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ABSTRACT

According to the TAEA’s criteria a partial defect verification of spent fuel assemblies has to be per-
formed before they become difficult to access. A partial defect test for spent fuel should be able to detect
if half or more of the fuel pins have been removed from an assembly or possibly replaced by dummies.
Therefore a partial defect test procedure needs to be developed by evolving the measurement systems
and the analysis methods of the measurement data.

18 VVER assemblies were measured with an enhanced fork detector at the Loviisa KPA Store in May
2000. This measurement campaign is a follow-on to the campaigns conducted in 1999 at the Olkiluoto
KPA Store, where BWR assemblies were measured using the same instrument.

The validity of correction methods developed in data analysis of Olkiluoto measurements was investi-
gated in the analysis of Loviisa measurements. The share of 244Cm neutron source out of the total
neutron counts is derived from the results calculated with the PYVO code. The enrichment correction
method to the neutron data corresponding to that used for BWR assemblies was applied for VVER
assemblies. The contribution of other gamma emitting nuclides than 137Cs was eliminated from the
gross gamma signal with the help of gamma spectroscopy using the method developed for the BWR
data. All these corrections were found to improve the essential correlations.

An assembly may have off-reactor cycles between irradiation cycles. The measured 37Cs gamma signal
can be corrected for off cycles using the recipes introduced in this report. Also the effect of off cycles to
the neutron signal is contemplated. The correction for off cycles may be very important for a correct
burnup verification of those assemblies, which have not been irradiated in sequential cycles.
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1 INTRODUCTION

The TAEA has to verify the LWR spent fuel as-
semblies at partial defect level before they become
difficult to access. According to the IAEA’s criteria
a partial defect test for spent fuel should be able
to detect if half or more of the fuel pins have been
removed from an assembly or possibly replaced by
dummies.

Capability of an enhanced fork detector for
partial defect verification purposes by comple-
menting the measurement results with theoreti-
cal calculations has been studied under Task JNT
A 1071 FIN “Partial Defect Test on Spent Fuel
LWRs”. BWR assemblies were measured with the
enhanced fork detector in the KPA Store in
Olkiluoto in 1999. The data of these measure-
ments have been analysed and reported earlier.
[1] To perform the corresponding investigation for
VVER-440 assemblies and to compare the analy-
sis results of BWR and VVER assemblies a meas-
urement campaign was conducted under this task
in the KPA Store of the Loviisa NPP.

In an enhanced fork detector the total neutron
count and the gross gamma measurements are
complemented with a gamma-spectroscopic meas-

urement using an integrated measurement head
where a cadmium-zinc-telluride detector and a
collimator are added to a conventional fork meas-
urement head. The measurement system is de-
scribed in reference [1].

The analysis methods, which were developed
for Olkiluoto measurements, were applied also in
Loviisa measurements. The share of 2¢4Cm neu-
tron source out of the total neutron counts is
calculated with the PYVO code. The neutron data
are corrected for initial enrichment variation of
the measured assemblies. The contribution of the
main parasitic gamma emitting nuclides, i.e. 13¢Cs
and 196Ru/Rh, is eliminated from the gross gamma
signal with the help of gamma spectroscopy. [1]

The physical background of the hypothesis,
that forms the basis of the idea of using a fork
detector for partial defect verification, is discussed
in section 2. The measurements are described in
section 3. The data are analysed in section 4. The
axial scanning measurements are presented in
section 5. In section 6 conclusions are drawn
based on the analysis of the measurement results.
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2 PHYSICAL BACKGROUND

Burning nuclear fuel in a reactor produces both
fission products and transuranium elements. The
activity of a short-lived fission product nuclide
eventually reaches saturation between its produc-
tion rate and its decay, whereas the inventory of a
long half-life nuclide tends to increase proportio-
nally to the burnup. Here the half-life is compared
to the total length of the irradiation period, typi-
cally 3-5 years. Some of the gamma-emitting nucli-
des are primary fission products and others are
secondary products produced by a chain of neut-
ron captures and beta decays from the primary
products. This makes the picture about the corre-
lation of different fission products and the irradia-
tion history of the fuel somewhat more complica-
ted in practice. [2]

A good candidate for a burnup indicator is 137Cs
with the half-life of 30.5 years. It could be expect-
ed that after a cooling time of more than twice the
irradiation period 137Cs would be the principal
gamma-emitting activity. The relationship be-
tween the 37Cs and the burnup is very linear.

Some of the transuranium isotopes produced
during irradiation in the reactor emit neutrons
through spontaneous fission. A long half-life spon-
taneously fissionable nuclide could also be used as
a burnup indicator. The principal neutron emitter
in the above mentioned cooling-time scale is ***Cm
with the half-life of 18.1 years. Due to formation of
24Cm through several successive neutron cap-
tures of the parent nuclide #*U, the relationship
between the **Cm activity and the burnup is not
linear, but can be described as a power function of
burnup, with the power value typically 4...5. The
value of the power may be dependent on the
reactor and fuel type. [3] Combining the above
mentioned two relationships leads to a relation-
ship between the *Cs activity and the neutron
yield originating from spontaneous fission of 2*Cm

N=Fk*A". (1)

Here N denotes the neutron yield from spontaneo-
us fission of **Cm, A, denotes the *'Cs activity
and b stands for the above-mentioned power.

The idea of using a fork detector for partial
defect verification stems from a hypothesis that
neutrons and gamma rays give a different view of
a spent fuel assembly. Neutrons are highly pene-
trating in the medium giving signal over the
whole volume of the fuel assembly whereas the
strong self-absorption of gamma rays in uranium
oxide fuel leads that the gamma rays detected
outside the fuel assembly emanate predominantly
from the surface of the fuel assembly. Therefore,
the coefficient % in equation (1) should depend on
the volume-to-surface ratio of the fuel assembly.
This ratio reflects the geometrical configuration of
the assembly. A partial defect, i.e. removal of fuel
rods out of the assembly affects this ratio. E.g.
removal of all internal rods of an 8*8-1 BWR
assembly would reduce the volume density of fuel
by 55 % leaving the apparent outer surface of the
assembly untouched. This kind of defect is expect-
ed to give a measurement result, which signifi-
cantly deviates from the correlation curve of non-
defected assemblies of the same type given in
equation (1). If this deviation exceeds the so-called
error corridor of a single measurement around the
correlation curve of equation (1), a partial defect is
detected. The error corridor is defined by the total
variation of a measurement result combining both
the random effects attributed to the measurement
itself and the real variation in the characteristics
of the fuel assembly due to uncontrolled factors
during its irradiation.

