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Foreword

This report collects and illustrates the work performed over the past 12 years
at the Joint Research Centre of the Commission of the European Communilies
(JRC) in the field of post-irradiation examinations (PIE) on Light Water Reactors
{LWR) fuels. :

Early experiments on Garigliano and Tring Vercellese fuel were performed
within the framework of research contracts established between Euratom, the
Ente Nazionale per I'Energia Elettrica (ENEL) and FIAT.

The contracts were registered as :

Euratom - ENEL 071-66-6-TEE!-RD {1966)
Euratom - ENEL 092-66-6-TEEI (1966)
Euratom - FIAT  098-66-6-TEEI-RD (1966)

The main objective of these contracls was the measurement of isolopic
composition and burnup on selecled irradiated fuel samples with a view to
obtaining experimental data for use in verifying the accuracy of calculation
methods developed both by ENEL and FIAT Nucleare.

Another objective was to carry oul metallographic analyses on UG, tuel and on

stainless steel cladding.

From 1973 onwards this aclivity has been included in the JRC research
programme : Technical assistance 1o power plant cperators, under the
heading: Benchmark experiments. Within this new framework two
cooperation agreements have been established between Euratom, Kernkraft-
werk RWE-Bayernwerk GmbH (KRB), Kernkraftwerk Obrigheim GmbH
(KWO) and Kraftwerk Union AG (KWU) with the aim of carrying out post-
irradiation analyses on selected fuel samples irradiated in the Gundrem-
mingen and Cbrigheim reactors.

These conlracts were registered as :

Euratom - KRB-KWU  150-75 PIPGD (1975)
Euratom - KWO-KWU  139.75 PIPGD (1975)

From 1977, the Benchmark experiments’ activity has been included with
similar objectives in the Fissile material control programme.

Some of the work presented in this report has been performed within the
framework of other activities of the JRC. In particular, the burnup calculation
was largely carried out within the Nuclear waste management programme,
within the framework of the activily Assessment of nuclear transmutation
of actinides. -
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Introduction

The aim of this report is to review the results obtained within the framework of
the Benchmark activity (BM), to indicate the field of application for these
results, and to provide general information that will rnake them simple and
straightforward to use,

The Benchmark activity was a destructive assay (DA} carried out in
codperation with various European nuclear power plant utilities on uradnated
LWR fuel elements.

The irradiated assemblies were dismantled, some fuel pins were selected and
pellets, representative of both unperturbed and perturbed reactor core regions
were cut from them after 4~ scanning. The pellets were then dissolved and
submitted to «, ¥ and mass spectrometry in order {0 determine fission-product
and heavy-element buildup, isotopic ratios and burnup. The aim of this activity
was to prepare a set of clean reference data from which many users would
profit.

So maximum attention was paid to the characterization, quality and
traceability of the data. As the next sections will show, many difierent tools
were used to check the analytical data and to characterize them, and much
complementary information was distributed through ad hoc reports!? in order
to make recalculation and proper use of the data possible.

The principal users of the Benchmark data bank should be :

* Reactor operators, for the assessment of nuclear codes and collapsed
cross-section sets

* Nuclear waste operators, for the evaluation of discharge isotope vectors

* Safeguards authorities, for the assessment of inspection tools as non-
destructive assay (NDA) techniques or isolopic correlation technigues
(ICT). etc.

Reactor physics uses

The prablem of preparing suitable reactor operation codes and cross-section
sets is somewhat complicated by several factors :

- the definition of local spectrum conditions and spatial drifts is certainly one
of the most complex problems linked with the core description, especially
in boiling water reactors where radial and axial moderation variations are
very difficult to mode;

- the collapsing of cross-section sets is an equally cumbersome and
problematic activity, which has to be performed by means of complicated
andfor simplified but approximailed computational tocls. The resuits
obtained in 1his process have to be continuously monitored by comparison
with measurement data from post-irradiation experiments (PIE's)*4;

- varjation. of the spectrum and conseguently of the effective cross-section
with burnup further complicates the situation. This variation has to be
described in the model used and checked again on the experimental
results;



- exact knowledge of the initial fuel composition is freguently lacking, but
some tools can be developed to derive it from isotopic discharge data.

