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Introduction

The exploitation of powerful energetic reactors of WWER-440
type is accompanied with accumulation of a great quantity of
plutonium-239. In spite of the fact that plutonium is a fission
element and participates in the fuel cycle of the reactor, at the
end of the compaign it accumulates in a considerable amount, since
the initial product is uranium-238, representing more than 97%
from the total uranium quantity in the active core of the reactor.

As it is known, plutonium-239 accumulates according to the
following scheme

239 . . «- 239 U 3
The direct determination of the accumulated quantity of

plutonium in the fuel cassettes of the WWER-440 reactor is strong-
ly impeded for numerous reasons. Practically it is impossible to
measure the radiations appearing at decay and spontaneous plutonium
isotopes fission for the excessively high gamma-background of the
fission products accumulated in the cassette. For this reason,
when the conducting of destructive analysis is impossible, it can
be judged for the plutonium quantity by some other indirect data.
For instance, it is suitable for this purpose to know the isotope
ratio of Cs-134 and Cs-137. To use this ratio, however, we should
have at our disposal experimental data connecting the ratio of
Cs-134 and Cs-137 with the quantity of accumulated plutonium, i.e.
we come up again to the necessity of destructive analysis. This
can be avoided using the method with mini fuel tablets presented
in this report.

To determine the connection between the quantity of plutonium
and the isotopes of cesium 134 and 137 we used mini fuel tablets
of enriched uranium prepared by the technology of the basic fuel
and with the same chemical content. The size of the tablets is
such that they cannot disturb the work of the reactor. They were
situated in one of the dry channels of the reactor WWER-440 which
cross the middle of 12 work cassettes. Thus for the tablets were
ensured conditions similar to those of the basic fuel. After irradi-
ation the tablets were pulled out and analyzed, as by the method
of X-ray fluorescence was defined the quantity of plutonium, accumul-
ated during work in the reactor. This allowed us to connect the
data for the ratio of "*Gs and "'Cs with the quantity of plutonium.
Some conditions were also defined that must be fulfilled in applying
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the method of passive X-ray fluorescence.

2. Preparation of mini-fuel tablets, collimating device and
detecting system for measurements of the KX-ray and gamma-
rays.

2.1. Preparation and laying of mini fuel tablets in one of
the dry channels of the WWER-440 reactor.

The obtainment of data for the plutonium accumulation is
usually connected with the destructive analysis of the fuel materials.
However, due to numerous reasons the conducting of a such analysis
in the conditions of the Atomic Power Station in Kozloduy and the
Institute of Nuclear Research and Nuclear Energy is impossible. That
is why, to receive the necessary information we decided not to use
the spent fuel elements but to put "mini" fuel tablets in the dry
cnannels of the WW3R-440 reactor. The name "mini" is accepted because
of their many times reduced sizes than those of the basic fuel
tablets. For technological purposes the dimensions of the tablets
used by us were chosen as follows: 0 2 mm and length 5 mm. Although
for analysis of the plutonium quantity and for determination of
the isotope ratio it is desirable to use tablets of very less volume,
we chose these sizes for the next reasons:

1. With tablets less in volume the manipulations connected with
their laying in the channel are significantly hampered.

2. The preparation and the preliminary treatment of smaller
tablets are strongly difficult.

Evidently, the used tablets cannot practically disturb the
work of the reactor with these dimensions. On the other hand, as
it became clear later, it is desirable for these dimensions to be
reduced since the activity of the irradiated tablets is exceptional-
ly high. The tablets were put in copper capsules with suitable
sizes. The capsules are fixed to one another as shown in Figs. 1
and 2. The capsules are fastened to a copper holder long ~ 2000 mm
which enters into the active area of the reactor. Copper was chosen
as a constructive material because of its comparatively short half-
time decay T 1 / 2 = 12 1$. of the basic radioactive product (Cu ^ ) .
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Pig. 1 Mini fuel tablet (1) placed in capsule (2) made

of copper.

The copper part of the assembly is fixed to a steel flexible wire
by means of which the whole device is pulled into the dry channel
of the reactor long more than 20000 mm and is thus established in
the middle of the active core. The putting and pulling out of the
copper capsules in the active core is a complicated operation
since the channel is long and bend in several places, at that the
inner diameter is ** 5 mm. The general view of the used device is
shown in Fig. 2. It must be pointed out that after a continuous
stay in the reactor channel the copper loses a considerable part
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of its mechanical properties. This creates danger at pulling out
of the device from the reactor channel.

Pig. 2 General view of the experimental assembly
where 1 - are mini tablets; 2 - copper holder;
3 - steel wire.

