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Abstract

Criticality safety analysis devoted to spent fuel storage and transportation has to be conservative in order to be
sure no accident will ever happen. In the spent fuel storage field, the assumption of freshness has been used to
achieve the conservative aspect of criticality safety procedures. Nevertheless, after being irradiated in a reactor
core, the fuel elements have obviously lost part of their original reactivity. The concept of taking into account this
reactivity loss in criticality safety analysis is known as Burnup credit. To be used, Burnup credit involves
obtaining evidence of the reactivity loss with a Burnup measurement. Many non destructive assays (NDA) based
on neutron as well as on gamma ray emissions are devoted to spent fuel characterization. Heavy nuclei that
compose the fuels are modified during irradiation and cooling. Some of them emit neutrons spontaneously and
the link to Burnup is a power link. As a result, burn-up determination with passive neutron measurement is
extremely accurate. Some gamma emitters also have interesting properties in order to characterize spent fuels but
the convenience of the gamma spectrometric methods is very dependent on characteristics of spent fuel. In
addition, contrary to the neutron emission, the gamma signal is mostly representative of the peripheral rods of the
fuels. Two devices based on neutron methods but combining different NDA methods which have been studied in
the past are described in detail: 1. The PYTHON ™ device is a combination of a passive neutron measurement, a
collimated total gamma measurement, and an online depletion code. This device, which has been used in several
Nuclear Power Plants in western Europe, gives the average Burnup within a 5% uncertainty and also the
extremity Burnup, 2. The NAJA device is an automatic device that involves three nuclear methods and an online
depletion code. It is designed to cover the whole fuel assembly panel (Active Neutron Interrogation, Passive
Neutron Counting, and Gamma Spectrometry).

1. INTRODUCTION

Criticality safety analysis devoted to spent fuel storage and transportation has to be
conservative in order to make sure no accident will ever happen, hi the spent fuel storage
field, the assumption of freshness has been used to achieve the conservative aspect of
criticality safety procedures. Nevertheless, after being irradiated in a reactor core, the fuel
elements have obviously lost part of their original reactivity. The concept of taking into
account this reactivity loss for criticality safety analysis is known as Burnup credit.

Burnup credit implementation in a facility for transportation or storage requires, to be able to
predict, using calculation, the actual reactivity of the spent fuels in order to design the
transportation or storage facilities. Moreover, it requires to be able to confirm the item
traceability with a representative measurement.

The first topic - criticality calculations using results of validated depletion codes- is not the
aim of this paper. Many related papers cover this first topic as those given in references [1],
[2] and [3]. It is noticeable that all authors of these papers point out the measurement
requirements but give very few details about existing measurement techniques and devices.
To supply this need, this paper deals with the Low Enriched Uranium (LEU) spent fuel
measurement problem. First, we will try to understand what is to be measured and give a
description of the perfect measurement technique. Then a list of the existing techniques will
be given including their respective qualities and drawbacks. Finally some devices developed
by the French Atomic Energy Commission (CEA) are described in detail.
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2. BURNUP CREDIT AND SPENT FUEL MEASUREMENT

2.1. Criticality and relevant physical parameters of spent fuel

For Bumup credit use, the relevant physical property of the spent fuel is its reactivity in the
storage condition. In other words, how much the fuel element is able to induce neutron
multiplying when in storage conditions. Unfortunately this property is not an intrinsic one, as
said above ; it depends on the environment of the item. This means that, whatever technique
could directly measure the reactivity, its use would require the knowledge of a transfer
function linking the reactivity in the measuring conditions to the reactivity in the storage
conditions.

Another way can be used; it consists in establishing an intrinsic link between the actual
components of the irradiated fuel - which are the input data of the criticality codes - and the
total amount of energy extracted from it. This quantity known as the Bumup has no physical
signification in the criticality field but, for a given fuel assembly and considering a particular
irradiation history, it is unique and does not depend on the fuel environment after irradiation.
Most of the criticality studies are done using this method [2], [3].

2.2. Burnup measurement and Burnup credit

For a given facility, criticality studies produce a value of the maximum reactivity acceptable
for each fuel assembly to be authorized to be stored in the facility. This individual reactivity
can be linked with an isotopic composition taking into account neutron absorption by fission
products or not. Use of validated depletion codes, like CESAR [5], allows us to establish the
link with Bumup considering a given initial enrichment. As a result, a conservative lower
limit of Bumup can be calculated which will guarantee safety of the storage or transportation
[3]-

In order to complete Safety Authority requirements, the problem which has to be addressed, is
then: "how to check that spent fuels are actually burned enough?"