Recent availability of small room temperature
operated CdZnTe detectors has opened a possibili-
ty to integrate gamma spectrometry into under-
water devices such as a fork detector. One of the
goals of this task is to find out the best experimen-
tal burnup indicator in connection with the partial
defect verification.
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3 MEASUREMENTS

3.1 Fuel data

The number of measured assemblies was 18. They
are listed in Table I.

3.2 Measurements

The assemblies to be measured were brought from
the storage pond to the evacuation pond by the
fuel-handling machine. The accurate positioning

of the fuel assembly between the prongs of the
fork was made with the fuel handling machine,
and the detector head was kept in a fixed position.

The total neutron counts, the gross gamma
signal and the gamma spectrum of all assemblies
listed in Table I were measured at three different
heights, at 750, 1250 and 1750 mm from the lower
end of the assemblies. The assemblies were meas-
ured at two azimuthal angles of 120° separation to
even up possible azimuthal asymmetry.

Table 1. Measured assemblies. The assemblies of type TBC are so-called fuel followers, which follow a

control rod during irradiation. The type code PK denotes common assemblies.

Assembly | Type | IE (%) Burnup Date of CT (days) as Number of Number of Control cycles
ID (MWd/kg) | evacuation | of 15.5.2000 reactor cycles off-reactor
from reactor cycles
13648120 PK 3.6 5.72 28.1.1995 1934 1 (9409-9501)
22414764 | TBC 24 22.39 18.8.1990 3558 2
22424618 | TBC 24 23.85 18.8.1990 3558 2 1. cycle
22432018 | TBC 24 25.58 29.7.1995 1752 2 all cycles
13642705 PK 3.6 26.641 19.8.1995 1731 2
22432046 | TBC 24 27.72 12.9.1992 2802 2 all cycles
22421319 | TBC 24 29.34 12.9.1992 2802 3 (8707-8908 2 1. cycle
and 9109-9210)
13617628 PK 3.6 30.63 8.7.1989 3964 3
22432037 | TBC 24 31.05 12.9.1992 2802 3 1. and 2. cycle
13632932 PK 3.6 32.86 4.9.1993 2445 3
13640621 PK 3.6 34.68 19.8.1995 1731 3
23632974 | TBC 3.6 37.43 30.7.1994 2116 3
23644402 | TBC 3.6 39.11 16.8.1997 1003 3 2. cycle
13632903 PK 3.6 40.44 4.9.1993 2445 8]
13624637 PK 3.6 43.67 18.8.1990 3558 3
13624432 PK 3.6 34.19 21.9.1996 1332 3 (8807-9008 5
and 9511-9609)
13624532 PK 3.6 35.55 4.9.1993 2445 3 (8908-9009 1
and 9109-9309)
13632649 PK 3.6 32.84 9.7.1994 2137 3 (9008-9209 1
and 9308-9407)
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Table II. Coordinates of the axial scanning.

z (mm)
2500
2250
2000
1750
1500
1250
1000
750
500
250

0

The assembly #13640621 was scanned axially
at eleven vertical positions, see Table II.

The horizontal coordinates were kept constant
in all measurements. The measurement arrange-
ment is shown in Figure 1.

Figure 1. An assembly in measurement position.
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4 DATA ANALYSIS

In this section first the measurements performed
at the vertical level close to the mid-point of the
assemblies (z = 1250 mm) are analysed. In section
4.3 the sensitivity to the vertical positioning is
considered by analysing a series of measurements
taken within one metre in the central region of the
assembly.

All measured data points have been taken into
consideration in the following fits. The measured
raw data is given in Table A1.I in Annex 1.

The measurement data from two azimuthal
angles have been averaged in the analysis de-
scribed in sections 4.1, 4.2 and 4.3. The impor-
tance of the averaging the measurement data is
contemplated in section 4.5.

4.1 Gamma measurements

4.1.1 Corrections applied to gamma
signals

The cooling time of the measured assemblies var-

ied from 2.7 to 11 years. The measured gamma

spectrum of the youngest assembly #23644402 is
shown in Figure 2.

The isotopes visible in the gross gamma signal
are 137Cs, 134Cs, 154Eu and Ru/Rh. The contribu-
tion of 13¢Cs and 1°Rh activities was eliminated
from the gross gamma data and the gamma emis-
sion energy rate of 137Cs (G,,) was calculated
according to the following equation:

G
G37= - ”
1+2.620%R,, +0.324% R,, *

(2)

where R,, stands for the measured activity ratio of
134Cs to 137Cs and R, stands for the measured
activity ratio of 16Ru/Rh to 137Cs obtained from the
gamma spectrometric data. The activity ratios re-
fer to the date when the measurements have been
performed. The constants 2.620 and 0.324 have
been calculated from the emissivities and energies
of the gamma peaks. G denotes the measured and
averaged gross gamma signal, which can be cor-
rected for the cooling time of 137Cs. In the remain-
der of this report the gross gamma denotes the
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Figure 2. Gamma spectrum of the youngest assembly #23644402, whose cooling time is about 2.7 years

and burnup 39 MWd /kg.
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Table III. Parameters of the ¥’Cs ratio vs. the ratio of irradiation years after off-cycles to the total number
of irradiation cycles fits with different numbers of off-cycles.