2.2. Collimating device.

In spite of their small volume the irradiated tablets in the
reactor channel possess high activity -^ 10 Bq. Naturally this impos-
es special requirements of work with them, as manipulators, lead
shield, collimating devices, etc. The process of sample measurement
itself with such an activity is considerably complicated. First of
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all the detecting device, in our case germanium detector of high

purity, should be reliably protected from the scattered gamma-

rays. In case that a sample with so high activity is left open,

the background of the scattered gamma-rays from the walls, the

floor and the objects surrounding the detector will be so high

that practically the measurement of gamma-spectra becomes impossible.

For this reason it became necessary to use a strongly collimating

device with diameter of the collimating slit 2 mm which passes

through 300 mm lead layer. Besides, the sample together with

the collimating device is put over the detector at a distance

700 + 800 mm to avoid its overcharging. The sample is closed from

all sides to avoid scattering from side objects. Around the detector

a lead shield is built. It protects the detector as well as the

operator carrying out the measurement. The general view of the

collimating device is shown in Pig. 3 together with the detector

for KX-rays.

2.3. Detecting system

A basic element in the used detecting system are the germanium

detectors. Since our task was to conduct measurements of KX-rays

of uranium and plutonium on the one hand, and the gamma-spectrum

of the fission products on the other hand, we considered it more

rational to use two detectors. For the measurement of the KX-rays

of uranium and plutonium we used high purity Ge-detector with

thickness of the sensitive layer v^ mm, working area~200 mm . The

energetic resolution was-v 750 eV in the region ~ 100KeV. T M a type

detectors are suitable just for measurement of KX-spectra of elements

in the region of uranium since they possess high efficiency of gamma-

rays registration with energy 9 0 + 1 1 0 KeV. Block-scheme of the

used detecting system is shown in Fig. 4. Special requirements are

necessary for stability during continuous measurements, namely the

preamplifier, the linear amplifier and the analyzer. Ike used

electron blocks allowed us to carry out investigations up to ~ 35 h,

at loading ~15000lMP/sec without visible drifts in the energetic

spectra.

Ge(Li)-detector was used of coaxial type for analysis of

gamma-spectra of the fission products. The working volume was 40cm ,

and its energetic resolution 3.0 ^eV at energy 1,3 Mev. The

detector is placed in a measuring device shown in Pig. 3. For pro-

tection from intensive KX-rays, additionally a filter of 3mm, 1 mm Cd

and 1mm Cu was put over the detector.



- 6 -
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Pig, 3 Collimating device used for measuring the
spectra of KX-rays and gamma-rays.
1 - detector; 2,3,4 - lead shield;
5 - mini-tablets in plastic capsules;
6 - supporting desk.

The measured tablets were put in plastic capsules which
protected them from mechanical damages and also facilitated
their fixing in the collimating system.
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Pig. 4 Block-scheme of the used detector system

3. Irradiation of thenjnini-tablets in the dry channels of the

reactor WWER-440 and then cooling and transportation to the

analytical laboratory

In 12 cassettes of the reactor TOBR-440, openings are made for

passing of the dry channels through them. The openings are situated

in the middle of the cassettes and tubes of stainless steel with

inner diameter 0 5 mm pass through them. Practically these tubes

pass through the whole corpus of the reactor and come out at its

outer cover as their whole length is over 20000 mm. The inserting

of the tablets is made namely through these tubes. The length of

the steel wire is taken exactly and the capsules with the tablets

are attached to it. Then the whole device is inserted in the dry

channel. The length is so chosen that the tablets are situated in

the middle of the active core. This is done with a view of faster

accumulation of plutonium in the region of higher integral neutron

flux.

The temperature in the middle of the dry channel amounts several

hundreds 0° degrees. The long irradiation of the copper construction

under such conditions leads to strong changes in the mechanical pro-

perties of the copper. It softens and can break when pulling out,
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and can cause a loss of the capsules with tablets. Ifevetheless,
two cycles of irradiation were carried out to establish the relation
between the accumulation of plutonium and the accumulation of fission
products.

The pulling out of the tablets was done in two stages. Initially
they were pulled out from the active core, but for 15 days remained
under the reactor cover. This was done to reduce the activity of the
shortest half-life time activities present in the tablets and in
the supporting constructions. Then the tablets were pulled out from
the reactor corpus and put for about 90 days in a special container
with wall thickness 100"vpb for "aging". For this period the activ-
ity reduces considerably but still requires the use of manipulotors
during work with the tablets» The high activity of the capsules
with tablets depends in a certain extent on the admixtures present
in the copper. After the mentioned pericd they were transported
to the Institute where the spectra of the KX- and gamma-rays were
measured on the collimating device. After the measurements the
tablets were taken bo storage.