In the past, initial reactivity was low due to low initial enrichments (< 3,25 % 235U), so a
simple evidence of irradiation was enough to make sure the actual reactivity was correct. This
evidence can easily be gained through a simple total gamma measurement.

At the present time, in order to achieve high Bumup, the uranium 235 initial enrichments are
more than 4%. Depending on the design of facilities and whether fission product effect is
taken into account or not, Burnup credit use requires that actual Burnup has to be higher than
achievable during one single irradiation cycle. ( e.g extremity Bumup (BU) higher than 9
GWd/tHM for 4 % 235U enriched1 which is an extremity Bumup reached after at least 2
irradiation cycles). In such conditions, accurate and reliable non-destructive measurement
techniques have to be used.

1 Given as an example, the 9GWd/tnM value for lower limit of extremity Burnup is related to 16x16 KWU fuels
235U enriched from 3.55 to 4 % in TN 13-2 transportation casks with fuel basket n° 928 (agreement n°
F/274/B(U)F 85 G m (valid till 01/10/99)).
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Characteristics of the hypothetical perfect measurement technique are summarized below :

1. It should be an absolute measurement with no calibration curve and no detector yield to
be known,

2. The measurement should be representative of the whole fuel element (not only the
external rods),

3. It should be insensitive to cooling time and irradiation history knowledge,
4. It should determine itself the initial enrichment,
5. And last but not least, the device should be inexpensive and easy to use.

Unfortunately, this perfect method does not exist, but many different assays have been studied
and some of them developed into instruments. We will now detail the measurement technique
characteristics and describe the physical behavior of the spent fuel emissions in order to
understand better their advantages and drawbacks.

2.3. Sorting the Measurement Methods

Many NDA methods devoted to spent fuel characterization have been studied [4]. Most of
them are based on neutron and gamma emissions. Depending on their particular features and
interests, they are used in the laboratories, in the industrial reprocessing plants or for
safeguard purposes. In order to make their description clear ; let us build a classification
related to some relevant characteristics of the measurement methods,

Firstly, we can divide the different techniques into 2 kinds whether they give a result with
irradiation history dependency or not. Irradiation history dependency means that, for a given
Burnup, the physical parameter measured can take different values. It also means that for a
measured value of the assayed physical parameter (neutron or gamma emission), Burnup can
take different values depending on the irradiation history. Inside the reactor core, the neutron
flux is described by a time function making allowance for the reactor's power history, hence
the expression "irradiation history". By way of example, Figure 1. shows typical irradiation
histories of a pressurized water reactor. Figure 1. shows two histories resulting in the same
Burnup. Assembly No. 2 began its irradiation before assembly No. 1 but was withdrawn from
the reactor during cycle No. 4. hi addition, the specific power was different; fuel No. 1 kept
always the same specific power, fuel No. 1 did not.

Secondly, another sorting can be made checking to see whether the measurement requires the
detector yield knowledge or not. If required, the detector yield has to be determined using
either a representative standard or a calculated yield using simulation codes.

Thirdly, we will divide the methods depending whether the result they give is representative
of the whole fuel or only a peripheral part of it.

To summarize, we will call:

1. Dependent or independent, the methods that require or not irradiation history
knowledge,

2. Relative or absolute, the methods that require or not the detector yield knowledge,
3. Global ox peripheral, the methods that provide a result for the whole fuel or only its

peripheral part.
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Examples of Irradiation Histories
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FIG. 1. Examples of irradiation histories. Fuel n°l and n° 2 reach the same final Burnup at
the same date but following two different irradiation histories which lead to different gamma
and neutron emissions.

In addition, extra considerations have to be taken into account for selecting a measurement
method such as: easiness of use, cost or device transportability. Since, these considerations are
case dependent, we will mention them in the application section.

3. EVOLUTION OF FUEL DURING AND AFTER IRRADIATION.

Heavy nuclei that compose the fuels are modified during irradiation and cooling. At the same
time, light isotopes appear as the result of fission and capture. Different nuclear interactions
and decays lead to production and disappearance of heavy nuclei as well as fission and
activation products.

The evolution of the fuel components result from fission, neutron capture, (n,2n) reactions and
(a, (3) radioactive decay. The following differential equation known as the Bateman equation
[5] describes this complex process:

dt
[A,Z] =

°c(EI,BU)
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In this relation N(t)[A,z] is the atomic abundance of the isotope with charge number Z and mass
number A.O is the neutron flux,ac,Gf,a(n,2n) are the cross sections respectively for capture,
fission and (n,2n) reactions, Xi the decay constants for p+, |3", a, spontaneous fission and
isomeric transition reactions.