Off cycles p o, q o, R?
1 0.9757 0.0001 0.0243 0.0001 1.0000
2 0.9547 0.0001 0.0453 0.0002 1.0000
3 0.9332 0.0005 0.0671 0.0007 0.9999
4 0.9112 0.0006 0.0891 0.0008 0.9999
5 0.8880 0.0003 0.1123 0.0004 0.9998

gross gamma signal corrected for 13¢Cs and 196Ru/
Rh, whenever these isotopes contributed to gross
gamma signal. The method has been described
more in detail in ref. [1]. A very weak 5¢Eu peak of
1274 keV was identified in many spectra. 1%Eu
has not been taken into consideration in the gross
gamma correction because the efficiency of the 20
mm3 CZT detector did not permit accurate enough
evaluation of the 154Eu activity, which has the
dominant peaks at high energies. The second
strongest 723 keV peak of 5*Eu falls under the
strong 796 keV peak of 13¢Cs making it impossible
to use that peak for 154Eu analysis. For being able
to use this peak a considerable improvement in
the CZT detector resolution should be achieved.
On the other hand a larger CZT detector, e.g. a
500 mm3 one, could improve the high-energy effi-
ciency of the gamma spectrometry, which might
allow the use of 1274 keV peak of 54Eu. This
would imply changes in the gamma collimator and
shielding, which might make the device construc-
tion impracticable. Anyway, the correction for
154Ku is the next in importance and it should im-
prove the quality of the corrected gross gamma
data.
154Ku as compared to 137Cs the importance of 5¢Eu

Due to a considerably shorter half-life of

decreases with increasing cooling time.

The current of the ionisation chambers is pro-
portional to the absorbed dose rate. This indicates
that the mass energy-absorption coefficient for
different gamma energies should be taken into
consideration in equation (2). The mass energy-
absorption coefficient varies from 0.0287-0.0279
in energy interval 0.3 MeV-1 MeV in nitrogen,
which is the filling gas of the ionisation chambers
used. Because the mass energy-absorption coeffi-
cient is practically constant, it can be ignored in
equation (2). [4, 5]

Assemblies, which have off-reactor cycles, have
effectively a longer cooling time than the time

10

between the measurement and evacuation date.
In these measurements four assemblies,
#13624432, #22421319, #13632649
#13624532, had off-reactor cycles.

The effect of off-reactor cycles on the 137Cs
activity was investigated with PYVO calculations.

and

The 137Cs activity was calculated in the cases
when an assembly has been irradiated in sequen-
tial one-year cycles and when an assembly has a
varying number of sequential one-year off-reactor
cycles between the irradiation cycles. The as-
sumption of a linear development of the burnup
vs. the irradiation cycles was made.

The ratio of the 137Cs activity with off-cycles to
the 137Cs activity without off-cycles was correlated
with the ratio of irradiation cycles after the off-
cycles to the total number of irradiation cycles
according to equation (3). The number of off-
reactor cycles was kept constant.

Eoaate? @
where A;,; denotes the calculated ¥’Cs activity
without off-cycles,
A;; .., denotes the calculated 137Cs activity
with off-cycles,
i is the total number of irradiation cycles,
J is the number of irradiation cycles before
off-reactor cycles,
h is the number of irradiation cycles after
off-reactor cycles (i =j + h),
o0 is the number of off cycles and
p and q denote off cycles number depend-
ent parameters received from the fit.

The parameters received from the fits correspond-
ing to different numbers of off-cycles are shown in
Table III. Correlation curves with five different
numbers of off-cycles are presented in Figure 3.
Utilising Table III, the parameters p and g
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A37,j,o,h/A37,i

0=4

h/i
Figure 3. Calculated ¥’Cs ratio vs. the ratio of irradiation years after off-cycles to the total number of
irradiation years. The number of off-cycles is varied from 1 to 5. Irradiation years before the off cycles, the
number of off cycles and irradiation years after off cycles (j,0,h) are also shown for the data points.
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Figure 4. Slope of equation (3) vs. the number of off cycles.
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Figure 5. Zero crossover of equation (3) vs. the number of off cycles.
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were correlated linearly to the number of off
cycles according to the equations

g=c +c, %0 (4)
and
p=d,+d,*o0, (5)

where c,, ¢,, d, and d, denote the parameters re-
ceived from the fit and o denotes the number of
off-reactor cycles.

Both the slope and zero crossover of these
curves seem to be linearly dependent on the
number of off cycles. The values of the parameters
received from the fits are ¢, = 0.0017 = 0.0008, ¢, =
0.0220 + 0.0002, R2 = 0.9997 in equation (4) and d,
= 0.9982 = 0.0008, d, = —0.0219 + 0.0002 and R2 =
0.9996 in equation (5).

For the gross gamma, the recipe obtained for
off-reactor cycle correction is

G37,j,o,h

1-0.022%0% <L —-0.002% < »
l l

G .=
37,1 (6)

where G,,;, denotes gross gamma corrected for

off-cycles,

Gs; ;. denotes the measured gross gamma
with off-cycles,

i stands for the total number of irradiation
cycles,

J stands for the number of irradiation
cycles before off-reactor cycles,

h stands for the number of irradiation
cycles after off-reactor cycles and

o stands for the number of off cycles.

The correction factor increases as the number of
off cycles increases or when h/i decreases. The off
cycle correction recipe can be used for assemblies
independently of the initial enrichment value or of
the total burnup.

The gamma spectrometrically measured 37Cs
intensity was corrected for off-reactor cycles ac-
cording to the same method as that presented for
gross gamma in equation (6).

Another way to approach the effect of off cycles
is to use the linear correlation of 137Cs activity to
burnup. If an assembly has been irradiated in
sequential cycles, the 137Cs activity correlates line-
arly to burnup according to equation

A37,i=k*B,

12

(7

where B stands for the burnup and
k represents the proportionality coefficient
received from the fit.

If an assembly has off cycles, the 137Cs activity on
the evacuation date is

A37,j,a,h =k (670.0230511” * BJ- +B-— BJ-) , (8)

where ¢ denotes the off cycle time in years and
B; denotes the burnup before the off cycles.

The constant 0.0230511 is the decay constant of
137Cs in inverse years. The ratio of 37Cs activity
with off cycles to 137Cs activity without off cycles
can be calculated using equations (7) and (8)

A37,j,o,h

A37,l

If the burnup is developed linearly to the irradia-

N . B
:1_(1_80.0230511;:)*?‘ ©)

tion cycles, and the total time of off cycle is much
less than the half-life of 137Cs, a linear approxima-
tion can be used for the exponential function and
the recipe for off cycle correction get the form

G37,j,o,h

G37,i = j
1-0.0230511 %0 * < -
l

(10)

The two methods, the linear fitting of the results
obtained by the PYVO calculations, equation (6),
and the physical approach, equation (10) yield es-
sentially the same dependence on the off-reactor
cycles. The largest difference is only 0.2 % among
the measured assemblies which is for #13624432
with five off cycles. The physical approach gives
additionally a physical significance to the numeri-
cal constant in those two equations.

