.158 ± 0.003 0.279 ± 0.005 0.228 ± 0.005 0.268 ± 0.009 
142Nd/238U [%] 0.0023 ± 0.0001 0.0093 ± 0.0002 0.0061 ± 0.0002 0.0080 ± 0.0004 
143Nd/238U [%] 0.114 ± 0.002 0.140 ± 0.002 0.134 ± 0.003 0.132 ± 0.002 
144Nd/238U [%] 0.183 ± 0.003 0.375 ± 0.006 0.305 ± 0.006 0.338 ± 0.006 
(at EOB) 0.136 0.329 0.259 0.292 
145Nd/238U [%] 0.093 ± 0.002 0.145 ± 0.003 0.129 ± 0.003 0.134 ± 0.002 
146Nd/238U [%] 0.096 ± 0.001 0.194 ± 0.003 0.157 ± 0.002 0.175 ± 0.003 
148Nd/238U [%] 0.050 ± 0.001 0.094 ± 0.002 0.077 ± 0.002 0.084 ± 0.002 
150Nd/238U [%] 0.0243 ± 0.0004 0.0480 ± 0.0014 0.0393 ± 0.0012 0.0433 ± 0.0015 

 (continued on following page) 
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Table 10 (continued) 
nX/238U values based on IDA analysis 

Sample E58-88 E58-793 E58-257 WZtR160-800 
147Sm/238U [%] 0.033 ± 0.002 0.032 ± 0.001 0.034 ± 0.001 0.035 ± 0.001 
(at EOB) 0.014 0.015 0.017 0.018 
148Sm/238U [%] 0.0195 ± 0.0009 0.0502 ± 0.0012 0.0388 ± 0.0012 0.0482 ± 0.0020 
149Sm/238U [%] 0.00035 ± 0.00003 0.00036 ± 0.00003 0.00043 ± 0.00002 0.00041 ± 0.00010 
150Sm/238U [%] 0.0342 ± 0.0016 0.0670 ± 0.0016 0.0561 ± 0.0017 0.0663 ± 0.0027 
151Sm/238U [%] 0.00152 ± 0.00007 0.00189 ± 0.00007 0.00176 ± 0.00008 0.00183 ± 0.00009 
152Sm/238U [%] 0.0129 ± 0.0002 0.0189 ± 0.0004 0.0173 ± 0.0004 0.0191 ± 0.0007 
154Sm/238U [%] 0.00466 ± 0.00029 0.01105 ± 0.00031 0.00787 ± 0.00103 0.01029 ± 0.00043 
151Eu/238U [%] 6.4E-05 ± 7.0E-06 7.2E-05 ± 1.8E-06 6.8E-05 ± 9.9E-06 8.5E-05 ± 3.9E-06 
153Eu/238U [%] 0.0137 ± 0.0006 0.0244 ± 0.0004 0.0220 ± 0.0010 0.0247 ± 0.0010 
154Eu/238U [%] 0.00172 ± 0.00008 0.00350 ± 0.00008 0.00307 ± 0.00014 0.00346 ± 0.00015 
(at EOB) 0.00285 0.00581 0.00510 0.00574 
155Eu/238U [%] 0.00044 ± 0.00005 0.00092 ± 0.00002 0.00076 ± 0.00005 0.00090 ± 0.00004 
(at EOB) 0.0011 0.0023 0.0019 0.0023 
154Gd/238U [%] 0.00141 ± 0.00002 0.00313 ± 0.00011 0.00262 ± 0.00009 0.00318 ± 0.00013 
(at EOB) 0.00028 0.00082 0.00059 0.00089 
155Gd/238U [%] 4.9E-04 ± 4.5E-05 8.3E-04 ± 5.6E-05 9.3E-04 ± 4.0E-05 2.2E-03 ± 3.6E-05 
(at EOB) <1.E-04 <1.E-04 <1.E-04 8.E-04 
156Gd/238U [%] 0.0095 ± 0.0002 0.0467 ± 0.0010 0.0293 ± 0.0006 0.0434 ± 0.0007 
157Gd/238U [%] <0.0003 <0.0003 <0.0003 <0.0003 
158Gd/238U [%] 0.00170 ± 0.00004 0.00692 ± 0.00016 0.00433 ± 0.00011 0.00632 ± 0.00019 
160Gd/238U [%] 0.00014 ± 0.00001 0.00037 ± 0.00001 <0.0004 0.00033 ± 0.00001 
95Mo/238U [%] not analysed not analysed 0.082 ± 0.004 0.188 ± 0.026 
97Mo/238U [%] not analysed not analysed 0.090 ± 0.003 0.217 ± 0.007 
98Mo/238U [%] not analysed not analysed 0.116 ± 0.005 0.257 ± 0.035 
100Mo/238U [%] not analysed not analysed 0.110 ± 0.006 0.278 ± 0.040 