Contrary to decay constants, which are intrinsic values, neutron cross sections depend on
irradiation conditions. In the relation (1), neutron cross sections are summed into one energy
group representative of the neutron energy spectrum and auto-protection effects.

( i .e. CJ = jo;(E)-O(E)-dE)
E

During fuel life these parameters change. As a result, for each kind of fuel, neutron cross-
sections have to be tabulated regards to initial enrichment and Burnup. This important work
has been carried out to provide the French reprocessing company COGEMA using a
calculation tool CESAR [5]. This code is able to calculate the components and emission of
fuels taking into account their particular geometry, initial enrichment and irradiation history.
An on line version of this code has been developed for spent fael NDA characterization
purposes.

4. PHYSICAL PRINCIPLES OF SPENT FUEL CHARACTERIZATION

All known NDA techniques for spent fael characterization use spontaneous or induced
nuclear emissions. The gamma rays as well as neutron emissions are used [4]. We will
describe the properties of each emission, point out their link with the Burnup and finally
describe the measurement based on each emission.

4.1. Neutrons

4.1.1. Passive Neutron Emission

Irradiation produces new heavy isotopes in the fuel due to neutron captures. Some of them
emit neutrons from spontaneous fissions or alpha neutron reactions. Since spontaneous
neutron emission (NE) is linked to Burnup with (BU) a power law (with exponent >1),
Burnup determination with passive neutron measurement is extremely accurate.

The correlation law is :

BU = aNEb,(2)

in which "a" is a constant slightly dependent on initial enrichment and "b" another constant
close to 0.2 for usual irradiation histories which, however, has only a small influence on
neutron emission. For a PWR fael assembly (3,8 % initial 235U enrichment, cooled 1 year after
irradiation, 60GWd/tnM Burnup), the neutron emission varies less than 10% considering the
two histories displayed in Figure 1. Due to the power law (2), this 10% discrepancy on
neutron emission leads to a 2% uncertainty on the Burnup. Assuming that cooling time is
known, we can consider that passive neutron emissions are only slightly dependent on
irradiation history due to the period of the main neutron emitter (244Cm).
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In addition, as shown on Figure 2., this particularity leads to a slow decrease of the total
passive emission which is less than half a decade over 30 years.

4.1.2. Induced Neutron Emission.

In nuclear fuels that contain fissile materials, neutron emission can be induced by an external
neutron flux. It could also be created by a high-energy gamma intense flux (photofission) but,
at the present time, this technique has never been applied to spent fuel because of its cost and
complexity.

Neutronic Emission Versus Burn-up

1.E+10 T

1.E+9

cg
| 1.E+8
E

LU

1.E+7 --

-*^Cooling Time 3 Years

-°- Cooling Time 14 Years

—Cooling Time 28 Years

1.E+6

15 20 25 30 35
Burnup (GWd/tHM)

40 45 50

FIG. 2. Passive neutron emission dependence on Burnup for various cooling times. Passive
neutron emission is decreasing slowly during cooling: less than half a decade over 28 years.

Neutron Induced Emission NIE is linked to the multiplying factor Ke£f by the relation :

NIE = a-
Keff

,0)(1 - Keff)

Using pulsed neutron irradiation, the neutron detector measures on the one hand the passive
emission and on the other hand both induced and passive contributions. This NDA method is
used for initial 235U enrichment determination or for MOX fuel characterization. Considering
only LEU fuels, and since initial 235U enrichments are assumed to be known, this technique is
not often applied to spent fuels because it induces higher complexity and costs.

4.2. Neutron measurements

4.2.1. Neutron emission and neutron count rate

Because of the multiplying effect of the fuel elements, the measured count rates are not
directly proportional to the neutron emissions. The relation between the Neutron Emission
(NE) and the Count Rate (CR) is :
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NE

(i-Keff(lE,BU))
,(4)

In this relation, Ka is the detector yield and Keff (1E,BU) the multiplying factor of the fuel
element. The Keff(TE,BU) value depends on the measuring conditions (pure or borated water,
air ...) and on the Burnup (BU) and the 5U initial enrichment (IE). As a result, neutron
emission cannot be determined without knowledge of the multiplying factor whose
parametrical calculation versus Burnup and initial enrichment is required for each measuring
condition (i. e. each boron concentration for underwater measurement).

Figure 3..displays the variation of the multiplying effect versus Burnup considering different
initial enrichments for a 2400 ppm borated water measurement. Variation of Keff during fuel
life can reach 30% and cannot be neglected.