It is important to note that the off-cycle effect
does not decay away during the storage of the
spent assembly, but is a permanent property de-
pending only on the irradiation history.

4.1.2 Correlation of 137Cs signal to
burnup

A linear fit of the gamma spectrometrically meas-
ured 137Cs peak intensity vs. burnup according to

A, =k+B (11)

is shown in Figure 6.
The 137Cs activity was calculated for all meas-
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Table IV. Parameters of experimental and calcu-
lated *"Cs signal vs. burnup fit.

Table V. Parameters of calculated and experimen-
tal gross gamma vs. burnup fit.

k o, ok | R K o, | ol | R
Experimental | 8.6277 | 0.0828 | 0.0096 | 0.979 | [Experimental | 18.7047 | 0.1056 | 0.0056 | 0.992
PYVO 86269 | 00095 | 00011 | 1.000 | [PYvO 18.7037 | 0.0205 | 00011 | 1.000

ured assemblies using the PYVO program. The
calculated 137Cs activities were scaled to corre-
spond to the spectrometrically measured 137Cs
peak intensity. The parameters of both fits are
compared in Table IV.

In addition, the 90 % prediction interval for the
measured 137Cs peak intensity vs. burnup curve is
shown in Figure 6. This 90 % confidence interval
for the population describes the range where data
values will fall at 90 % probability for repeated
measurements. This prediction interval is called
the error corridor in the remainder of this report.
The absolute width of the error corridor is + 24
cps, equal to +6.5 % of the maximum value of 377
cps corresponding to the maximum burnup of
43.67 MWd/kg.

4.1.3 Correlation of gross gamma to
burnup

The gross gamma signal of the measured VVER
assemblies was correlated to the burnup accor-
ding to

G, =k +B, (12)

see Figure 7.

The parameters of the fits to the experimental
data and to the corresponding data calculated
with PYVO are shown in Table V. As expected, the

450

350 A
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250 A
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150 A

37Cs peak intensity (cps)

100 A

50 -

0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Burnup (MWd/kg)

Figure 6. Measured **"Cs intensity vs. burnup. Dot-
ted lines describe the error corridor.

gross gamma correlates to the burnup better than
the gamma spectroscopically measured 137Cs peak
intensity. The explanation is that the gross gam-
ma is less sensitive to positioning error than the
spectrometrically measured 137Cs peak intensity.
This is explained more in detail in ref. [1]. The
correction for two nuclides, 134Cs and 9Ru/Rh,
seems to be sufficient even for cooling times as
short as 2.7 years.

The absolute width of the error corridor is + 30
units for VVER assemblies, equal to +3.9 % of the
maximum value of 817 units corresponding to the
maximum burnup of 43.67 MWd/kg. The gross
gamma data measured in Olkiluoto indicate that
the corresponding error corridor for BWR assem-
blies is about twice as wide as it is for VVER
assemblies [1]. The correlation is better for VVER
assemblies than for BWR assemblies even if the
measured VVER assemblies had shorter cooling
times than the measured BWR assemblies and the
gross gamma signal was corrected for the same
nuclides in both cases. The correlation coefficient
is 0.963 for BWR assemblies and 0.992 for VVER

900

800 -

700 A

600 -

500 -

300

200 A

Gross gamma (arbitrary units)

100 A

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Burnup (MWd/kg)
Figure 7. Gross gamma signal vs. burnup. The cir-

cles represent the experimental points. Dotted lines
describe the error corridor of the experimental data.
The diamond represents the experimental result for
assembly #13624432 without correction for off-re-
actor cycles. The triangle down represents the cor-
responding case for PYVO data. The corrected ex-
perimental point lies right above the uncorrected one.

13
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assemblies [1]. This implies that boiling condi-
tions in the reactor may increase the scatter of
data points.

Four measured assemblies have off-reactor cy-
cles: #13624432, #22421319, #13632649 and
#13624532. The effect of off-reactor cycle correc-
tion to the gross gamma signal has been demon-
strated in Table VI and in Figure 7. The assembly
#13624432 has been irradiated in three cycles.
After the first two cycles it had five off-reactor
cycles. Had the off-cycle correction not been ap-
plied, the measured data point would have fallen
outside the error corridor. Applying the off-cycle
correction makes it to fit perfectly on the correla-
tion curve. The off-cycle correction may be impor-
tant for correct burnup verification.

4.2 Neutron measurements

Correlation between the neutron counts from the
bare fission chambers and the neutron counts
from the Cd-wrapped fission chambers was per-
fectly linear. Also the zero crossover value was
zero. Cd-wrapped fission chamber signal is used
in all following correlations.

4.2.1 Corrections applied to neutron
signal

The measured neutron data have been corrected
for the share of 244Cm neutrons, for the decay of
244Cm and for enrichment variation.

The share of 244Cm neutrons of the total neu-
tron source is derived from the results calculated
with the PYVO program. It varied from 4 % to 97
% among the measured VVER assemblies. It in-
creases when the burnup or cooling time increases
or when the initial enrichment decreases.

Because the spent fuel assemblies have differ-
ent initial enrichments, the measured neutron
data have been corrected to a certain reference
enrichment value. An enrichment correction meth-
od based on the calculations made with the
SAS2H/ORIGEN-S program to the measured neu-
tron data of BWR assemblies is introduced in ref.
[1]. The corresponding recipe for VVER assem-
blies was calculated with the PYVO program. The
enrichment was varied from 1.6 % to 4.2 % and
the burnup from 15 MWd/kg to 45 MWd/kg. The
irradiation time was adjusted in such a way that

14

Table VI. Effect of off cycles in gamma signal.