Waste analysis uses

The calculation of isotopic evolution for the management of radioactive waste
{production and burning of higher actinides} is carried out mainly with the aid
of simplitied methods which frequently contain very rough approximations :
. several authors®*# recommend that the results should be checked with more
sophisticated codes and that higher actinide cross-section sets should be
assessed mainly through comparison with the post-irradiation analysis of
spent fuel.

Safeguards uses

As far as the safeguards of nuclear materials is concerned the main purpose
of the activity was to produce reference burnup and buildup measurement
data that would be useful, and sometimes even necessary, for the assessment
ot safeguards lools. With this in mind, two main items of interest to safequards
will be considered.

NDA-DA techniques and isotopic correlation technique

NDA-DA techniques

Non-destructive techniques for the determination of the burnup and the
cooling lime of spent fuel assemblies will have to be developed before efficient
safeguards can be applied. So far, the most advanced technique employed for
a non-destructive determination of burnup is gamma-spectrometry based on
the measurement of activity ratios of some figsion products such as #CsM¥Cs
or IMEy/137Cg 7.8.9.10.11.12

The disadvantages of this technique reside mainly in the high uncertainty due
to ¥ ray shielding, fission product mobility in the tuel rod and reactor history
dependence.

The destructive measurement of fission products was not only currently used
in our work as a consistency check of our data, but also as a contribution to
the assessment of the NDA techniques based on fission product detection.
Ancther method which is now under examination is the non-destructive
determination of burnup through the detection of the passive neutron emission
of spent fuelsid-¥, Irradiated fuel emits neutrons from {e,n) reactions in oxide
and from spontaneous fission of the even plutonium isotopes. This technique
offers several advantages over y spectromelry as pointed out in ref.13,

a, Higher penetration power of neutrons permits inner fueld rods to be
measured,

b. More simple instrumentation allows fuel elements to be investigated with
higher flexibility.

Some problems and difficulties still exist in the assessment of the passive
neutron counting technique: passive neutron emission is to some extent
influenced by the Irradiation history, and could also be influenced by the
neutron spectrum in the reactors-18,

Well-characterized data are therefore necessary in order to assess this
neutron detection technique mainly for 42Cm and *Cm buildup. These two
isotopes are in fact responsible for the total passive neutron emission at
relatively short cooling times.

Isotopic correlation technique

The importance of isotopic correlation technique in the present tuel cycle was
siressed in the symposium already referred toin refs. 10,17, 18, 19.

The technigue has an important field of application in reactor physics and
plays a fundamental role in the future of safeguards. It can be assessed only
through a series of tests on reliable reference experimental data. New and
reliable correlations, or checks on the existing ones, must be developed in two
steps :

s Correlations between heavy isotopes and/or fission products can be

assessed by means of sultable simplified reactor physics algorithms. As
shown in ref. 20 a selective use of isotopic correlations must be made,



according o the effect to be detected.

* The isotopic correlations staled must be checked in dala banks which
contain high quality reference data. The measurement uncertainty must be
low and precisety known, and the experimental data obtained must belong
to fuel samples possessing irradiation-histories and spectral conditions
which are both very well-documenied and traceable.

To fulfil the afore mentioned requirements the analytical data obtained were
carefully characterized and checked by means of difterent methods ;

» detailed random and systematic error investigation through interlaboratory
comparisons (Section 11.2); some samples from each batch were measured
in parallet in Ispra and Karlsruhe JRC laboratories;

+ extensive use of ICT (Section I.4). It is obvious that the isotopic
correlations are a tool which can be improved by analylical data
production, but, conversely they can be used to check the consistency of
analytical data.

* comparison with calculated values (Section I1.5) : two burnup codes were
used to recalculate the data, the one-cimension transport code LASER and
the zero-dimension diffusion ¢ode RIBOT-5A.

The structure of the present report is as follows: in Section | the BM activity is
described in detail; characteristics of the reactors and fuel assemblies
examined are given, and the technical aspects of the chemical and analytical
processes are discussed.

In Section 1 all the techniques used to certify the analytical data are
presented, together with a discussion of evaluated random and systematic
uncertainties. A comparison with the calculated values and the interpretation
with ICT is also presented in this section.