Multiplying factor (Keff) variation versus burnup

a)

-*- Initial Enrichment 3,0 %
-— I.E. 3,4%
-*- I.E. 3,8%

I.E. 4,3 %

PWR 15x15 KWU fuels
in 2400 borated water
(28% 10B)

0.25

15 25 35
—t—

45 55

Burnup (GWd/tHivi)

FIG. 3. Multiplying factor versus Burnup in borated water. During its life, the fuel reactivity
(in borated water) decreases. The multiplying factor (KeJ^ decreases more than 30% between
5 and 60 GWd/tHM •

4.2.2. Measured calibration curve

The total passive neutron measurements provide count rates, which are above all, related to
curium amounts in the fuels. Considering LEU spent fuels, the link between curium amounts
and Burnup is a correlation that depends only on fuel type and initial enrichment.
Consequently, to be used for Burnup assay, the neutron count rates have to be compared with
a calibration curve previously built. This method gives good results but a set of fuel with
homogeneous (and known) irradiation histories has to be assayed before any measurement.
Moreover, irradiation histories of calibration fuels and measured fuels should be similar in
order to achieve accurate results.
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Regards to the classification given in section 2.3 (Sorting the Measurement Methods), this
method can be qualified as dependent, relative and global.

4.2.3. Calculated correlation curve

As described in section 4.2.2, the measured calibration curve establishes the link between the
Burnup and the neutron count rate considering a set of known fuel assemblies assumed to be
similar to the ones to be assayed. On the contrary, the calculated correlation curve is related to
the fuel element to be measured. Using the appropriate and validated cross-section library, the
online depletion code calculates the isotope amounts resulting from irradiation. Using
spontaneous fission and (a,n) reaction data, the online code calculates the correlation curve
linking the Burnup and the actual neutron emission. So, for any fuel to be assayed, the
constants (a, b) of the relation (2) are calculated using a validated depletion code taking into
account initial enrichment and actual irradiation history of the assembly to be measured.

Knowing a and b, the Burnup is directly determined by the relation (5) obtained from relations
(2) and (4):

Ka

The order of magnitude of the detector yield (Ka) is determined with a simulation code (e.g.
MCNP [9]). The yield has to be precisely determined during a setup measurement on a known
item. In addition, it is confirmed with a second known item. This item is chosen to be as
completely different as possible from the first one (irradiation history, initial enrichment,
Burnup).

Since the multiplying factor is a function of the Burnup, an iterative process has to be used to
determine the actual Burnup. Its consists in establishing a first guess of the Burnup assuming
Keff equals 0. This gives a first value for BU. Then K̂ g- is recalculated using the calculated
multiplying effect curves (Kefl=f(IE,BU))(Cf. 4.2.1.). A new value of BU is then obtained
from relation (5). This process is repeated until Keff reaches a stable value.

With this method, relative error on neutron emission ANE/NE from the measurement leads to
small Burnup relative error because of the power correlation law that links Burnup and
neutron emission. The relative Burnup uncertainty can be expressed from the following
relation:

, 0 . 2 , ( 6 )
BU NE w

To summarize, using a correlation curve (BU versus NE) calculated with an on-line depletion
code, the passive neutron method gives accurate Burnup results for any fuel for which
validated cross-section library is available. It requires only one setup measurement to cover
the whole fuel range (initial enrichment, burn-up). This method is relative, (slightly)
dependent and global.
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4.3. Gamma emission

4.3.1. Total gamma emission

Gamma emissions are mainly due to fission products and activation products. Just after
reactor core unloading, short lived fission and activation products aire responsible for most of
the total gamma emission that decreases very fast. After several months, Total Gamma
Emission {TGE) can be linked to the cooling time with the following correlation law :

',(7)

a<Bu) and b(su) are quadratic functions of BU determined by fitting of parametrical depletion
calculation results. Since total gamma emission can be measured with simple and inexpensive
detectors (e. g. ionization chambers), cooling time can be simply estimated.

Contrary to neutron emission, gamma emission can be collimated. This property is used to
determine a relative irradiation profile along the assembly, in order to measure the Burnup of
the fuel extremities for criticality safety purpose.

Average BU being known (using a neutron method for example), the total gamma profile is
measured along the assembly (from 0 to Zmax) with a collimated detector. The result of the
scanning measurement is an array TGE(z).

Extremity Burnup EBU(o,:o) in the section from z = 0 to z = zo is defined by the relation:

(TGE(z)-dz

ZMax F (CT) ,(8)

TGE(z)dz

This relation assumes that TGE is mainly composed of burn-up proportionally produced
gamma emitters. Actually, a correction factor F(CT) has to be used for short cooling times
CT, because short lived fission products induce non proportionality. The following relation is
convenient for PWR reactors:

F(CT) = 0.5CT°\(9)

4.3.2. Gamma spectrometry

Many gamma emitters have interesting properties in order to characterize spent fuels. Table I.
and Table II. give an overview of several relevant isotope abundance and isotopic ratios to
determine Burnup and cooling time. Convenience of the different isotopes is displayed, with
regard to the range of cooling time.

