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Parameters of MOX fuel with various plutonium contents are considered from the point of view of necessity of their
control for quality assurance. Destructive and nondestructive methods used for this purpose in the Russia are described:
controlled potential coulometry for determination of uranium or/and plutonium contents, their ratio and oxygen factor;
mass spectrometry for determination of uranium and plutonium isotopic composition; chemical spectral emission
method for determination of contents of "metal" impurities, boron and silicon, and methods of determination of gas
forming impurities. Capabilities of nondestructive gamma-ray spectrometry techniques are considered in detail and
results of their use at measurement of uranium and plutonium isotopic composition in initial dioxides, at determination
of contents of uranium and plutonium, and uniformity of their distribution in MOX powder and pellets. The necessity
of correction of algorithm of the MGA program is shown for using the program at analyses of gamma-ray spectra of
MOX with low contents of low burnup plutonium.

At present in Russia the large attention is given to developing new kinds of mixed uranium -
plutonium oxide fuel (MOX fuel) for power reactors of a various type. It is connected both with use of
plutonium obtained at nuclear weapon dismantle in the peace purposes, and within the framework of
continuation of works on development of fast reactor.

At performance of work the large attention is given to quality assurance of fuel produced and safety
at its use. The present report is devoted to consideration of parameters monitored at manufacture of various
kinds of MOX fuel within the framework of the quality assurance programs, and analytical techniques
providing this monitoring (excepting microstructure and metallography characteristic).

The specifications on MOX fuel for fast reactors are developing now. The contents of plutonium
dioxide in the mixture of uranium and plutonium dioxides in this fuel is of 21, 23 and 25 %. It is supposed
according to specifications to control mass fraction of uranium (total of isotopes), plutonium (total of
isotopes), americium-241 (in the plutonium), the contents of the following impurities: aluminum, nitrogen,
calcium, carbon, chromium, fluorine, chlorine, iron, magnesium, molybdenum, tungsten, nickel, silicon,
tantalum, and also the moisture content and atomic ratio of oxygen and metal (oxygen factor).

The various kinds of MOX fuel for thermal power reactors with the plutonium contents up to 5% are
being developed also in the Russia. In the presentation, as an example, the analytical support of manufacture
of experimental batches of MOX fuel for power reactor of CANDU type within the framework of joint USA,
Canada and Russia project PARALLEX is considered. The plan of Manufacturing and Quality Control for
this kind of fuel included the analytical control of parameters presented in the table 1.

Besides the control of the specified parameters the control of uniformity of distribution of uranium
and plutonium in the mixed powders and pellets was carried out also by a gamma-ray spectrometry method.
The control of isotopic composition of uranium in pellets of MOX fuel was carried out by a thermal
ionization mass spectroscopy after separation of uranium and plutonium with use of bicolumn version of
separation on "Applied Separations" production sorbents TEVA and UTEVA.

The simultaneous determination of uranium and plutonium contents was carried out by controlled
potential coulometry (1,2) after dissolution of MOX fuel sample. Automated coulometric system provides
determination of uranium and plutonium contents in nitric solution in the range of concentration from 1 up to
300 g/1 with relative error 0.3-0.5% for ratios Pu/(Pu + U) and U/(Pu + U) equal 0.03-1.0 for the volume of
selected aliquot from 0.5 to 10 ml (0.5-10 g).

Table 1 - Parameters of MOX fuel to be controlled and appropriate techniques
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Parameter

U and Pu contents
Oxygen factor

Contents of impurity:
Al, Ca, Ni
B, Cd, Dy, Gd
C
Cr, Mn
Cu
F
Ga
Fe
Mg
Mo
Si
Th

Unit

% (to total of metals)
Atomic ratio O/Me

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

Norm

3.1 ±0.05 %Pu
1.995-2.015

Upper limit
100
1
200
50
30
20
no
250
60
30
120
500

Method

Coulometry
Coulometry + gas chromatography
or amperometry

Chemical-spectral analysis
Chemical-spectral analysis
Gas chromatography
Chemical-spectral analysis
Chemical-spectral analysis
Liquid chromatography
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis

The under-stoichiometric contents of oxygen (oxygen factor) in MOX fuel was determined by gas
chromatography with an accuracy of 0,03 % in the range of 1,990-2,000 proceeding from H2 contents in
gaseous phase after dissolution of sample in H3P04at the temperature of 320-330°C, and Pu(III) contents in
H3PO4 solution was determined in the sample with mass of 0.1-0.2 g by potentiostatic coulometry in the
argon atmosphere.