Section |l! presents the resulls. In practice the complete sets of resulls
referring to all JRC measurements are given here for the sake of the
completeness and consistency of this final report. Certain details or restricted
information, which could not be given here, c¢an be found in
|iteraturel.:.zl.iz.:l:i-zs.zil
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1. General Remarks

The number of U-fed light water reactors already in existence
in Europe when the BM activity was started, together with the
number of LWRs planned for the coming decades, suggested
directing this study towards spent fuel assemblies unloaded
from LWRs, Many parameters would have been worthy of
investigation. First of all the reactor type and consequently
both boiling and pressurized water reactors (BWR and PWR)
were studied, Inside this broad subdivision, parameters such
as axial and radial spectrum shifts, spectrum perturbations
and void effects have been investigated. The activity covered
many years, so that different generations of LWR reactors
were investigated, making it possible to analyse the effects
of variations in gross parameters such as cladding materials
{inox and zifcaloy) overall moderating ratios, axial void dis-
tribution, specific power, etc.

In Table I,1 the various reactors investigated are listed to-

gether with the burnup of the samples analysed from various

TABLE 1.1, Reactors and samples investigated in the framewark af the BENCH MARK ACTIVITY

Fuel 235 ey, | Number GWD/MTU
Reactor Identification Assembly Initial of Sample Burmup
Entichment | Samples Range
_ 1.60 5 98145
Garigliano Garigliano | | A-106 _
(BWR) 2.10 13 89-12.7
Garigliano 11 | SA-13 2.4 8 42- 86
509-049 2.719 14 8.2-153
Trino Trino | 509-032 3.13 8 7.2:17.7
Vercellese
(PWR) 509-104 3.897 4 34119 .
Tring 11 539-069 3.13 23 19.1-26.6
Obrigheim BE 124 3.00 19 15,6-36.3
(PWR) BE 210 2.83 8 24.2.37.5
Gundremmingen B 23 2.53 9 212274
(BWR) C16 2.53 7 14.4-20.3

TOTAL NUMBER OF SAMPLES 118

13
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fuel elements, which covered a wide range from 3, 400 to

37,500 MWD/MTU,

The structure of this chapter will be as follows:

a) a detailed description 6f the reactors and fuel elements
from which samples have been taken, will be given;

b) a description of the activities carried out for the prelimi-
nary inspection of pins and pellets will also be presented,
These activities consisted mainly in whole pins gamma-
scanning, optical inspections and, in some cases metal-
lurgical examinations. Only the gamma-scanning was al-
ways carried out for all the selected pins, as a support
in the choice of the pellets to be cut, As far as the optical
and metallurgical examinations are concerned, they were
widely carried out only in the first measurement campaigns,
conducted under the heading "Technical Assistance to
Power Plant Operators'. In the last campaigns on fuel
samples of GUNDREMMINGEN, OBRIGHEIM and
GARIGLIANC 1Ind charge the metallurgical examinations
have been conducted only partially and the results ob-
tained will not be presented here;

¢} after the descriptions of gamma scanning and visual and

-metallurgical inspections, this chapter will deal with the
sampling plans of the pellets chosen from each fuel ele-
ment, the chemical treatments performed on the samples
and the analytical procedures (alpha, gamma and mass-

spectrometry) carried out;

d) the elaboration of the raw data obtained, leading to the ela-
borated data (burnup, heavy isotope buildup, fission product

ratios, etc,) are also presented at the end of the chapter.



2. The Garigliano Reactor

The GARIGLIANO nuclear power plant /27/ operated by the

Italian Electricity Board Ente Nazionale per 1'Energia

Elettrica (ENEL), isequipped with a2 boiling water reactor rated
at 506 MW (th).

The General Electric Corporation is the designer of the nuclear
power plant, The reactor was critical by June 1963 and reached
its full operation power in May 1964. The reactor core consisted
of 208 square fuel assemblies (Figure I. 1} each containing 69 rods
with an initial enrichment of 2, 1 wt%, 235U and 12 corner rods
with an initial enrichment of 1. 6 wt% 235U. 89 cruciform control
rods (absorbing material B4C) completed the reactor core, The
total initial weight of uranium in the core was about 45,5 metric

tons, A description of the reactor core characteristics during the
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Fig. }.1. Schematic core map of the Garigliano reactor
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first irradiation cycle is summarised in Table . 2. Two assem-
blies were selected for post-irradiation examinations: the A-106
was unloaded after the first cycle of operation, and the SA—13-

recharge fuel element extracted after the second cycle.