Convenience of the gamma spectrometric methods is dependent on characteristics of spent
fuel. They have to be carefully selected to produce proper results. Figure 4.:displays the
irradiation history dependence of the most used cesium isotopes. Figure 5. displays the
resulting cesium ratios. It can be seen, that irradiation history can change the cesium ratio up
to 30%.
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Table I. Overview of gamma spectrometric Burnup determination.

Isotope

1 1A
134Cs

137
Cs

1 S.A

Eu

134 137
Cs/ Cs

154 137

Eu/ Cs

Type of
method

Relative
Dependent
Peripheral
Relative

Independent
Peripheral
Relative

Dependent
Peripheral
Absolute

Dependent
Peripheral
Absolute

Dependent
Peripheral

Correlation law:
(example value given for a PWR
17x17fuel, lE3%CT3years)

134Cs = a.BU2

(example Cl '.50)

137
Cs = a.BU

(example a :3000)

154Eu = a.BUb

(example Cl .' 5, b .' 2)

134 137 h

Cs/ Cs = a.BUb

(example a .' 10'2, b .' 1)

154Eu/37Cs=a.BUb

(example Q .' 10'3, b .' 1)

Appropriateness over the Cooling
time ranges

0 90 Over
to 90 to 5000 days 5000
days days

+

+ + +

+

++ +

+ ++

Type of method : describe properties of the gamma spectrometric measurement with regards to the isotope or
isotopic ratio it uses (Cf. §2.2).

Correlation Law : indicates the type of law that links isotope activity or isotopic ratio to Burnup. Values of the
constants are given for a typical spent fuel. In the correlation examples, Activities are given in Curie/g, Burnup in

and Cooling Times in days.

Appropriateness over the cooling time ranges : indicates wether the gamma spectrometric measurement is
relevant for Burnup measurement regards to the cooling time. (-- means "really not appropriate", - means "not
appropriate" + means "can be successfully used", ++ means "recommended").

Table II. Overview of gamma spectrometric cooling time determination.

Isotope Correlation law

(example PWR 17x17 IE 3%)

Appropriateness over the Cooling time
ranges

o
to 90 days

90
to 5000 days

Over
5000 days

144Ce/137Cs

106Ru/137Cs

144Ce/137Cs=a.eb-CT

(example a : 10, b : -0.002)

(106Ru/137Cs)/TC°-5=a.e b'CT

(example a : 1, b .' -0.02)
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Cesium 134 and 137 activities versus burnuo
considering different irradiation histories

- " - " 134Cs, short outage

-x— 134Cs, long outage

~*~ 134Cs, long outage, low power during last cycle
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" • •' 137Cs, long outage, low power during last cycle^

activity (li
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BU (GWd/tHM)

134,

30 35 40

FIG. 4. Irradiation history dependency of the Cs and 137Cs isotopes. Contrary to 137Cs,
134,Cs activity depends on irradiation history.

8

O

134Cs/137Cs isotopic ratio versus burnup
considering different irradiation histories

- » - Short outage

-x~ Long outage

- * - Long outage and low power during last cycle

10 15 20 25 30 35

BU
4C

FIG. 5. Irradiation history dependency of the 134Cs/137Cs ratio. Depending on different
irradiation history but considering the same cooling time, a 40 GWd/tHM burnedfuel could be
confused with a 30GWd/tnMone

261



The measurement of isotopic ratios through high resolution gamma spectrometry is an
absolute method but it is very dependent on irradiation history. In addition, due to the high
absorption rate in the fuel pins, it gives only a peripheral assay of the fuel elements.

Anyway, because the slope of the correlation laws is always smaller for gamma emitters than
for neutron emission, Burnup determination using passive neutron counting leads to more
accurate results than gamma measurements.

4.4. Gamma spectrometric measurements

Gamma spectrometric measurement of one single isotope whose amount is proportional to the
Burnup [e.g. 137Cs] can be used with a calibration curve as for the neutron methods. The
calibration curve gives a direct estimation of the Burnup, through knowledge of the detector
yield. This simple method requires the detector yield to be very stable, so the geometry has to
be strictly reproducible.

It is shown in table I that only the gamma spectrometric ratios give an absolute Burnup
because the detector yield has not to be known. Unfortunately, no gamma ratio relevant to
Burnup with irradiation history independence exists.