Analyses performed in February/March 2007 and June 2007 (second Pu 
and Am analysis) 

3.5 nCs/238U Values 

A significant portion of caesium was lost during dissolution in the high 
pressure bomb. Consequently, the amount of isotopes in solution, at least 
for samples E58-257 and WZtR160-800, could not be determined by IDA. 
On the other hand, the isotopic composition could easily be determined 
with ICP-MS after separation by HPLC. nCs/238U values were therefore 
determined by an alternative method with the 137Cs/238U values based on 
gamma scanning as a starting point. The values of the other nuclides were 
then calculated with the help of the HPLC-ICP-MS based isotopic 
composition and applying appropriate decay corrections. The results are 
compiled in Table 11. 
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Table 11 
nCs/238U values 

Sample E58-88 E58-793 E58-257 WZtR160-800 
133Cs/238U [%] 0.167 ± 0.008 0.242 ± 0.009 0.216 ± 0.009 0.234 ± 0.009 
134Cs/238U [%] 0.0019 ± 0.0001 0.0051 ± 0.0002 0.0044 ± 0.0002 0.0048 ± 0.0002
(at EOB) 0.016 ± 0.001 0.044 ± 0.002 0.038 ± 0.002 0.042 ± 0.002 
135Cs/238U [%] 0.081 ± 0.004 0.066 ± 0.001 0.090 ± 0.004 0.096 ± 0.004 
137Cs/238U [%] 0.148 ± 0.007 0.258 ± 0.009 0.219 ± 0.008 0.246 ± 0.009 
(at EOB) 0.171 ± 0.007 0.299 ± 0.009 0.254 ± 0.008 0.285 ± 0.009 

 

3.6 Comparison of One-Point Calibration with IDA Results 

A number of nuclides were analysed by one-point calibration as well as by 
IDA. The results were compared by dividing the result of one-point 
calibration analysis with the IDA result individually for each nuclide and 
sample. The average value of all quotients of a single nuclide indicates 
potential systematic differences between the two roughly independent 
methods. 

The 236U values indicate that the amount analysed with IDA is systemati-
cally about 8 % higher than in one-point analysis. This is about the same 
deviation as observed in sample F3F6, when comparing to the 
Dimitrovgrad and Harwell data. Although the cause for this systematic 
deviation remains unidentified, it seems to be restricted to IDA analysis. 

Even in the case of neodymium, there seems to be a systematic deviation, 
although much smaller and with a larger scatter of individual quotients. 
A possible explanation would be a slightly erroneous neodymium concen-
tration in the mixed standard solution used for one-point calibration or in 
the neodymium spike solution. As the deviation is less than the error es-
timated for one-point calibration analyses, no attempt was done to elimi-
nate this effect. 

In none of the other cases, clear indications for systematic deviations can 
be seen. 
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Table 12 
Results of one-point calibration analysis divided by result of IDA 

Sample E58-88 E58-793 E58-257 WZtR160-800 Average 
234U/238U 1.027 1.035 1.000 1.077 1.034 
235U/238U 1.015 0.994 0.987 1.019 1.004 
236U/238U 0.907 0.919 0.903 0.929 0.915 
239Pu/238U 0.983 0.978 0.974 0.976 0.978 
240Pu/238U 0.998 0.980 0.976 0.971 0.981 
243Am/238U 0.832 0.970 0.970 0.972 0.936 
140Ce/238U 0.934 0.983 0.913 1.004 0.958 
142Ce/238U 0.951 0.993 0.929 0.980 0.963 
143Nd/238U 0.921 0.977 0.899 0.985 0.945 
144Nd/238U 0.934 0.973 0.895 0.994 0.949 
145Nd/238U 0.939 0.968 0.891 0.970 0.942 
146Nd/238U 0.922 0.956 0.883 0.989 0.938 

 

3.7 Comparison with Results from First Campaign 

IDA results from the two re-analysed solutions are shown again in Table 
13, together with corresponding data of the first campaign [Ref. 1]. By 
comparing these sets of data to each other, it can be demonstrated whether 
performance of the new equipment is at least equivalent to the old one, 
provided that the spent fuel solutions remained stable. 