Ass. ID j,0,h off cycle
correction factor
13624432 2,51 1.080
22421319 2,2,1 1.031
13632649 2,11 1.016
13624532 11,2 1.008

the average power of the assemblies was 34.01
kW/kg. The calculated 244Cm neutron sources at
discharge are shown in Table A2.I in Annex 2.

To obtain a recipe for the enrichment correc-
tion the 244Cm neutron source was correlated to
the initial enrichment at a constant burnup. The
244Cm neutron source was correlated to the initial
enrichment according to the equation
InN,=¢"-r*IE (13)
where N, denotes the 2¢/Cm neutron source at

discharge

IE denotes the initial enrichment and

s” and r denote burnup dependent param-
eters received from the fit.

The parameters received from the fits correspond-
ing to different burnup values are shown in Table
VII. Correlation curves with seven different burn-
up values are shown in Figure 8.

The parameter r in Table VII was correlated to
the burnup according to the equation
r=t+t,*B (14)
where ¢, and ¢, denote the paremeters received

from the fit and
B denotes the discharge burnup.

The values of the parameters received from the fit
are ¢, = (1.1509 + 0.0060) %1, ¢, = (-0.0125 =+
0.0002) (%*MWd/kg)! and R2 = 0.9989, see Figu-
re 9.

The enrichment correction recipe for VVER
assemblies is

N,=N= o{111509-0.0125B)«(IE—1E) , (15)

where N, denotes the 2¢4Cm neutron count rate of
an assembly as corrected to the reference enrich-
ment and N denotes the measured 244Cm neutron
count rate of an assembly. IE, denotes the refer-
ence enrichment, which was chosen to be 3.6 %, IE
denotes the operator declared initial enrichment
of the assembly and B denotes the discharge burn-

up.
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Table VII. Parameters of the 244Cm neutron yield vs. initial enrichment fits with different burnup values.

Initial enrichment (%)

Burnup s’ o, r o, R?
(MWd/kg)
15 18.8826 0.0774 -0.9705 0.0257 0.9916
20 20.1344 0.0620 -0.8989 0.0206 0.9937
25 21.0311 0.0480 -0.8336 0.0160 0.9956
30 21.7025 0.0352 -0.7713 0.0117 0.9973
35 22.2173 0.0235 -0.7106 0.0078 0.9985
40 22.6173 0.0135 -0.6511 0.0045 0.9994
45 22.9303 0.0060 -0.5928 0.0020 0.9999
eza
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Figure 8. Calculated 2#1Cm neutron source vs. initial enrichment. Burnup is varied from 15 MWd / kg to

45 MWd/ kg.
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Figure 9. Coefficient r vs. burnup.
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The effect of off-reactor cycles on 244Cm neu-
trons has also been studied with PYVO calcula-
tions, see Figure 10. The effect was insignificant
in the off cycle combinations of the measured
assemblies. The importance of the off-reactor cy-
cles correction increases rapidly when hA/i be-
comes very low and the number of off cycles
increase. l.e. the correction may become impor-
tant for four total irradiation cycles if the last
cycle has been irradiated separately with at least
three years off the reactor before the last cycle or
for five total irradiation cycles if the last cycle has
been irradiated separately with at least two years
off the reactor before the last cycle.

4.2.2 Correlation of neutron signal to
burnup

Neutrons were correlated to burnup according to
the equation

log,,(N) =+ b+ log,,(B), (16)

where N is the measured neutron count rate. o
and b are parameters received from the fit, see
Figure 11. Equation (16) is equivalent with the
neutron-to-burnup correlation given in equation
(1). The parameter b obtained in these fits corre-
ponds to the power indicated in equation (1). The
results of the fits to the experimental and PYVO
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Figure 10. The dependence of 244Cm neutrons on off-reactor cycles.
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Figure 11. 2#Cm neutrons vs. burnup. The circles represent the experimental values and the solid line
represents the fit to the experimental data. Dotted lines limit the error corridor. The dashed line represents

the fit to the PYVO data.
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Table VIII. Neutrons vs. burnup. Parameters of equation (16). UL and LL indicate the parameters of the
upper and lower limit of the error corridor (Figure 11).

Enrichment correction o o, b, o, 2
PYVO yes -5.60 0.07 5.27 0.05 0.999
Experimental yes -5.44 0.15 5.18 0.10 0.994
UL yes -5.17 5.12
LL yes -5.71 5.24
Experimental no -5.06 0.45 5.02 0.30 0.945

calculated data are shown in Table VIII. The error
corridor is = 5.6 % at high burnup values and = 15
% at low burnup values, see Figure 11.

The slope of the neutrons vs. burnup curve is
higher for VVER assemblies than for BWR assem-
blies.

The measured VVER assemblies have only two
different initial enrichment values, 2.4 % and 3.6
%. The enrichment correction improves the fit
making it possible to correlate all data points in
the same fit, see Table VIII. An alternative option
would have been to correlate the assemblies with
enrichments 2.4 % and 3.6 % separately.

4.2.3 Correlation of neutron signal to
gamma signal

Neutrons were correlated to spectroscopically
measured 37Cs peak intensity and the gross gam-
ma according to the equations

log,,(N) =o' +b"*log,(Ay,), am

Table IX. Neutrons vs. gamma spectrometrically
measured *’Cs peak intensity. Parameters of equa-
tion (17). UL and LL as in Table VII (Figure 12).

o o, b’ o, | R
PYVO -10.71| 0.11 5.34 0.05 | 0.999
Experimental | -9.64 | 0.27 4.92 0.11 | 0.992
uL -9.27 4.85
LL -10.00 4.98
log,,(N) =a” +b" xlog,,(Gy,) , (18)

where N is the measured neutron count rate.
o’,b’,a” and b” are parameters received from the
fit. The results are shown in Tables IX and X and
plotted in Figures 12 and 13.

The error corridors are shown in Figures 12
and 13. The error corridor width of the 244Cm
neutrons vs. gross gamma curve is about + 7.2 %
at high gross gamma values and + 20 % at low
gross gamma values. The corresponding error
corridor for 2¢4Cm neutrons vs. 137Cs peak intensi-
ty curve is about + 6.5 % at high 37Cs peak
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Figure 12. >***Cm neutrons vs. the ¥’Cs peak intensity. The circles represent the experimental values and
the solid line represents the fit to the experimental data. Dotted lines describe the error corridor. The

dashed line represents the fit to the PYVO data.