In addition, all the gamma rays detected out of the fuel element are emitted in the peripheral
rods. As a result, however absolute and accurate the gamma methods are, they cannot give a
result representative of the entire fuel which is typically the requested property for safety
criticality purposes.

Concerning the measurement devices, room temperature gamma spectrometry devices have
been dramatically improved during last years [6]. Now, cadmium (zinc) telluride (CdZnTe)
gamma probes can operate under water and provide spent fuel gamma spectrum with a
resolution better than 8 keV (at 662 keV). Many instruments devoted to safeguards have
already been developed, but a the moment studies are still under way in order to transfer this
technology to criticality safety devoted devices.

At the present time and for the short cooling times, because of the non proportionality of the
total gamma emission, measurement of total gamma probes (ionization chambers) requires the
use of a correction factor using the relation No. 9. So, CdZnTe probes could provide
improvements as a combination with neutron methods to achieve a true Burnup
proportionality of the Burnup profile along the assembly.

5. APPLICATIONS OF NDA METHODS.

NDA methods have been applied by CEA in several plants. They have to be shared in two
families depending whether they are applied under water or in air.

5.1. In air measurements

In air, gamma spectrometric methods are easier to carry out and give better results than under
water. As an example, we can describe the spectrometric analysis of the spent fuels in the
head-end workshop of the COGEMA La Hague reprocessing plant [4].
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This device is composed of two High Purity Germanium detectors with collimators. Burnup
and cooling time are determined using respectively 134Cs/137Cs and 144Ce/137Cs ratios.
Scanning the fuel between the detectors leads to a very accurate Burnup profile measurement.

Neutron passive counting combined with an on line evolution code, is also used and gives
very accurate Burnup determination (within 2 % considering PWR assemblies).

5.2. Underwater measurements

Various techniques have been used for under water measurements but neutron measurements
are particularly convenient. Two major R&D projects have been carried out by CEA resulting
in the PYTHON ™ device [7] and NAJA device [8].

5.2.1. The PYTHON ™ device

The PYTHON device has been developed in collaboration between EDF and CEA. Its main
objectives are to measure the average and extremity burn-up for criticality safety purposes.
The PYTHON device is a combination of:

• a passive neutron measurement,
• a collimated total gamma measurement,
• an on line evolution code.

Figure 6. is a graphic output of a MCNP [9] model of the measurement heads. It shows a
schematic view of the two measurement heads that operate on top of the storage racks in the
NPP ponds. This is used to optimize the head's design, to pre-calculate the measurement
yields and to parametrically calculate the multiplying factor Keff of the fuel taking into account
boron concentration in the water and Burnup.

Scanning fuel assembly

Ionisation

Chamber -**

O

-1

Lead collimator'

:
'araffin thermaliser

ii
Top of storage racks

FIG. 6. The 2 detection heads of the PYTHON™ system. (View of a MCNP model used for
multiplying factor and detector yield calculations)
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Radial importance function of the PYTHON fission chamber in borated water

FIG. 7. Radial importance function (y axis) of a Python fission chamber (FC) measured with
a 99 pin mock-up fuel (9 rows (x axis) x 11 rows (z axis) ) . Contrast between the front side
and the opposite side of the mock-up is less than 2.

Axial importance function of the PYTHON fission chamber

0)
CO
O
W

- Relative count rate versus
source axial position

Total count rate fraction
(sum of relative
contributions)

x96% X99% x 100% «

CD

8
0)

J5
0)

sr

40 cm of fuel pins (20+20cm)
contributes for 86% of the total
neutronic signal

-20 0 20

Axial distance detector to source (cm)

FIG. 8. Axial importance function of Python fission chamber. Calculated on a 17X17 PWR
fuel. Since the fission chamber signal originates from a 50 cm height fuel column, no accurate
Burnup profile can be given with a neutron method.
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Table m. Python qualification range.

NPP Location

Number of
assemblies assayed

Fuel types

Initial enrichments

Tricastin

(France)

35

uox
PWR 17x17

1.8% to 3.7%

Grohnde

(Germany)

50

UOX
PWR 16 x 16

2.1% to 4%

Brokdorf

(Germany)

35

UOX
PWR 16 x 16

1.8% to 3.7%

Cooling Time 80 days to 7.5 years 60 days to 6 years 500 days to 3.5 years

Reactivity (Keg) 0.4 to 0.7 No reactivity measurement
(Neutron Passive mode only)

In order to achieve good statistical accuracy with low Bumup, the detection heads are
equipped with high efficiency fission chambers (1 c/n.cm"2). As a result, for standard PWR
fuel assemblies, the neutron yield is about 10"5 c/neutron.