TABLE 1.2. Garigliano reactor core main characteristics

Moderation and cooling:

Coolant pressure 181.26 kgfem?
Coolarit average temperature 285 °C
Coolant saturation density 0.74 gfecm’
Core average power density 203 KW/ {11.0 KW/KgU])
Core:

Equivalent diameter 291.084 cm
Number of square fuel assemblies 208

Fuel assembly pitch 17892 em
Initial enrichments (wt%235U) 2.1-16

Total UO; weight 51,609 kg
Total U weight 45,492 kg
Number of control rods 89

1. The A-106 Assembly (Garigliano I)

At the end of the first irradiation cycle (10th April 1964 - 7th May
1967) the fuel assembly A-106 was selected for post-irradiation
examinatiogn, During cycle 1 the assembly occupied position
62-07 adjacent to the control rods F4 and G4 (Fig. I.1) and suf-
fered a 218 day shut-down. The cycle therefore had to be subdi-
vided into two parts A and B. The stainless steel sheath used in
cycle 1A was replaced by a Zircaloy sheath in cycle 1B, Assembly 7
A-106 was composed of 8] rods arrangedina 9x9 array, Each
of the eighty-one rods consisted of four segments containing
pellets of low enriched ceramic uranium oxide and sheathed in
Zircaloy-2, The main geometrical dimensions of the element
and of the ad_jaclent cruciform control rods are given in Fig, 1,2,
The four segments of each rod were separated by zircor.lium
connectars supporting the stainless steel grid, thus the fuel
issembly was divided into four axial zones. All the pellets adja-
cent to the connectors had a lower enrichment in ?35U (L.6%)

and in addition the peripheral rods contained also erbium oxide
(Er203) which acted as a neutron poison to flatten flux-peaking

in the grid area. The axial position of the fission chambers for
the measurement of the in-core neutron flux was at about mid-
height of each fuel segment, Table I,3 gives the main characte-
ristics of the fuel element and of the adjacent control rod.

The calculated average burnup reached by the assembly was
9,458 MWD/MTU, At the level at which the samples were cut
{1620 mm {rom the bottom aof the stack) a burnup of 10,470
MWD/MTU was calculated by ENEL with the three-dimensional
FLARE code /28/. The irradiation history of the fuel element
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TABLE 1.3. Garigliano fuel assembly {A.106) and control rod main characteristics ;
i
Square fuel assembly: i
Rod array 9x9 l
Number of fuel rods 81
Rod pitch 1.730 cm
Side of square fuel section 16.144 cm i
Active length 267.72 c¢m i
U0, weight 24012 kg I
Channel material: ¢
— Cycle 1A: S5 AISI 304 {thickness: 0.152 cm)
— Cycle 1B. ZRY 2 {thickness: 0,203 ecm}
Fuel peliet:
U0, density (linear) 11.4 g/cm
Diameter 1.181 cm
Clad-petlet clearance 0.0063 cm
Fuel cladding: ;
Qutside diameter 1356 cm !
Inside diameter 1.2036 cm |
Wall thickness 0.0762 ¢m |
Material ZRY 2 i
Control rod {cruciform): |
Absorbing material B,C powder {density 1.8 g/em? ¥ in 80 tubes
Absorber length 273.68 cm
Cladding material S5 AISI 304

17
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TABLE L4. Irradiation history of the A-108 fuel assembly

Assembly Burnup
crsesrOmnton | b | own | o
MWD/MTU
10.04 64
300864 | 174 2,200
FIRST CYCLE 010964 | 5,
PERIOD 1A 03.11.64 -
04.11.64
24,0065 | %4 4,330
25.09.65
SHUT DOWN 270468 | 21° -
2B.04 66
174 1,840
FIRST CYCLE 20.10.68
PERIOD 18
21.10.66
070567 | %7 2,000

A 106 is given in Table I.4. The bundle was dismantled in the
GARIGLIANO fuel pool fortesting during the 1967 shutdown.