During irradiation of the tablets the working regime of the
reactor was changed many times. The increasing and decreasing of
its power is imposed by the exploitation regime of the central
office. The power fluctuations lead to changes in the velocity
of accumulation of plutoniifln and of the fission products. Por
recording these fluctuations of the power we used the ratio:

/=
in 111*) (2)

/C
where X- decay constant of the corresponding isotope,

K - coefficient recording the influence of the reactor power

on the velocity of accumulation of the isotope;

TUv- period during which the reactor power is constant;

•t w,- time from the end of the period l*n. to the moment of

measuring T© .

When introducing corrections we recorded also and the different

times of "cooling". An exemplary graph of the work is shown in

Pig. 5.

After reducing the activity of the tablets to an extent allow-

ing manipulation with them, they were transported to ISHNE.
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Pig. 5 Exemplary scheme of changing the working regime
of the reactor and the time of "cooling". The necessity
of introducing corrections recording the work with
different powers, the reactor stopping and the time
of cooling are clearly seen.
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A lead container was used with walls' thickness ~ 120 mm. The tablets

were put inspecial plastic corpuses to avoid any contamination

during manipulation with them, fhe plastic corpuses are so prepared

that they facilitate the fixation of the tablets into the collimat-

ing device.

4. Determination of the ratio of Pu and U by X-ray measurements
134. 137

and determination of the ratio of -^Cs and ^1Cs by gamma-

rays measurements. Correlation between the ratio Pu/U and

4. 1« Determination of the ratio of U and Pu

The presence of U-238 in the reactor fuel of WWER-440 type leads
to accumulation of plutonium-239 after capturing of one U-238 neutron
and the follwoing two beta-decays by the well knownsceme (1).

After capture of 2 or 3 neutrons analogically other plutonium
isotopes are formed with mass numbers 240, 241 and 242. Thus, in
reactors of WWER-440 type a new fission material is accumulated. The
accumulated plutonium is especially perspective for use in reactors
of new type. Although it participates in the burning cycle of the
reactor, at the end of the campaign the plutonium accumulates in
considerable quantities comparable with the quantity of the main
fission material - U-238»

Taking into account the high value of the plutonium and its
considerable quantity, it is desirable to determine its content with
possibly highest accuracy. The method of passive 2-ray fluorescence
is suitable for the purpose.

The idea of a similar method is known /2/, but no quantitative
measurements have been made for fuel used in reactors of WWER-440
type. The present investigation shows the possibility for determinat-
ion of the plutonium quantity in burn-up fuel, the minimum possible
•quantity that can be determined by this method and its connection
with the fission products

The measurement of the KX-spcctra of uranium and plutonium was
carried out on the experimental device shown in Pig. 3, the block
scheme of the electronic blocks is shown in Fig. 4. The detecting
system is described in 2.3.

In Pigs. 6 and 7 are shown typical spectra of the KX-raj'3 of
two of the tablets irradiated in the reactor, respectively 65 and
130 efficient 24-hours. The resolution of the system allows to observe
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clearly the separate groups of the K-radiation of Uranium and Plutonium.
It should be noted that the K-rays of plutonium are 1Cr times lower
in intensity compared to the intensity of uranium. Only by means of
the high resolution of the detecting system and of the specially
collimated beam of rays it is possible to observe the K -rays of
plutonium. The presence of dispersed gamma-rays worsens considerably
the conditions of the experiment, especially in the range 100-120 Kev
and considerably reduces the sensitivity of the system.

The measurement of the K-rays is strongly complicated mainly
due to two causes:

1. The presence of much more intensive uranium rays "̂  10 .
2. The nearness of the energies of the different transitions of

the K-series of uranium and plutonium. Thus, e.g. Kj of plutonium
coincides in practice with K0^ of uranium and because of the great
difference in the intensities they cannot be separated.

As a sequence of these two causes, in the spectrum of the tablets
only the K-transition of plutonium is observed, see Pig. 6,7.

The quantity of plutonium in the burn-up fuel is m* 10~^ from the
main fuel. That is why comparatively long expositions are necessary
fortthe appearance of the K ^ -rays of plutonium. In our case the
measurements lasted 25 * 30 hours. The longer expositions are hamper-
ed by the drift of the apparatus and by the limited memory of the
used apparatus. However, with a view to diminish the common error in
the determination of the ratio between uranium and plutonium 10 in-
dependent measurements of the X-rays spectra of both tablets have been
carried out. The resultes were processed statistically.