,-9 -1The gamma detectors are simple ionization chambers with 10" A/Gy.h" efficiency.

The measurement method of the average BU is described in section 4.2.3. The relation (8) is
used to calculate a conservative extremity Bumup using the total gamma signal given by two
ionization chambers during the scanning along the assembly.

Since the PYTHON device is intended to measure the average Bumup and since this Bumup
value is intended to be used for Bumup credit, the measured signal has to be representative of
the entire fuel assembly. This means that contributions to the average signal have to originate
from the whole fuel. Figure 7. shows an example of the radial importance function of the
fission chamber in the fuel section measured on a mock-up fuel in borated water [10].
Contrary to the gamma emissions that are absorbed when crossing fuel pins, the neutrons
detected by the fission chamber originate from almost all the fuel section, hi addition, the
results from two measurement heads are averaged and therefore, the sensitiveness to radial
gradient for the Bumup measurement is very low.

To take into account the Burnup axial profile, the fuel is scanned between the two heads and
signals are averaged. However, despite neutron signals being acquired along the fuel, it is not
possible to get a Bumup profile from them. Figure 8. shows the axial importance function of
the detectors. It is clear that almost a length of several tenths of centimeters contributes
significantly to the signal. As a result, Burnup profile has to be measured with the collimated
total gamma detector and neutron signals are used only to evaluate the average Bumup. The
extremity Burnup is calculated using both gamma profile and average Burnup using the
relation 8.
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For safety criticality purposes, the irradiation histories are considered to be known as well as
the initial components of the fuels. They are used as input data for the on-line depletion code
that determines a correlation law (BU = f(NE)) for each fuel assembly. As a result no
calibration curve is required to determine the relevant correlation law.

Only one setup measurement is required to measure the detector yields. In order to avoid
mistakes the measured yield values are confirmed with MCNP calculations.

The PYTHON system has intensively been qualified using a prototype device with active
neutron mode capability in Tricastin NPP (France0 and with industrial systems in Grohnde
and Brokdorf NPPs (Germany). Table HI summarizes the qualification range.

The accuracy evaluated by a comparison with declared values for burn-up and cooling time
and with calculations for Keff is as follows : on average burn-up within 2%, on cooling time
within 15% and on the multiplying factor Keff within 3%.

Other industrial PYTHON systems have been delivered to customers in western Europe2 hi
the mean time, further R&D projects have been focused on extensions of the PYTHON
capabilities in order to use Burnup and reactivity measurements for automatic core and pond
loading checks.

5.2.2. TheNAJA device

The main objectives of the NAJA device consist in developing a measurement device which
combines nuclear and non-nuclear methods in order to evaluate the physical characteristics of
each fuel assembly (Identification, Burnup, Reactivity, Initial Enrichment, ...) and to
automatically validate the final core loading. It would be placed on the passage of the fuel
assembly between the storage pond and the reactor building, hi addition to core loading
conformity control and on-line core monitoring, it should be useful for Burnup credit
implementation in the NPP ponds and the spent fuel transportation.

The NAJA device is able to automatically determine for each assembly:

1. the nature of the fuel element (fresh or irradiated, UOX or MOX),
2. the presence and the kind of neutron absorber,
3. the initial enrichment in 235U for fresh UOX assembly,
4. the identification number.

These information allow us to characterize the fuel assemblies accurately and to be sure,
without human factor hazard, of the core and pond loading conformity.

The nuclear methods involved in the NAJA device are a passive and active neutron
measurement combined to on-line depletion code and a room-temperature gamma
spectrometry. In addition two non-nuclear measurements are used. An ultra-sonic probe
locates the fuel assembly with regard to the nuclear detectors and a video system reads each
fuel identification number. The automatic fuel identification allows to associate each fuel
element placed in the core or in the pond to its physical characteristics without any
information coming from the operator.

'• The supplier of PYTHON devices is a COGEMA subsidiary : EURISYS MESLGRES
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The feasibility study of the device has been performed using experimental results from the
PYTHON device and theoretical calculations for its optimization. The panel of the fuel
assembly characteristics which have been taken into account is large and representative of the
French Fuel Cycle :

1. average burn-up of the spent fuel from 6000 MWd/tHM to 48000 MWd/tHM,
2. cooling-time varying from 1 to 90 days3,
3. initial enrichment in U for UOX assembly varying between 3 and 4 %,
4. nature of neutron absorbers : pins containing Silver - Indium - Cadmium and/or pins

containing Silver - Indium - Cadmium and Boron Carbide (B4C).

Detailed results of this feasibility study are given in reference [8].