Gamma scanning of the rods

The selection of the samples to be subjected to post irradiation
examinations was as usual performed with the aid of gamma-
scanning measurements, This choice was made in order to make
possible the determination of the radial distribution of the burnup
and of the heavy isotope content. The axial gamma scanning was
carried out along the whole length of some fuel pins before cut-
ting the samples for destructive analyses, For this purpose a
continuously advancing system was used to move the tod horizon-
tally in front of a collimator, The activity of the following iso-

topes was recorded

{sotopes "::1::;:’- Gam?.'l(ae\Efl;lEtgv
108 qy %8R 1.008 512
s 308 661.62
14 ce Mlpr 0.778 2186

A Ge(Li) crystal (3.97 cm?, FWHM 3.2 kev at 1.33 Mev) was
employed, connected through a pre-amplifier-linear amplifier
system, to a RIDL 400 channel analyser, Figure .3 gives the
normalized activity profiles of t0bR y - 106Rh, 137¢s and
194c e » 1¥pr for rod E5. After the axial gamma scanning was
completéd, pellet-size samples (10 mm thickness) were cut from
18 tods at only one level corresponding to 1620 mm from the
bottomn of the stack, The main point of this was to investigate
radial effects, Figure I.4 shows the location of the rods selected
for the analyses and the cutting position of the samples. In

Table I,5 the rods selected for examination are listed.
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TABLE I.5. Garigliano I: selected fuel samples

Assembly Average Initial Rod Axial

- Burnup Range | Enrichment :
(Location} MWD/MTU | s 250 Number | Location

A-108 9,800-14,500 1.6 Al
(62-07) A9

1
J9

B1 1

8,900-12,700 2.1 A3
Ab

B2 1
a8 1

€1

PP g EFPY

—_ -

D2
D4

E1
E5.

G7

H2
Hs

et || -t |t en |

2. The SA-13 Assembly (Garigliano II)

At the end of the second irradiation cycle (LOth October 1968 - 13th

- June 1970) the recharge fuelassembly SA-13 zircaloy-2 sheathed,

was selected for post-irradiation analyses, with the aim, this
time, of studying axial effects (only one rod was chosen and pellets
sampled at different levels as will be shown in the following),
During cycle 2 the assembly was irradiated in position 57-08
adjacent to the cruciform control rods D4 and D5 (see Fig. I.1).
SA-13 consisted of 64 rods arranged in a Bx 8 array. 52 rods had

an initial enrichment of 2,41 wt% 235U and 12 corner rods had

.initial reduced enrichment of 1. 83 wt% 235U. All recharge fuel
elements were fully interchangeable with those of the first core,
Two end plates connected with B peripheral fuel rods (tie rods)
formed the frame of the assembly. Five equidistant grids also

ensured the correct positioning of the rods, The main characte-

ristics of the {uel assembly are reported in Table I, 6, A sche-

matic view of the SA-13 recharge fuel element is given in Fig,
1.5 together with the adjacent control rods D4 and D5, The
average burnup reached by the assembly was evaluated at
19,300 MWD/MTU, The average burnup of the rod E6 chosen
for destructive analyses was evaluated at 6,950 MWD/MTU,

Gamma scanning of the rods

Rod Eb6 of assembly SA-13 was chosen for destructive analyses

Axial gamma scanning was carried out on four segments of that rod



The whole gamma activity with energies ranging from 80 to

2,500 Kev was measured with a coaxial type Ge(Li) detector

(FWHM of 2.6 Kev at 1,33 Mev) connected to an INTERTECH-

NIQUE Plurimat 20 processor, A collimator mounted in the con-

crete wall of the cell with an aperture of 0.5 mm height and

20 mm width was used. The vertical displacement unit, obtained

by a stepping motor controlled by the Flurimat processor, was

TABLE L.6. Garigliano recharge fuel assembly {SA-13) and control
rod main characteristics.

Square fuel assembly:
Rod array Bx8
Number of fuel rods 64
Rod pitch 1.83 <m
Side of square fuel section 16.144 cm
Active length 2718 cm
Standard rod enrichment 2.41
(wi%2350)
Corner rod enrichment 1.83
(w1% 2350))
U0, weight 23151 kg
Channel material ZRY 2 [(inside dimension
152.38 ¢cm)
Fuel peallet:
UQ, density {linear) 13.37 gafem
Diameter 1.290 ¢cm
Clad-pellet clearance 0.014 cm
Fuel cladding:
Qutside diameter 1,506 cm
Inside diameter 1.318 em
Wall thickness 0.084 cm
Materiai ZRY 2
Control rod:
See Table 1.3
.
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Fig. 1.5. Horizontal cross-section of the Garigliano reactor SA-13 recharge fuel assembly
{All dimensions are given in ‘mm}
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Fig. 1.6.
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0.5 rmmm. Figure 1.6

shows the results obtained, Figure 1.7

shows the sample cutting levels, Denser sampling was performed

at the extremities of the rod, where the burnup variation was

higher. The samples selected for examination are listed in

Table I, 7,

CUTTING POSITION {mm)