IDA results from sample E58-257 are included in Table 14 together with 
corresponding data from the neighbour sample E58-263 analysed in the 
first campaign. By comparing these two data sets, even performance of a 
different dissolution method and the significance of the fuel sample size 
can be assessed, as sample E58-263 consisted of a thin slice of fuel only. 

In order to facilitate the comparison, Table 15 and Figure 11 show quo-
tients of values from the first campaign divided by the corresponding 
values of present work for a selection of nuclides. For each nuclide, aver-
age and standard deviation of all three quotients is included as well. If the 
average is significantly different from one, a systematic deviation can be 
suspected. In general, excellent agreement is observed. Errors in the 
present work are in most cases smaller or at least equivalent to those in the 
first campaign.  
235U and, even more pronounced, 236U values are systematically higher in 
present work, compared to the first campaign. The reason for this dis-
crepancy could not be identified. 

Quotients of nuclides with atomic mass 140 to 148 show a monotonously 
increasing trend. This might indicate that mass bias was not correctly 
taken into account in one of the campaigns. As the trend is not very 
pronounced, no attempt was made to introduce a correction. 
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Table 13 
Comparison of IDA results with data from first campaign (same solution) 

Sample E58-88 E58-793 
 present work 1st analysis present work 1st analysis 
233U/238U [%] <0.001 <0.005 <0.001 <0.005 
234U/238U [%] 0.0274 ± 0.0016 0.0245 ± 0.0022 0.0192 ± 0.0014 0.0150 ± 0.0033 
235U/238U [%] 1.385 ± 0.023 1.328 ± 0.074 0.342 ± 0.008 0.312 ± 0.027 
236U/238U [%] 0.679 ± 0.012 0.568 ± 0.028 0.776 ± 0.014 0.684 ± 0.047 
238Pu/238U [%] 0.0277 ± 0.0011 0.0281 ± 0.0010 0.0869 ± 0.0015 0.0977 ± 0.0068 
239Pu/238U [%] 0.646 ± 0.013 0.652 ± 0.016 0.666 ± 0.010 0.724 ± 0.042 
240Pu/238U [%] 0.249 ± 0.006 0.250 ± 0.006 0.373 ± 0.007 0.395 ± 0.026 
241Pu/238U [%] 0.117 ± 0.004 0.140 ± 0.004 0.169 ± 0.003 0.216 ± 0.015 
(at EOB) 0.159 0.162 0.231 0.251 
242Pu/238U [%] 0.0582 ± 0.0019 0.0574 ± 0.0016 0.1898 ± 0.0041 0.1994 ± 0.0138 
241Am/238U [%] 0.0747 ± 0.0022 0.0260 ± 0.0010 0.0928 ± 0.0016 0.0306 ± 0.0015 
(at EOB) 0.0322 0.0035 0.0310 -0.0042 
243Am/238U [%] 0.0117 ± 0.0016 0.0093 ± 0.0004 0.0531 ± 0.0012 0.0510 ± 0.0029 