17



STUK-YTO-TR 181

Table X. Neutrons vs. gross gamma. Parameters of
equation (18). UL and LL as in Table VII (Figure 13).

o” o, b” o, R?
PYVO -1251| 0.13 5.34 0.05 | 0.999
Experimental | =12.55 | 0.38 5.37 0.14 | 0.990
uL -12.11 5.29
LL -13.00 5.45

intensity values and + 17 % at low 137Cs peak
intensity values. All assemblies, both PK and TBC
assemblies, are inside the error corridors when
neutrons are correlated to gross gamma or to 137Cs
peak intensity. The PYVO calculations give some-
what different power parameters when correlat-
ing neutrons to burnup and to 137Cs activity (5.27
vs. 5.34). This difference may not be significant.
The best experimental correspondence with the
PYVO calculations is obtained by correlating the
measured neutrons to the gross gamma, see
Table X.

4.3 Sensitivity to vertical
positioning

It was found out in the analysis of the Olkiluoto
measurements that burnup profile variation and
positioning in axial direction are no considerable
error source at least inside about one metre inter-
val in the central part of an assembly. [1] The
same kind of study was performed also in the

Loviisa campaign. The measurements were per-
formed at three heights: at the mid-point, 500 mm
above the mid-point and 500 mm below the mid-
point.

All measured data points have been taken into
consideration in the following fits. All corrections
mentioned in sections 4.1 and 4.2 have been made
to the measured data. The analysis was made
using the neutron counts from Cd-wrapped fission
chambers, because the correlation between the
Cd-wrapped and bare neutron channels was found
to be independent of the height. The measured
raw data are shown in Table A1.I in Annex 1.

The 24Cm neutron counts vs. gross gamma
curve and its error corridor at the mid-point is
shown in Figure 14. Also the data points meas-
ured at the lower and higher heights are included
in Figure 14. The data points of all three measure-
ment heights are inside the error corridor. This
confirms the conclusion of the Olkiluoto analysis
that the positioning in axial direction is not a
measurable error source as far as the measure-
ment takes place within one metre interval about
the centre of an assembly. Also the values of the
parameters in the case when the data points
measured at all three heights are included in the
same fit are shown in Table XV Axial profile
variations between VVER assemblies were not
investigated. Only one assembly was scanned axi-
ally in Loviisa. See section 5. However, no indica-
tion that variations in axial profiles could be a
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Figure 13. 244Cm neutrons vs. gross gamma. The circles represent the experimental values and the solid
line represents the fit to the experimental data. The dotted lines describe the error corridor. The dashed

line represents the fit to the PYVO data.
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Table XI. Parameters the *’Cs peak intensity vs.

Table XIII. Parameters of the 244Cm neutron counts

burnup fit. vs. burnup fit.
k o, o/k R? o o, b o, R?
LOW 8.20 0.09 0.011 0.973 LOW -5.42 0.16 5.13 0.11 | 0.993
MID 8.63 0.08 0.010 0.979 MID -5.44 | 0.15 5.18 | 0.10 | 0.994
HIGH 8.34 0.08 0.009 0.979 HIGH -5.39 0.14 5.12 0.10 | 0.995

Table XII. Parameters of the gross gamma vs. burn-

Table XIV. Parameters of the 24Cm neutron counts

up fit. vs. 137Cs peak intensity.
k” o. o /K" R? o’ o, b” o, R?
Low 18.11 0.14 0.008 0.986 Low -9.45 | 0.27 4.86 0.11 | 0.992
MID 18.70 0.11 0.006 0.992 MID -9.64 | 0.27 4.92 0.11 | 0.992
HIGH 18.11 0.12 0.007 0.989 HIGH -9.30 | 0.24 4.79 0.10 | 0.993

significant error source was found among VVER
assemblies in 2¢4Cm neutron counts vs. gross gam-

ma curve either.
The 137Cs peak intensity and gross gamma

Table XV. Parameters of the 2#4Cm neutron counts
Us. gross gamma.

were correlated to burnup at all three heights.
The results are shown in Tables XI and XII.

The 244Cm neutron counts were correlated to
the burnup, 37Cs peak intensity and gross gam-
ma, see Tables XIII, XIV and XV.

4.4 Comparison of neutron curves

Whether the neutrons correlate best with the bur-
nup, 137Cs peak intensity or gross gamma can not

a” o, b” o, R
LOW -1158 | 0.24 5.02 0.09 | 0.995
MID -1255 | 0.38 5.37 0.14 | 0.990
HIGH -11.85| 0.27 5.13 0.10 | 0.994
All heights -12.27 | 0.19 5.23 0.07 | 0.991

be concluded for VVER assemblies with a few
years' cooling time. Because of short cooling time
their gross gamma signal includes additional con-
tribution originating from other isotopes than
those accounted for in the corrections to the gross
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Figure 14. 244Cm neutron counts vs. gross gamma at three heights. Triangles up correspond to height 500
mm above the mid-point. Circles and solid regression line correspond to the mid-point. Triangles down
correspond to height 500 mm below the mid-point. Dotted lines represent the error corridor corresponding

to the regression line at the mid-point.
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gamma signal. This degrades the neutrons vs.
gross gamma correlation. However, the correla-
tion of the neutrons to the gross gamma is expect-
ed to become better with longer cooling time when
parasitic gamma emitters have decayed off. This
may be important concerning the final disposal of
spent fuel, because the assemblies to be disposed
of are expected to have long cooling time.

The correspondence between the fits to the
measured data and to the data calculated with
PYVO is quite complete when neutrons are corre-
lated to the gross gamma or to the burnup, see
Figures 11 and 13. When neutrons are correlated
to the gamma spectrometrically measured 37Cs
peak intensity the results received from the fit
deviate significantly from the corresponding re-
sults of the calculated data, see Figure 12. This
indicates that the gamma spectrometrically meas-
ured 137Cs peak intensity may contain some sys-
tematic error.