_
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Fig. 1.7. Location of selected fuel rod and cutting position of samples from
Garigliano 5A- 13 assembly ’

TABLE 1.7. Garigliano 11; selected fuel samples

Avera Initial .
As.lembly Burnup Rg:nge Enrichment Rod AKI_B'
(Location) MWD/MTU | w235y Number | Locations
SA-13 4,200-8,600 241 E6 1-3-5-7
{57-08} 10-16-13-11
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3. The Trino Vercellese Reactor

The TRINOVERCELLESE nuclear power plant /29/ operated by
ENEL, isequipped witha pressurized water reactor rated at 825 MW(tL,
Westinghouse Electric Corp. is the designer and manufacturer

of the nuclear steam generating plant, fuel included., The reactor
was first brought to criticality in June 1964, The reactor core
for cycle 1 was composed of 120 square fuel assemblies, divided
into three radial zones of 40 assemblies each (initial enrichments
2,719, 3,13, 3.897 wt% 235U) and 52 cruciform assemblies

23533}, 28 cruciform fuel assem-

{initial enrichment 2.719 wt%
blies were connected as ""fuel bearing followers' to 28 cruciform
control rod, 24 were permanently in the core. Each cruciferm
fuel assembly contained 26 fuel rods, The control rods were com-
posed of 32 absorber rods containing Ag, In and Cd in the ratio

80 : 15 : 5. 'fhe cladding material for both the fuel and the absor-
ber was stainless steel, The total initial weight of uranium in the
core was. about 39,9 metric tons. The core was operated with a

chemical shim of boric acid dissolved in the coeclant, The main

reactor characteristics are presented in Table .8, The post-

TABLE 1.8. Trino-Vercellese reactor main characteristics

13t Cyele 2nd Cycle

Moderation and copling:
Coolant pressure 140 kg/em? 140 kg/em?
Coolant average temperature 278 °c 269 °C
Caolant density 0,765 g/cm’ 0.782 g/em®
Core average power density 64.6 KW/l 69.9 KW/l

{21.0 KW/Kgll) {22.8 KW /kgU)
Core:
Equivalent diameter 2499 cm 240.0 cm
‘Number of square fuel assembilies 120 112
Number of cruciform assemblies 52 52
Initiat enrichment {wt% 235 U}:
—Square assemblies 2.719-3.13.3.897 2.719.3,13.3.897
= Cruciform assemblies 2719 2179
Number of relcad assemblies 40
Reload assemblies enrichment {wi% 2351 3.897
Total U0, weight 44,634 kg 41,939 kg
Total U weight 39,872 kg 35,968 kg
Number of control rods . 28 28
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Fig I.B. Schematic core map of the Trino Vercellese reactor

Dummy assemblies {(second cycle only)

Position of assembly 509-104 during the first cycle
Position of assembly 509-032 during the first cycie
Position of assembly 509-049 during the first cycle
Position of assembly 509-069 during the first cycle
Position of assembly 509-069 during second cycle

irradiation analyses were originally performed on fuel irradiated
during the first cycle of reactor operation (23rd October 1964 -
28th April 1977). Three assemblies were selected for this
TRINO I campaign: 509-049, 509-032 and 509-104, During this
cycle, two extended shutdowns occurred, so the cycle can be
considered to be divided into three periods summarized in

Table I.9. Following the second cycle (20th May 1970 - 9th July
1971) the 509-069 assembly was selected for further post-irra-

diation examinations (TRINQ Il campaign), A schematic map of
the reactor core, indicating the position of the selected fuel
assemblies during the first and the second irradiation cycles,

is given in Fig. I.8. The irradiation history of the four selected
assemblies is also given in Table I,9, In Table I.10 the burn-

up increment of each sample has been calculated for each irra-

1 2 3 4 5 6 7 8 9 10 11 12

A J_jr X

B

c 4 1
p(lX 5 X
E

F

TABLE 1.9. Irradiation history of the fuet assemblies of Trino Vercellese reactor