140Ce/238U [%] 0.173 ± 0.003 0.165 ± 0.004 0.314 ± 0.007 0.301 ± 0.007 
142Ce/238U [%] 0.158 ± 0.003 0.156 ± 0.004 0.279 ± 0.005 0.280 ± 0.006 
142Nd/238U [%] 0.0023 ± 0.0001 0.0026 ± 0.0001 0.0093 ± 0.0002 0.0099 ± 0.0004 
143Nd/238U [%] 0.114 ± 0.002 0.119 ± 0.003 0.140 ± 0.002 0.140 ± 0.006 
144Nd/238U [%] 0.183 ± 0.003 0.191 ± 0.004 0.375 ± 0.006 0.382 ± 0.017 
(at EOB) 0.136 0.172 0.329 0.352 
145Nd/238U [%] 0.0929 ± 0.0020 0.0991 ± 0.0024 0.1449 ± 0.0032 0.1491 ± 0.0065 
146Nd/238U [%] 0.0955 ± 0.0014 0.1019 ± 0.0022 0.1941 ± 0.0028 0.2041 ± 0.0088 
148Nd/238U [%] 0.0505 ± 0.0010 0.0561 ± 0.0014 0.0945 ± 0.0018 0.0998 ± 0.0045 
150Nd/238U [%] 0.0243 ± 0.0004 0.0261 ± 0.0010 0.0480 ± 0.0014 0.0484 ± 0.0025 
147Sm/238U [%] 0.0326 ± 0.0024 0.0284 ± 0.0008 0.0321 ± 0.0008 0.0298 ± 0.0014 
(at EOB) 0.0144 0.0160 0.0154 0.0148 
148Sm/238U [%] 0.0195 ± 0.0009 0.0204 ± 0.0005 0.0502 ± 0.0012 0.0543 ± 0.0025 
149Sm/238U [%] 0.00035 ± 0.00003 0.00036 ± 0.00003 0.00036 ± 0.00003 0.00040 ± 0.00003 
150Sm/238U [%] 0.0342 ± 0.0016 0.0353 ± 0.0010 0.0670 ± 0.0016 0.0709 ± 0.0032 
151Sm/238U [%] 0.00152 ± 0.00007 0.00149 ± 0.00008 0.00189 ± 0.00007 0.00203 ± 0.00011 
152Sm/238U [%] 0.0129 ± 0.0002 0.0132 ± 0.0003 0.0189 ± 0.0004 0.0199 ± 0.0009 
154Sm/238U [%] 0.00466 ± 0.00029 0.00426 ± 0.00016 0.01105 ± 0.00031 0.00911 ± 0.00042 
151Eu/238U [%] 6.4E-05 ± 7.0E-06 5.4E-05 ± 1.9E-06 7.2E-05 ± 1.8E-06 7.9E-05 ± 3.7E-06 
153Eu/238U [%] 0.0137 ± 0.0006 0.0169 ± 0.0005 0.0244 ± 0.0004 0.0326 ± 0.0014 
154Eu/238U [%] 0.00172 ± 0.00008 0.00236 ± 0.00014 0.00350 ± 0.00008 0.00495 ± 0.00033 
(at EOB) 0.00285 ± 0.00013 0.00301 ± 0.00017 0.00581 ± 0.00014 0.00631   0.00038 
155Eu/238U [%] 0.00044 ± 0.00005 0.00062 ± 0.00002 0.00092 ± 0.00002 0.00148 ± 0.00007 
(at EOB) 0.00113 ± 0.00012 0.00097 ± 0.00004 0.00235 ± 0.00005 0.00232 ± 0.00011 
154Gd/238U [%] 0.00141 ± 0.00002 0.00101 ± 0.00005 0.00313 ± 0.00011 0.00236 ± 0.00014 
155Gd/238U [%] 4.9E-04 ± 4.5E-05 3.0E-04 ± 2.5E-05 8.3E-04 ± 5.6E-05 7.5E-04 ± 4.0E-05 
156Gd/238U [%] 0.00949 ± 0.00015 0.00988 ± 0.00028 0.04666 ± 0.00097 0.04963 ± 0.00222 
157Gd/238U [%] <0.0003 <1E-06 <0.0003 <1E-06 
158Gd/238U [%] 0.00170 ± 0.00004 0.00170 ± 0.00007 0.00692 ± 0.00016 0.00723 ± 0.00035 
160Gd/238U [%] 0.00014 ± 0.00001 0.00014 ± 0.00001 0.00037 ± 0.00001 0.00031 ± 0.00006 
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Table 14 
Comparison of IDA results with data from first campaign (adjacent 
samples) 