The experimental data obtained by us for the intensity of the
KX-rays of uranium and plutonium carry information about the quantity
of U and Pu in burn up fuel. However, this information can be drawn
after recording of numerous corrections. We proceeded as follows.

The treatment of the photopeaks in every separate case was done
according to programme SIMPIA /3/. The error in determination of the
area of the U photopeaks is 0,5%f and that of Pu in the limits of
6 1-8%, in dependence of the duration of the measurement. Since the
K-lines of U and Pu differ in energy, then the difference in the
efficiency of registration of the used energetic diapason should be
also recorded.

To build the curve of the relative efficiency, the data about

the intensity of all transitions from K-series of uranium, known with
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Pig. 6 A typical spectrum of the KX-rays of a
tablet with irradiated fuel, t = 65
efficient 24-hours.
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high accuracy /4i5,6/, have been used on the detector.

The curve of the relative efficiency determined by the method
of the least squares has the form:

(3)
5« 0.1058 + O,OO57B + 0,0000334B^

S - the energy of a gamma-quantum in keV.

The approximation is carried out only in the diapason of interest.

The ratio of the quantities of U and Pu is connected with the

intensity of the lines K (U) and K (Pu) through the following ratio:

) Wi) tfOM' (4)

where t Ji [14. ) quantity of Pu and U respectively,

, -S(M.) areas of the photopeaks of the K -rays,
, U\lt) fluorescence yield for U and Pu, respectively

0,96.1 and 0,962 /7/,
, P(W) ionization probability of the K-orbit of uranium

and plutonium,
) probability for transition of the type ot, , in
the atoms of Pu and U respectively. In our case
they are equal (in practice) due to the nearness
of the nuclei and the small difference along JJ •

The probability for ionization of the K-orbit of U and Pu is
defined by the cross section of the photoelectrical absorption of the
K-orbit of the type

where;

6 and Wt, mass and charge of the electron respectively,

hf $ - energy of the falling gamma-quantum

*• - constant of the thin structure,

Z - electron charge.

The ratio of the probabilities for ionization of both nuclei is

reduced to a digital coefficient

~ rz&y"
PM

1.1135 (6)

In determining this ratio it is accepted that the nuclei of the

two elements are in an equal gamma-field in energy as well as in

intensity., This assumption is justified by the small sizes of the tablets

L
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with irradiated fuel, t = 130 efficient 24-hours,
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and by the homogeneity of the neutron field in the volume of the

tablet.

By means of the described method the ratio of Pu and U was

defined in the two tablets. For tablet Wo.1 we got

PuA( » 0,120 ± 0,006 (7)
and for tablet No.2 respectively:

Pw/^» 0,220 ± 0,010.

Analyzing the obtained results from the measurements and juxta-

posing them with the condition of the experiment and the parameters

of the used apparatus, the following conclusions can be drawn:

1» The X-ray method for determination of the Pu quantity in
burn up fuel from an EPS can be used in all cases when Pu is not
less than 0.05% from the main fuel in spite of its enrichment.
This means that the method can be used for determination of the Pu
content, in burn up fuel from reactors of the type WWER-440 where its
quantity is usually 0.5 * 1.5%.

2. Optimal results can be obtained by a Ge detector with a

sensitive layer not smaller than 4 * 5 mm and energetic resolution

600 * 700 eV in the field of the KX-rays of U and Pu.

4.2. Determination of the ratio of /1370s *

The formation of some or other fission products in the fuel

elements depends on some nuclear constants as well as on the condit-

ions of work ol the reactor, which are recorded by the formula /1/.
n 7 1TA

"1

The accumulation of

written below

n 7Cs and -^Cs is realized along the scheme

=5,9
137
Cs Cs 3

Cs Cs

where: ; act of the fission

- beta decay fio
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reaction, neutron capture.

The experimental device where the measurements are conducted
is shown in Fig» 3. It is created especially for measurement of
gamma-spectra of strongly active samples.

In figs. 8,9 are shown typical gamma-spectra of the irradiated
tablets. The measurements are made about 200 days after their re-
moval from the reactor.

We used the programme SIMPIA' ' for analysis of the gamma-
spectra to determine the area of the corresponding peaks. The
programme carries out approximation of the peaks with Gaussian
and the background under them with polynomial which degree is de-
fined by the experimentator.

To determine the ratio of the activities of the isotopes
with respect to their quantities, we used the method of internal
standardization.