Cycle of . Core Burnup Position within the Core
Cperation Period: Days .51'533?&5?6 509-049 | 509032 | 509-104 | 509069
S3decs | 28| 2200
Boaes| ™| -
FIRST s | 263 | 4050 67 | w10 | w7 c5
nps o] - |
Jgoaey | 292 | 5080
SHUT DOWN fg:gg:% 117 - UNLOADED
SECOND 200029 46 | 8155 0.4
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TABLE 1.10. Trino Vercellese burnup increments

Fuel En:;:;:lem Sample First Cycle Second Cycle Buroup
Element 231 wt % F, A BU, Fy |& BU, MWD/MTU
509-049 2.719 Ls 1 69 | 7,800 7,800

40( 127 | 14300 14,300

9 .93 | 10,500 10,500

B 1 76 | 8800 8,600
4 1.33 | 15,000 15,000

7 1.35 | 15,300 15,300

9 98 | 11,100 11,100

Al 1 78 | 8,800 8,800
7 143 | 16,200 16,200

g 1.04 | 11,800 11,800
509-032 3130 E11 1 66 | 7,500 7,500
48| 135 | 15200 15,200

70| 1.40 | 15800 15,800

9 1.03 | 11,600 11,600

H9 4 1.47 | 18,600 16,600
7 1.51 | 17,100 17,100

9 111 | 12,500 12,500

ai1s 7 162 | 18,300 18,300
509-104 3.897 m11 70| 1.08 | 12200 12,200
A12 1 30 | 3,400 3,400
7 65 | 7,400 7,400
509-069 3.130 Es 40| 135 [15300| 1.03 | 8.400 23,700
70| 141 |15900] 107 | 8000 24,700

: 9 1.10 | 12,400| .84 | 6,900 19,300
L5 49| 137 |15500| 1.04 | 8500 24,000
70 1338 |15600; 1.05 | 8700 24,300

E11 1 74 | 8400| .56 | 4,500 12,900
20 120 [13600| 91 | 7.400 21,000

40} 135 [15200] 1.02 | 8400 23,600

s8| 138 [15800| 1.05 | 8600 24,200

78| 140 | 15800| 106 | 8700 24,500

g0 136 | 15400 103 | 8,400 23,800

9 1.15 | t3000| .87 | 7,100 20,100

L11 49| 137 |15500| 104 | 8500 24,000
70 1.40 |15800] 106 [ 8,700 24,500
A1 87 | 9,800 66 | 5,400 15,200
7 1.58 | 17,800 1.21 | 10,000 27,800

o 4 141 [15900| 1.08 | 8,900 24,800
7 145 | 16,400| 1.10 | 9,000 25,400

O Samples irradiated in asymptotic positions

diation cycle, This calculation has been done by multiplying the
corresponding reactor burnup increments or power levels by
the factor Fl {for the first cycle) and b‘y the factor FZ (for the
second cycle), which take into account the assembly burnup

increase and the rod position factors.

1. The 509-049,509-032 and 509-104 Assemblies (Trino )

At the end of the first cycle, in addition to the 40 assemblies

of the inner core region (enrichment 2.719 wt%), some assem-
blies of the intermediate and outer regions (enrichments 3.13
and 3,897 wt%)} were also unloaded from the reactor for repro-
cessing. Thus assemblies of three different enrichments were
available for post-irradiation examinations, The main data rela-
tive to the fuel assemblies and the control rod are presented

in Table I, 11.