Sample E58-257 E58-263 
 present work 1st analysis 
233U/238U [%] <0.001 <0.005 
234U/238U [%] 0.0219 ± 0.0013 0.0161 ± 0.0032 
235U/238U [%] 0.572 ± 0.011 0.525 ± 0.036 
236U/238U [%] 0.772 ± 0.013 0.677 ± 0.045 
238Pu/238U [%] 0.0743 ± 0.0023 0.0651 ± 0.0035 
239Pu/238U [%] 0.657 ± 0.016 0.640 ± 0.032 
240Pu/238U [%] 0.336 ± 0.009 0.327 ± 0.016 
241Pu/238U [%] 0.153 ± 0.004 0.182 ± 0.009 
(at EOB) 0.159 0.211 
242Pu/238U [%] 0.1370 ± 0.0040 0.1370 ± 0.0069 
241Am/238U [%] 0.0811 ± 0.0035 0.0321 ± 0.0017 
(at EOB) 0.0322 0.0030 
243Am/238U [%] 0.0329 ± 0.0021 0.0418 ± 0.0035 
140Ce/238U [%] 0.255 ± 0.009 0.270 ± 0.005 
142Ce/238U [%] 0.228 ± 0.005 0.251 ± 0.005 
142Nd/238U [%] 0.0061 ± 0.0002 0.0073 ± 0.0002 
143Nd/238U [%] 0.134 ± 0.003 0.143 ± 0.003 
144Nd/238U [%] 0.305 ± 0.006 0.307 ± 0.007 
(at EOB) 0.136 0.280 
145Nd/238U [%] 0.1288 ± 0.0028 0.1386 ± 0.0031 
146Nd/238U [%] 0.1567 ± 0.0023 0.1698 ± 0.0034 
148Nd/238U [%] 0.0767 ± 0.0017 0.0894 ± 0.0019 
150Nd/238U [%] 0.0393 ± 0.0012 0.0422 ± 0.0010 
147Sm/238U [%] 0.0343 ± 0.0011 0.0282 ± 0.0013 
(at EOB) 0.0144 0.0134 
148Sm/238U [%] 0.0388 ± 0.0012 0.0373 ± 0.0017 
149Sm/238U [%] 0.00043 ± 0.00002 0.00032 ± 0.00002 
150Sm/238U [%] 0.0561 ± 0.0017 0.0529 ± 0.0024 
151Sm/238U [%] 0.00176 ± 0.00008 0.00154 ± 0.00007 
152Sm/238U [%] 0.0173 ± 0.0004 0.0164 ± 0.0007 
154Sm/238U [%] 0.00787 ± 0.00103 0.00678 ± 0.00031 
151Eu/238U [%] 6.8E-05 ± 9.9E-06 7.3E-05 ± 3.6E-06 
153Eu/238U [%] 0.0220 ± 0.0010 0.0273 ± 0.0012 
154Eu/238U [%] 0.00307 ± 0.00014 0.00398 ± 0.00026 
(at EOB) 0.00510 ± 0.00024 0.00507 
155Eu/238U [%] 0.00076 ± 0.00005 0.00118 ± 0.00006 
(at EOB) 0.00193 ± 0.00013 0.00186 ± 0.00009 
154Gd/238U [%] 0.00262 ± 0.00009 0.00170 ± 0.00010 
155Gd/238U [%] 9.3E-04 ± 4.0E-05 5.5E-04 ± 2.6E-05 
156Gd/238U [%] 0.02934 ± 0.00061 0.02925 ± 0.00134 
157Gd/238U [%] <0.0003 <1E-06 
158Gd/238U [%] 0.00433 ± 0.00011 0.00423 ± 0.00019 
160Gd/238U [%] <0.0004 0.00024 ± 0.00001 
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Table 15 
Comparison of IDA results: Value of 1st campaign divided by result of 
present analysis for selected isotopes 

Sample E58-88 E58-793 E58-263/257 Average Std dev. 
235U/238U [%] 0.96 0.91 0.92 0.93 0.03 
236U/238U [%] 0.84 0.88 0.88 0.87 0.03 
238Pu/238U [%] 1.01 1.12 0.88 1.00 0.12 
239Pu/238U [%] 1.01 1.09 0.97 1.02 0.06 
240Pu/238U [%] 1.00 1.06 0.97 1.01 0.04 
242Pu/238U [%] 0.99 1.05 1.00 1.01 0.03 
243Am/238U [%] 0.79 0.96 1.27 1.01 0.24 
140Ce/238U [%] 0.95 0.96 1.06 0.99 0.06 
142Ce/238U [%] 0.99 1.00 1.10 1.03 0.06 
143Nd/238U [%] 1.04 1.00 1.06 1.04 0.03 
145Nd/238U [%] 1.07 1.03 1.08 1.06 0.03 
146Nd/238U [%] 1.07 1.05 1.08 1.07 0.02 
148Nd/238U [%] 1.11 1.06 1.17 1.11 0.05 
150Nd/238U [%] 1.07 1.01 1.07 1.05 0.04 
148Sm/238U [%] 1.04 1.08 0.96 1.03 0.06 
149Sm/238U [%] 1.02 1.12 0.75 0.96 0.19 
150Sm/238U [%] 1.03 1.06 0.94 1.01 0.06 
151Sm/238U [%] 0.98 1.07 0.88 0.98 0.10 
152Sm/238U [%] 1.02 1.05 0.95 1.01 0.05 
154Sm/238U [%] 0.91 0.82 0.86 0.87 0.05 
153Eu/238U [%] 1.24 1.34 1.24 1.27 0.06 
156Gd/238U [%] 1.04 1.06 1.00 1.03 0.03 
158Gd/238U [%] 1.00 1.04 0.98 1.01 0.04 
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Figure 11 
Comparison of IDA results: Value of 1st campaign divided by result of 
present analysis for selected isotopes (data from Table 15) 
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3.8 Comparison with CASMO Calculations 