4.5 Importance of averaging the

measurement data

The 244Cm neutrons were correlated to gross gam-
ma according to equation (18) without averaging
over two azimuthal angle values. The results are
shown in Table XVI and Figure 15. The width of
the error corridor does not change with averaging

Table XVI. Neutrons vs. gross gamma without av-
eraging over two sides of an assembly. UL and LL
as in Table VIII.

o” o, b” o, R?
Experimental | -12.54 | 0.28 5.36 0.10 | 0.988
UL -12.19 5.32
LL -12.89 541

over the azimuthal angle. This backs up the con-
clusion made from the measurements in Olkiluo-
to, that the width of the error corridor is primarily
determined by variation of the factors affecting
the gamma and neutron emission of different as-
semblies during irradiation. The random factors
attributed to the measurement itself, like positio-
ning accuracy and counting statistics, do not sig-
nificantly affect the accuracy of an individual me-
asurement. [1] The only measurement point that
falls outside the error corridor belongs to the as-
sembly #13648120 with a very low burnup value
of 5.7 MWd/kg. This indicates that a better me-
asurement statistics might be needed to improve
the quality of data of very low burnup assemblies.
In order to average real asymmetries due to asym-
metrical irradiation conditions, measuring the
neutron signal and gross gamma from all sides of
an assembly may be important. This would requi-
re three measurements with 60° rotations per
VVER assembly.
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Figure 15. 244Cm neutrons vs. gross gamma without averaging over two azimuthal angles. Dotted lines

describe the error corridor.
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5 AXIAL SCANNING

The measured axial scanning results of assembly
#13640621 are shown in Figures 16 and 17. Figure
16 shows that the gross gamma signal seems to
follow the axial distribution of gamma spectromet-
rically measured 137Cs peak intensity everywhere
except in the bottom and top part of the assembly.
Top and bottom structures of the assembly are
made of stainless steel and the active length of a
fuel pin is 2420 mm [6]. The impurities in stain-
less steel, especially cobalt, activate during irra-

diation. The gross gamma signal does not approa-
ch zero at the top and bottom part of the assembly,
because of these parasitic gamma emitters.

As in the measurements performed in Olkiluo-
to, the axial distribution of the neutron emission
seems to be almost independent of whether the
measurement is taken with bare or Cd-wrapped
fission chambers, see Figure 17. The raw data of
these measurements are shown in Table A1.Il in
Annex 1.
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Figure 16. Axial scanning of assembly #13640621. Squares and dashed line represent the *’Cs peak
intensity. Circles and solid line represent the gross gamma signal.
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Figure 17. Axial scanning of assembly #13640621. Squares and dashed line represent the neutron inten-
sity from Cd-wrapped fission chambers. Circles and solid line represent the neutron intensity from bare
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6 CONCLUSION

The contribution of other gamma emitting nucli-
des than 137Cs was eliminated from the gross gam-
ma signal using gamma-spectroscopic data. The
main parasitic contributors identified in the
spectra were 13¢Cs and 19Ru/Rh. Correction for
these nuclides was sufficient even if many as-
semblies had only a few years of cooling time. The
gross gamma signal of VVER assemblies seems to
correlate better to burnup than the gross gamma
signal of BWR assemblies according to the measu-
rements performed in Loviisa and Olkiluoto.

Four measured assemblies have off-reactor cy-
cles between irradiation cycles. Because 137Cs de-
cays during the off cycles the 137Cs signal was
corrected to correspond to the history of sequen-
tial irradiation cycles with help of PYVO program.
It seems that off cycle correction may be very
important for burnup verification purposes. The
assemblies, which have off cycles, are special
cases whose 137Cs signal may be too low without
the off cycles correction. This could mislead an
inspector to make a conclusion that the operator
declared burnup would be wrong. The off cycle
correction may save both money and time by
making it possible to avoid additional inspections
of these assemblies.

The same corrections were made to the meas-
ured neutron data as in the analysis of measure-
ments performed in Olkiluoto. The share of the
244Cm neutron source out of the total neutron
counts is derived from the results calculated with
PYVO. It varied from 4 % to 97 % among the
measured assemblies. It increases when the burn-
up or cooling time increases or when the initial
enrichment decreases. PYVO can be considered as
an important tool for future measurements as the
share of 24Cm neutrons of the total neutron
counts has to be calculated separately for each
assembly at each measurement campaign.

22

The enrichment correction recipe to neutron
data was calculated for VVER assemblies using
the PYVO program. However, the enrichment cor-
rection is not as essential as it was in the analysis
of the Olkiluoto campaign where the enrichment
variation was large among the measured BWR
assemblies. Because the initial enrichment of the
measured VVER assemblies is either 2.4 % or
3.6 %, the neutron data could have been analysed
separately for these two enrichments. Including
all assemblies in one correlation curve was possi-
ble by correcting the neutron data to a reference
enrichment value of 3.6 %. In any case, the VVER
assemblies may probably have more diverse en-
richments in the prospective measurements,
which would make the enrichment correction im-
portant also for VVER assemblies. These correc-
tions were found to improve the correlation of
neutrons both to the declared burnup and to the
measured burnup indicators. Neutron multiplica-
tion has not been taken into consideration in the
analysis.

The effect of off-reactor cycles on 244Cm neu-
tron counts was investigated with help of PYVO
program. The effect was insignificant in the off
cycle combinations of the measured assemblies.
The importance of the off cycle correction increas-
es rapidly with the increasing number of off cy-
cles. Also the later the off cycles are in the irradia-
tion history the bigger effect they have to the
244Cm neutron signal. In extreme cases the off
cycles may affect significantly also the 244Cm neu-
tron signal.

The 244Cm neutron source and 137Cs activity
were calculated for all measured assemblies using
the PYVO program. The correspondence between
the measured and calculated results seems to be
very good when the 244Cm neutrons are correlated
to the burnup or to the gross gamma.
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244Cm neutrons correlate almost as well to the
gross gamma as to the burnup. The neutron
correlation to gross gamma is expected even to
improve when the cooling time increases. The
assemblies are expected to have long cooling times
when the final disposal of spent fuel begins. In the
case of VVER assemblies it might be a good option
to use 2¢4Cm neutrons vs. gross gamma as a
reference curve for partial defect purposes. The
other option would be that 24#4Cm neutrons are
correlated to the declared burnup with a separate
verification of the burnup by gross gamma.