The over-stoichiometric value of oxygen factor was determined by amperometry by means of
determination of U(VI) content in the range of 2.000-2.200 with an accuracy of 0,03-0,05 %.

Mixed uranium-plutonium oxide was dissolved in the concentrated H3PO4, aliquots of solution were
introduced in the amperometric cell and U(VI) contents was determined proceeding from change of
indication current of oxidation of Fe(II) in the argon medium. Aliquots of analyzed solution was alternated
with aliquots of working standard with similar contents of U(VI).

The chemical-spectral method [2] was used for determination of contents of up to 45 elements-
impurities in nuclear materials containing uranium and plutonium after separation of uranium and plutonium
from measured elements by extraction in phosphoric-organic reagents (30% solution of tri-n-butyl phosphate
or triisoamyl phosphate in dodecane, synthine or hydrocarbon solvent - RED) from 4 M HNO3 solution. The
impurity-containing aqueous phase is applied on spectral-pure coal powder, which is tested by the atomic
emission spectral analysis using nonselective halogenation of determined elements. DFS-13 and DFS-8
spectrographs with linear dispersion no worse than 0.8 nm/mm are used for the analysis.

The maximum sensitivity of microimpurities determination and stability of results are achieved using
lead and bismuth fluorides (20 weight %), cesium and sodium chlorides (1 weight %) as halogenation
substances.

As internal standards in various techniques the lines of hafnium (263.27 and 282.27 nm), tin (284.00
and 317.51 nm) and cobalt (254.43, 304.40 and 308.96 nm) are used.

For enrichment factor of 1 chemical-spectral techniques provide lower limits of the determination of
contents (LLDC) of impurities in the range from 0.1 to 10 ppm. If necessary factor of enrichment can be
increased up to 10 and more with appropriate decrease of LLDC. In particular, it was shown that at
determination of rare earth elements and yttrium contents in the uranium factor of enrichment could be
increased up to 100. In this case LLDC for different elements make 0.001-0.1 ppm.

The following methods were used for determination of gas-forming impurities:
• N -high temperature melting in helium flow in graphite crucible with use of pulse heating in

VNIINM production device of K-671 type, with gas chromatography final stage. Sensitivity
of the method is 0.001 %.

• C - oxygen sample burning and subsequent determination of CO2 by gas chromatography
in the range of contents of 0.001- 0.1 %,
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• F and Cl - pyrohydrolysis at T= 1000-1100°C with ion chromatography in CVET 3006 ion
chromatograph with conductometric detection providing 1 ppm sensitivity and 31%
uncertainty for F and 2 ppm sensitivity and 36% uncertainty for Cl.

The control of uniformity of distribution of uranium and plutonium in mixed powders and
pellets was carried out by a gamma-ray spectrometry with use of coaxial and planar HPGe detectors.

Spectra obtained with use of coaxial detector were processed by FRAM code. Ratio 235U/239Pu was
used to control the uniformity of distribution of uranium and plutonium in samples analyzed. This method
has only one serious limitation, namely, long time of measurement. For example, at analysis of pellets under
the PARALLEX project for obtaining necessary accuracy of results of measurements of 235U/239Pu ratio
(relative error of 1.5 % at 95% confidence level) the time of measurement should be 6-8 hours. Therefore
such measurements were used occasionally to control the U/Pu ratio in a small number of samples.

Spectra obtained with use of planar detector were processed by MGA code. In this case ratios
235U/Pu and U/Pu were used to control the uniformity of distribution of uranium and plutonium in samples
analyzed. In the course of measurement methodical defect of MGA code was discovered. On the surface this
defect revealed itself in the following: plutonium isotopic composition in the MOX samples determined by
MGA code did not agree with isotopic composition of initial plutonium determined by the same MGA
version before mixing.