Most of the data presented in previous Sections are plotted in this Section 
together with curves generated from CASMO-based number densities. The 
burnup values are taken from Table 16 (weighted average of burnup values 
based on neodymium isotopes as well as on 235U and 239Pu abundances). 

When assessing potential differences, it should be kept in mind, that 
CASMO values represent development of the nuclide inventory for a 
typical core mid-height position as a function of burnup. On the other 
hand, the burnup of samples E58-88 and E58-257 is lower because they 
were cut closer to the lower end of the rod, where the neutron flux is not 
only lower, but where the neutron energy spectrum might be significantly 
different from a mid-core location. A similar effect could have led to some 
differences between the two rods, as rod WZR0058 was located at the core 
periphery in the next but last cycle. 

Uranium values (Figure 12) show a rather consistent picture, with 236U 
points systematically above the CASMO prediction curve. As discussed in 
Section 3.4, the 236U value of the verification analysis is roughly 10 % 
higher than the values determined by Harwell and Dimitrovgrad. A corre-
sponding correction would bring down the IDA based values close to the 
CASMO curve. 
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Figure 12 
nU/238U values compared to CASMO calculations 

The experimental set of plutonium data is astonishingly well compatible 
with CASMO-modelled values (Figure 13). In the case of samples E58-
257 (burnup 64 MWd/kgU) and WZtR160 (burnup 72 MWd/kgU) results 
from both analyses were included. 



STUDSVIK NUCLEAR AB STUDSVIK/N-07/140 Rev. 1 31 (43) 
 
 2010-02-10 Rev. 

 

  
 

0.0%

0.2%

0.4%

0.6%

0.8%

40 50 60 70 80

Burnup [MWd/kgU]

n
X

/2
38

U
238Pu CASMO 238Pu 239Pu CASMO
239Pu 240Pu CASMO 240Pu
241Pu CASMO 241Pu 242Pu CASMO
242Pu

 
Figure 13 
nPu/238U values compared to CASMO calculations 
243Am experimental and CASMO data give a consistent picture (Figure 
14). The reason for the large scatter of 241Am data points is discussed in 
Section 3.4.2. Methods with significantly higher accuracy and precision 
would be necessary for analysing 241Am in fuel samples with a decay time 
of several years. 
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Figure 14 
nAm/238U values compared to CASMO calculations 

Experimental curium data show a consistent pattern, compared to the 
CASMO curves (Figure 15). In view of the number of nuclear reactions 
involved in curium formation, agreement between experimental and 
modelling data is probably quite good. 
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Figure 15 
nCm/238U values compared to CASMO calculations 

Taking into account the larger experimental error of one-point calibration 
analyses, 237Np and 139La values shown in Figure 16 are consistent and 
agree with CASMO results. 
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Figure 16 
237Np/238U and 139La/238U values compared to CASMO calculations 

Analysis of cerium has up till now always caused problems due to un-
identified reasons. In the present work, all experimental data, including 
results of one-point calibration analysis, give a consistent picture, taking 
into account the larger error of one-point calibration. Moreover, 142Ce 
values agree very well with CASMO predictions. Even 140Ce data agree 
fairly well with the sum of 140Ba, 140La and 140Ce predicted by CASMO for 
the end of irradiation. 
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Figure 17 
nCe/238U values compared to CASMO calculations 

Neodymium values (Figure 18) give a rather consistent overall picture, 
agreeing well with CASMO calculations. 
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Figure 18 
nNd/238U values compared to CASMO calculations 