Potential uses of the NAJA device derive directly from its main functions:

1. The core conformity control which allows us to increase the safety level of the plant
significantly,

2. The accurate Burnup measurements of the irradiated fuel assemblies which allow us to
implement Burnup credit for storage and transportation of the spent fuels.

6. CONCLUSION

The use of reactivity loss due to fuel irradiation is known as Burnup credit. Its implementation
for transportation and fuel storage could have large economic consequences since it induces
subsequent investment savings. The Burnup credit should obviously not have any
consequences on the safety level of the facilities. So, a measurement of the actual Burnup of
each item could be required by the Safety Authority to make sure that any fuel assembly
considered in the Burnup credit procedure has reached the Burnup threshold determined by
the criticality studies.

Considering the LEU fuels, we have shown that, despite the fact that the Burnup has no
intrinsic physical link to the reactivity in storage condition, this parameter is the relevant one
for measurements related to Burnup credit. To determine the Burnup, neutron as well as
gamma emissions are used in many non destructive measurement techniques. The only
absolute NDA method is based on isotopic ratios assessed by gamma spectrometry.
Unfortunately, these ratios have an important dependence on the irradiation history and only
the peripheral rods of the fuels are actually assessed.

No passive neutron method is absolute. Calibration curves or detector yields are always
required, but dependence on irradiation history is quite small and almost the totality of the fuel
section has an influence on the measured signal. Combining passive neutron measurement
with online depletion codes allows us to enlarge the range of measurement since it is only
limited by the availability of the relevant and validated cross-section libraries.

Devices combining neutron methods and room temperature gamma spectrometry are being
studied at the moment in order to combine their respective qualities and advantages.
For MOX fuels, the problem is more complex due to the various parameters which interfere in

3 The NAJA specific feasibility study was limited to 90 days since the range from 90 days to 15 years was previously done for the
PYTHON device.
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the relation "Burnup versus neutron emission ". At the moment only the induced neutron
assay is considered as relevant for MOX assay. Some R&D programs are under way to
address the MOX fuel measurement problem with other NDA methods.

REFERENCES

[1] J.M. CONDE, M.J. CRIJNS, H.P. DYCK, W.H. LAKE and J.C. NEUBER, "An
overview of international activities on the use of Burnup in spent fuel management ",
International Conference on the Physics of Nuclear Science and Technology. October 5-
8, 1998 Long Island, New York, USA (1998).

[2] X. BOUDIN, E. LETANG, and E. GUILLOU, "Taking Burnup Credit in Account in
Current and Future Criticality Studies - French Working Group on Burnup Credit",
International Conference on the Physics of Nuclear Science and Technology. October 5-
8,1998 Long Island, New York, USA (1998).

[3] D.B. LANCASTER, E. FUENTES, C.H. KANG and M. RAHIMI, "Actinide-Only
Burnup Credit for Pressurized reactor Spent Nuclear Fuel-I: Methodology Overview",
Nuclear Technology Vol. 125 March 199 (255-270) (1998).

[4] G. BIGNAN, et al., "Active and passive non-destructive measurements for fuel
assemblies nuclear monitoring", Third International Conference on Nuclear Fuel
Reprocessing and Waste Management. RECOD91 Sendai- JAPAN(1991).

[5] M. SAMSON, J.P. GROUILLET, J. PAVAGEAU, P. MARIMBEAU, J. PINEL, JM
VIDAL. "CESAR : A Simplified Evolution Code For Reprocessing Applications",
ENC98, Nice (25-28 October 1998).

[6] R. ARLT, D.E. RUNDQUIST, "Room Temperature semiconductors for safeguards
measurements", INMM 38th annual meeting, Phoenix ARISONA USA (1997).

[7] R. BERNE, G. BIGNAN, G. ANDRIEU, D. DETHAN, "A versatile passive and active
non-destructive device for spent fuel assemblies monitoring", International Conference
on Nuclear Waste Management and Environmental Remediation, Prague (September
1993).

[8] G. BIGNAN, D. JANVIER., "NAJA. A new non-destructive automatic on line device
for fuel assembly characterization and core load conformity control", ANS meeting
"Advances in Nuclear Fuel Management II", Myrtle Beach (March 1997).

[9] J.F. BREISMEISTER, EDITOR, "MCNP™ (4B) A General Monte Carlo N-Particle
Transport Code", Los Alamos report: LA-12625-M. (1998).

[10] P.M. RINARD, G. BIGNAN, J. CAPSIE, J. ROMEYER-DHERBEY" Comparison of
the Fork and Python Spent-fuel Detectors", Los Alamos report: LA-11867-MS (1990).

268