The activity ratios have the following type:

W- P1(B;) e,(ti) Y

n(£'A 1(̂ d')the areas of the "i"line of the first isotope and
the "3 " line of the second one,

Xz(Ej)* Yi(^i') ~ Sswos. yields of the corresponding
lines of both isotopes,

S1(Bi)i £•(£}) - relative efficiency for the "i,j
lines of the first and the second isotope

j"

Due to the fact that the half-life time of both isotopes

differ considerably, we introduce the corresponding corrections

taking into account in formula (2).

Making all calculations we obtained the following results

for the isotopes of caesium:

'«_
0.00015

°-°03

for tablet No.1 and

for tablet No.2.

Additionally, the ratios between 106Ru and 137Cs were deter-
mined toot
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N(Ru106)
137

N(Cs137)

0.149 +0.003 TN1

0.159 + 0.003 TN2

These ratios of the concentrations of the fission products' are

ratios of the really obtained nuclei in the working process of

the reactor,as all correstions recording the time of stay in the

reactor end its working regime are included.

4.3. Correlation between the ratio Pu/U and 3 Ĉs/...,,,
IJ>'Cs

It is known that between the concentrations of the fissionable

nuclei in reactors of WWEE-440 type, the fission products and

the burr,-up there exist correlations which are at the basis of

the nondestructive methods for control of nuclear fuel. These

correlations can be obtained by the model calculations, making

use a lot of data for the cross section sof numerous interactions.

However, in spite of the definite success in this direction» the

calculation methods used for reactors of WWER-440 type have unsatis-

factory accuracy. For instance, the error in the defining of the

Plutonium quantity is of the order of 12 r 15%. This error can

be reduced considerably by comparing data from destructive and

nondestructive analysis.

The table below represents results for both tablets from

gamma-spectroscopical and X-ray fluorescence measurements.

Number
of
tablet

1

2

time in the N( 3 Cs)A
reactor
eff. 24-hours

65 O.OO7O5

000015

130 0.01690

0.00034

+

+

0.149

0.003

0.159

0.003

)6\/ 1 v

+

+

rCs) PU/U %

0.120 +

O» 006

0.220 +

0.010

I into account the fact that in the initial moment of

settingvthe concentration of -^^Cs, ^1Cs and plutonium is zero,

we can obtain the functional dependence by means of the least square

method*

Pu/U - 0.008 + 12.93 N(134Cs)/N(137Cs).
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This dependence can be used to determine the ratio Pu/U at known
meaning of the isotope ratio 3^Cs and 3'Cs. This ratio can be de-
fined by the method of gamma-scanning and then the ratio Pu/U can
be calculated.

The data presented in the above table can be used as cmtral
data for all calculation methods used in the Atomic Power Station(APS)
"Kozloduy". It should be noted that up to now the quantity of plutonium
in the APS has been determined only by calculation.

General results

1. Mini-tablets were developed and put in one of the dry channels

of reactor WWER-440.

2. The spectra of the KZ- and gamma-rays of the irradiated tablets

are analyzed.

3. The ratios Pu/U, 134Cs/137Cs and 1O6Ru/137Cs are determined.

4. The perspective of the method with mini-tablets is shown for

analysis of burn-up fuel of reactors of the type WWER-440.

5. A paper has been prepared and is in print with the basic results.
They also represent a part of the Ph.D. dissertation by I. Marinov,
defended on 28 October 1982.
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Mini-tablets of fuel were inserted in the dry channels of

the reactor WER-kkO.Since the dry channel of this type of

reactors pass through the middle of a cassettes in this way

optimal conditions were ensured to the samples close to the

ones of the main fuel.In this case, the destructive analysis

of the burnt fuel were avoided.After of definite time of irra-

diation, the tablets were pulled out from the channel and the

spectrum of the gamma-rays were investigated.A basic element

in the detecting system were the germanium detectors, H.P.Ge

1"^U 137
and Ge(Li), coaxial type.The ratio of the J Cs and -"Cs

Has beo» established by method of gamma-scanning.The table

below represents results for both tablets from gamma-scanning

and X-ray fluorescence measurmentss

L
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N time
eff. Zkh.

t.

2. 130

N(134Cs)/N(1i37Cs) N Pu/U

O.OO7O5 +
0.00015 ~

0.01690 +
O.OOO34 ""

0.126 +
0.006

0.220 +
0.010

Taking into account the fact that in the intial moment of the

1 "ih TVT

setting the tablets the concentration of J Cs and ^1Gs and

plutonium i s zero, we can obtain the functional dependence by

means of the least square methods
Pu/U = 0.008 + 12.93 N(1134Cs ) / N(1i37Cs ) %

This dependence can be used to determine the ratdo Pu/U at

known raeanig of the isotopes 13^ and 137 Cs in the Atomic

Power Statinn "Kozloduy".