When assessing results for samarium (Figure 19), europium (Figure 20) 
and gadolinium (Figure 21), it should be kept in mind that their total 
amount in the fuel is rather small and that there are many nuclides 
involved with large thermal neutron capture cross sections, making 
modelling demanding. The experimental sets of data look in general 
consistent, although agreement with modelling results is rather poor in 
many cases. The only nuclide analysed with two independent methods is 
154Eu. Both results, from IDA and gammascan, are plotted in Figure 21. 
The latter values are systematically about 10 % higher, which is only 
slightly more than the estimated experimental errors. 
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Figure 19 
nSm/238U values compared to CASMO calculations 
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Figure 20 
nEu/238U values compared to CASMO calculations 
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Figure 21 
nGd/238U values compared to CASMO calculations 
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Figure 22 reflects the experimental troubles encountered with the 
molybdenum analysis. The isotopic composition determined after 
correcting for the natural molybdenum contamination agrees rather well 
with the predicted one, but the predicted content still deviates 
significantly. As it can be assumed that CASMO modelling of 
molybdenum formation is rather straightforward, this indicates that 
something went wrong, either during dissolution or during the analysis. 
The result of sample E58-257 (burnup 64 MWd/kgU) is further impacted 
by incomplete dissolution of the alloy particles. 

0.00%

0.05%

0.10%

0.15%

0.20%

0.25%

0.30%

0.35%

40 50 60 70 80

Burnup [MWd/kgU]

n
X

/2
38

U

95Mo CASMO 95Mo
97Mo CASMO 97Mo
98Mo CASMO 98Mo
100Mo CASMO 100Mo

 
Figure 22 
nMo/238U values compared to CASMO calculations 

As stated in Section 3.3, 99Tc, analysed in all four samples, allows assess-
ing the degree of dissolution of alloy particles. This is illustrated in Figure 
23. Two values agree well with CASMO data: E58-88 with a burnup of 
42 MWd/kgU and WZtR160-800 (burnup 72 MWd/kgU). The first sample 
was dissolved by the “classical” method in the first campaign, the second 
one in a high pressure bomb. At the lower burnup, it can be assumed that 
alloy particles had not yet formed to a significant extent. The WZtR160-
800 data point at 72 MWd/kgU indicates that dissolution of the sample 
was successful and complete. The point from sample E58-793 (burnup 
74 MWd/kgU), dissolved by the “classical” method in the first campaign 
as well, indicates that about 30 % of 99Tc remained undissolved in the 
discarded alloy particles.  

Sample E58-257 was the first one that was dissolved in a pressure bomb. 
As indicated in Paragraph 2.3.2, it caused some troubles, because the fuel 
matrix and the cladding did not behave similarly as corresponding unirra-
diated materials in pre-tests. The cladding disintegrated to a slushy residue 
and it was not clear whether this portion of the sample contained some fuel 
constituents as well. The 99Tc data point at 64 MWd/kgU illustrates that 
about 15 % of 99Tc remained undissolved. The 103Rh data support this 
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hypothesis. Whereas the WZtR160-800 point falls on the CASMO line, the 
E58-257 value is significantly lower. 
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Figure 23 
99Tc/238U and 103Rh/238U values compared to CASMO calculations 

Caesium data are plotted in Figure 24. Experimental 137Cs and 134Cs data 
agree well with CASMO calculations. The set of 133Cs points is quite 
consistent with predictions as well. The two data points from one-point 
calibration analysis of samples E58-257 and WZtR160-800 illustrate the 
extent of caesium loss when fuel was dissolved in the high pressure bomb. 
135Cs data points do not exhibit a clear pattern. No obvious reason for the 
observed differences could be identified. 
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Figure 24 
nCs/238U values compared to CASMO calculations 
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3.9 Burnup Determination 

The results of burnup determination are compiled in Table 16. Weight 
factors proportional to the reciprocal absolute error were used for calcu-
lating the weighted average of the values based on neodymium isotopes as 
well as on 235U and 239Pu abundances. Due to the low error compared to 
other individual values, the weighted average is somewhat dominated by 
235U. The set of data would become even more consistent with slightly 
lower 235U abundance. This might be an indication that the 235U is over-
estimated in the same way as 236U, as it is indicated by the comparison 
with values measured in the first campaign (see Table 15 and Figure 11). 
This is illustrated by the last two lines, which contain burnup values based 
on 235U abundance reduced by 10 % and a weighted average of all 
neodymium based values as well as 239Pu abundance and reduced 235U 
abundance. 