So, for example, at measurements of MOX powders produced under PARALLEX the bias of mass
fractions of plutonium isotopes, expressed in units of standard deviations, have made:

8238 = 9.4; 8239 = - 8 . 1 ; 8240 = 8.1; 8241 = 1.7; SAm-24i = 5.3.
The results above show that MGA processed spectra of MOX samples imperfectly. For that matter

the program gave notice about it, since the value of the NQFIT parameter, which characterized quality of
experimental spectrum fitting was equal -1,3. Developers of MGA specify, that in a normal situation the
value of this parameter makes 1.00-1.02, and value of NQFIT > 1,05 indicates an imbalance among some of
the equations involved in the fitting process (3). The reason is visible at the figure 1, where energy
dependence of gamma-ray detection efficiency (a) and spectral response of each isotopic component (b)
calculated by MGA are shown.

The results of calculation of energy dependence of efficiency of gamma-ray detection show that this
step of processing spectrum is executed successfully. The differences of areas of peaks of experimental and
fitted spectra do not exceed 3 standard deviations.

The results of calculation of the spectral response of each isotopic component show, that the MGA
cannot satisfactorily fit a spectrum in the energy range of 92-98 keV. For some channels in the energy range
of 92-93 keV divergence of experimental and fitted values makes 20 standard deviations. There are some
intervals in the energy range of 93-98 keV where difference of spectra makes up to 5 standard deviations.
Figure 16 allows to enter into the reason of such situation. It is well visible at the figure that the program
considers 234Th doublet with energies 92.367 keV and 92.792 keV as a feature of background. Consequently
the subtraction of a background in the range of 92-98 keV was executed with large error. It resulted in
distortion of results of isotopic composition calculation.

It is obvious, that if the plutonium contents in MOX and plutonium burnup are lower the discovered
effect will be more prominent.

Presumably the reason of this problem is the following. Originally MGA code was developed for the
analysis of pure plutonium samples. Later it was modernized and adapted to measurements of MOX. Only
gamma-lines of 235U and its daughters were taken into account in modernized code. To process spectra of
MOX samples correctly, gamma-lines of 238U and its daughters should be considered at calculation. Thus the
basic analytical energy interval of the program 92.5-106.0 keV should be extended to the low energy region.
Possible, it should cover 89.954 keV peak of 235U.

It seems to us that at measurements of MOX samples, similar described in the present report, doublet
of 234Th with energies 92,367 keV and 92,792 keV should be considered not only at efficiency calculation,
but also should be used for determination of 238U/Pu. At known enrichment of the initial uranium this ratio
will provide more precise determining U/Pu ratio for samples of low enrichment and depleted uranium. For
high enrichment uranium the gamma-ray of 235U with energy 89,954 keV could be used in a similar way.

At present we have developed a technique of correction of 235U/Pu ratio, which allow compensating
its bias because of the effect described. The correction is calculated proceeding from biases of values of mass
fractions of plutonium isotopes 238Pu, 240Pu, and 241Pu and bias of 241Am/Pu ratio. However we consider, that
it is more expedient to correct algorithm of MGA, instead of introducing corrections in the results.
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Because of the detected imperfection of MGA algorithm we had to use another technique to measure
samples of MOX with small contents of low burnup plutonium. This technique consists of measurement of
ratios of 129,283 keV (239Pu) and 185,739 keV (235U) gamma-ray intensities for all analyzed samples in the
standard geometry with use planar detector and subsequent determination of 235U/239Pu ratio for 1-2 sample
with use of coaxial detector and FRAM code. Such technique provided acceptable results, for example, at
measurements of already mentioned MOX pellets under the PARALLAX project. The relative error of
determination of the ratio of areas of 129,283 keV and 185,739 keV peaks has not exceeded 1,5 % at 95%
confidence level. The results of measurements of all 10 pellets coincided within the limits of error. Then one
of these pellets was analyzed with use of the coaxial detector and FRAM code to determine the 235U/239Pu
ratio. The obtained result coincided with expected value within the limits of error.

In conclusion it is necessary to emphasize that parameters of MOX fuel to be controlled and
analytical methods of control at industrial production and usage of MOX fuel are only being defined at
present. Therefore not all possible and used in some instances methods of analysis are considered. First of
all we have touched the techniques used now at VNIINM. At change of the specifications of various types of
MOX fuel and at purchase of new measurement equipment used techniques can and will be changed.
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Figure 1. a) Energy dependence of gamma-ray detection efficiency.
b) The results of calculation of the spectral response of each isotopic component by MGA code.
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