Using the operator declared data is inevitable
in order to calculate the necessary corrections to
the measured neutron and gamma data. Only the
corrections for parasitic gamma emitters to the

gross gamma data are independent of the declared
data. These corrections are based on the meas-
ured gamma spectroscopic data only.

It is not excluded that an intelligent removal of
rods could yield neutron and gamma signals,
which would be consistent to an intact assembly
with lower burnup. This leaves the operator a
possibility to cover a possible diversion with an
intelligent falsification of the burnup or other
irradiation history data. For this reason it is
crucial to keep a database on the irradiation
histories of the spent fuel assemblies from the
moment when they are inserted into the reactor.
In this way it would be impossible for the operator
to change later the irradiation data for dishonest
purposes.
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ANNEX 2

Table A2.1. **Cm neutron source (n/s/t) dependence on enrichment and burnup at discharge calculated

with PYVO.
Enrich- Burnup (MWd/kgU)
ment
(W-%) 15 20 25 30 35 40 45
16 3.871108E+07 | 1.469576E+08 | 3.886450E+08 | 8.188603E+08 | 1.476161E+09 | 2.376441E+09 | 3.513879E+09
1.8 2.969473E+07 | 1.165135E+08 | 3.172445E+08 | 6.862638E+08 | 1.266768E+09 | 2.082576E+09 | 3.136151E+09
2 2.310569E+07 | 9.319349E+07 | 2.601563E+08 | 5.759318E+08 | 1.086139E+09 | 1.820991E+09 | 2.790877E+09
22 1.823046E+07 | 7.525539E+07 | 2.145722E+08 | 4.846385E+08 | 9.315663E-+08 | 1.590140E+09 | 2.477910E+09
2.4 1.457650E+07 | 6.136184E+07 | 1.781210E+08 | 4.092905E+08 | 8.000576E+08 | 1.388025E+09 | 2.196561E+09
2.6 1.179761E+07 | 5.049999E+07 | 1.488598E+08 | 3.471542E+08 | 6.886161E+08 | 1.212127E+09 | 1.945447E+09
2.8 9.657542E+06 | 4.193533E+07 | 1.252618E+08 | 2.958834E+08 | 5.944168E+08 | 1.059756E+09 | 1.722726E+09
3 7.990111E+06 | 3.512430E+07 | 1.061192E+08 | 2.534511E+08 | 5.148291E+08 | 9.282266E+08 | 1.526212E+09
3.2 6.673463E+06 | 2.965562E+07 | 9.049281E+07 | 2.182186E+08 | 4.475399E+08 | 8.148802E+08 | 1.353454E+09
34 5.622881E+06 | 2.522621E+07 | 7.765253E+07 | 1.888402E+08 | 3.905649E+08 | 7.172985E+08 | 1.202091E+09
3.6 4.772952E+06 | 2.159713E+07 | 6.700237E+07 | 1.641656E+08 | 3.420871E+08 | 6.330921E+08 | 1.069455E+09
3.8 4.084395E+06 | 1.862431E+07 | 5.817895E+07 | 1.434793E+08 | 3.009258E+08 | 5.606297E+08 | 9.536164E+08
4 3.505146E+06 | 1.610805E+07 | 5.066914E+07 | 1.257762E+08 | 2.654958E+08 | 4.977959E+08 | 8.522399E+08
4.2 3.017471E+06 | 1.397589E+07 | 4.426677E+07 | 1.105917E+08 | 2.349185E+08 | 4.431919E+08 | 7.633973E+08

Table A2.1I1. *"Cs gamma source and ***Cm neutron source dependence on off-reactor cycles at discharge

calculated with PYVO.
B (MWd/kg) IE (%) j-o-k A, (Ci/t) 24Cm neutron

intensity (n/s/t)
34.192 3.6 0-0-3 1.093600E+05 3.06231400E+08
34.192 3.6 1-5-2 1.053080E+05 3.05141100E+08
34.192 3.6 2-5-1 1.011410E+05 3.03944200E+08
34.192 3.6 0-0-5 1.069866E + 05 3.02738000E+08
34.192 3.6 1-5-4 1.046650E +05 3.01703900E+08
34.192 3.6 2-5-3 1.022780E+05 3.01549600E +08
34.192 3.6 3-5-2 9.983385E+04 3.01840400E+08
34.192 3.6 4-5-1 9.732805E+04 2.90388600E+08
25.000 3.6 0-0-5 7.810359E+04 6.60812200E+07
25.000 3.6 3-5-2 7.288152E+04 6.61157800E+07
34.192 2.4 0-0-5 1.073028E+05 7.14190600E+08
34.192 2.4 3-5-2 1.001301E+05 7.10730100E+08
34.192 3.6 1-4-4 1.051065E+05 3.01834500E+08
34.192 3.6 4-4-1 9.934335E+04 2.92896800E +08
34.192 3.6 1-3-4 1.056103E+05 3.02115600E+08
34.192 3.6 4-3-1 1.012619E+05 2.95268600E +08
34.192 3.6 4-2-1 1.031090E+05 2.97611100E+08
34.192 3.6 2-2-1 1.060627E+05 3.05256900E +08
34.192 3.6 1-2-2 1.077348E+05 3.05786900E+08
34.192 3.6 1-1-4 1.064332E+05 3.02427100E+08
34.192 3.6 4-1-1 1.048667E+05 2.99911900E+08
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Table A2.II1. The share of **Cm neutrons out of
the total neutron counts at measurement data cal-
culated with PYVO.

Ass. ID 244Cm/total neutron source (%)
13640621 96.39557
13648120 3.76544
22414764 92.591
22424618 93.77051
22432018 95.89286
13642705 93.21236
22432046 96.08296
22421319 96.16226
13617628 93.62011
22432037 96.71669
13632932 95.60254
23632974 96.75889
23644402 96.24539
13632903 96.96869
13624637 96.77266
13624432 94.34455
13624532 96.24356
13632649 95.63544
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