Samples E58-793 and WZtR160-800 were taken from about the same 
elevation. As axial burnup profiles of PWR fuel rods use to have about the 
same shape in a certain reactor, the burnup values of these two samples 
should reflect the difference in average rod burnup. By multiplying the 
calculated rod average burnup by a form factor of 1.1, we get estimated 
maximum burnup values of 75.4 and 73.2 MWd/kgU for samples E58-793 
and WZtR160-800, respectively, agreeing well with the experimentally 
determined values. 

Table 16 
Burnup values based on comparison with CASMO calculations (except for 
values based on gamma scan) 

Burnup [MWd/kgU] based on E58-88 E58-793 E58-257 WZtR160-800 
144Nd/238U 43.1 ± 0.6 76.1 ± 0.9 65.1 ± 1.0 70.5 ± 1.0 
145Nd/238U 42.0 ± 1.1 75.9 ± 2.8 64.2 ± 1.9 67.9 ± 1.8 
146Nd/238U 42.1 ± 0.6 75.9 ± 0.8 64.1 ± 0.8 70.0 ± 0.8 
148Nd/238U 41.6 ± 0.8 76.0 ± 1.4 62.4 ± 1.4 68.5 ± 1.9 
150Nd/238U 43.0 ± 0.7 77.3 ± 1.8 65.4 ± 1.6 70.6 ± 2.1 
235U isotopic abundance 41.3 ± 0.1 72.9 ± 0.2 62.8 ± 0.1 70.3 ± 0.1 
239Pu isotopic abundance 43.3 ± 0.7 76.1 ± 1.3 65.7 ± 0.3 76.8 ± 0.3 
Weighted average of above values  41.9 ± 0.3 74.4 ± 0.6 63.8 ± 0.4 71.6 ± 0.5 
137Cs/238U based on gamma scan 43.7 ± 1.8 76.4 ± 2.3 65.0 ± 2.0 73.0 ± 2.3 

Gamma scan (137Cs in ref. rod) 44.5 ± 2.2 76.2 ± 3.3 64.9 ± 2.8 72.5 ± 3.1 
235U isotopic abundance reduced by 10% 44.1 ± 0.1 75.3 ± 0.2 65.0 ± 0.1 72.5 ± 0.1 

Weighted average with alt. 235U abund. 43.5 ± 0.3 75.7 ± 0.6 64.9 ± 0.4 72.8 ± 0.5 
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4 Conclusions 

Although impacted by some technical and experimental troubles, isotopic 
analyses of two solutions from the first campaign and of two additional 
fuel samples were in general successfully performed as specified with the 
new Studsvik HPLC-ICP-MS equipment. 

The alternative dissolution method in a high pressure bomb was not suc-
cessful. In one case, alloy particles were not completely dissolved. In both 
samples, a significant amount of caesium (and iodine) was lost. 
Nevertheless, caesium could be assessed by an alternative evaluation 
method. In future, Studsvik intends to apply a two-step dissolution method 
in cases where alloy particles have to be dissolved: 

 The fuel matrix is dissolved with the same method as applied 
in the 1st campaign in a glass flask in concentrated HNO3 at 
65 °C. If necessary, iodine is captured in an alkaline trap. 

 The cladding is removed and the undissolved alloy particles 
are separated from the solution by filtration. Alloy particles 
are dissolved in a high pressure bomb in HNO3 and HCl. 

Molybdenum analysis was impacted by contamination of the samples with 
natural molybdenum of unknown origin. 

Analysis of plutonium and americium isotopes was impacted by instru-
mental problems. Nevertheless, the quality of the achieved results is 
comparable to the one reached in the first campaign. 

In most cases, achieved experimental errors were smaller or equal to those 
of the first campaign. 

Comparison with results from the first campaign did not reveal any obvi-
ous systematic deviation, except for 235U and 236U. The analysed abun-
dance of these two isotopes seems to be overestimated by about 10 % in 
present work. 

Burnup values, determined by comparing experimental data to CASMO 
calculations, agree well with values based on core physics calculations 
provided by ENUSA. 
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