The criteria for selection of assemblies, rods and samples

have been the following:
wide range of initial enrichment (2.719, 3,13 and 3,897 wt%
235u);

. wide range of burnup values (3,400 to 17,700 MWD/MTU for
the single sarnples});

. different assembly location within the ¢ore {centre, interme-
diate, periphery, near to and far from control rods, ete,);

. different rod location within the assemblies {corner rods,
rods near the central water hole provided for in-core instru-
mentation thimble, rods from unperturbed pOSitions) corres-
ponding to different neutron spectra;

. different axial location of samples along the rods in order to
obtain axial profiles of burnup and isotopi¢c composition, A
total of 8 rods and 21 samples were selected. The rods and

samples selected for examination are listed in Table I,12

TABLE 1,11, Trino Vercellese fuel assemblies and control red main
characteristics

Square fuel assembly:

Rod array 15x15
Number of fuel rods 208

Rod pitch 1.303 cm
Side of square fuel section 20.0 cm
Active length 264.9 cm
UC, weight 353.81 kg
Channel material SS AISI 304
Cruciform fuel assembly:

Number of fuel rods 26

Red pitch 1.390 cm
Rod outer diameter 1.082  cm
Active length 240.3 cm
UQ, weight 440 kg
Channel material 88 AIS| 304 (thickness: 0.073 cm)
Fusl pellet:

UO; density {linear) 5.6 gfem
Diameter 0.880 cm
Clad-pellet clearance 00114 em
Fuel cladding:

Qutside diameter 09786 cm
Inside diarmeter ’ 09010 ¢m
Wall thickness 00388 c¢m
Material S8 AIS| 304
Control rod:

Absarbing material Ag, In, Cd
Absorber length 269.2 cm
Cladding material SS AlSI1 304

TABLE 1,12. TRINO I: selected fuel samples

iy | o s | Evchmn | R | Ao
MWD/MTU wt% 1]
509-048 Le 1-49
{G-7) 8,200-15,300 2.719 JB 1-4.7-9
Al 1-7-9
509-032 E11 1-4.7.9
{H-10) 7.200-17,700 3.130 H9 4.7-8
Q15 7
509-104 3,400-11,900 3.897 M11 7
(L7 A2 17|
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509-049

2.719%*5y

1514131211109 8 7 6 5 42 2 1

>» 2 O00mALODIT- ACTEYD

CUTTING POSITIONS {mm)

-

2649

2467

bR

1656

814

F

147

© _233_‘

Al-J8

LS. .8

Al-Ja

Al-1L5-J8

3
!

and in Fig. 1.9, where the cutting positions are indicated

schematically.
A square fuel assembly consisted of a 15x15 array of fuel

rods. Some of the peripheral fuel rods were omitted to provide
slots fof the passage of the control rod blades., The central
rod was also omitted. The number of fuel rods per assembly is
therefore 208, The fuel rods were kept in place by ten spacer
grids welded to the perforated steel can which surrounde the
fuel bundle. The horizontal cross section of a typical fuel
assernbly is presented in Fig.1.10 together with a cruciform

fuel assembly.

509-032 509-104
3.13% %5y 3.897%3* 0

114131211098 2 6§ 54321

1514131211168 8 7 65 4 3 2 1

*»e0O0mMTaI-ArEETEO
>
PIOOMMOATL RArETETH

CUTTING Fl’OSITlDNS {mm} CUTTING POSITIONS {mm)

— Llen A2
—=t E11-H9
@ o
3 =
& &
b
P~
g" Lx~ g ey
(2]
g [
a E11-Hg -5 A12-M11
s -
% 4 E11-H9 o
; |
[+5]
o
}
147 8 7

Fig 1.9. Location of setected fuel rods and cutting positions of samples from Trino Vercellese reactor - first core (TRINOQ 1}

28



au
NMZAA

FARYaR
ZAN ZAN YAN

201

13.9 13.03

ViV VaV:

¢
i%i
4

%Eﬂ

$' |?5

[Fa]

]

£ I
Ny

o

~d

[ ]

[~

"ﬁﬂ?ﬁﬂl\jﬂx
AN ZANY

_:
.
FOTP

000000 ee

k.
O
O
O
O
O
O
O

Q000000
Q000000

O
O
@)
@)
O
@)
O

olololololololo]ololole]ele)
olololololololol0lelolelele)
Q0000000000000
0000000000000
elololelolololelolelolel0le)
0000000000000 0
0000000 000000

O000000

elelelelole

r

Fig. 1.10. Horizontal cross-section of the Trino Vercellese reactor fuel assembly
(All dimensions are given in mm])

Dismantling of the fuel assemblies and visual examination
of the tuel rods ‘

The dismantling of the fuel assemblies and the extraction of the
selected fuel rods were done at Ispra in the water pool of the
ES50R reactor. The operation was performed by means of a
special device designed by ENEL /30/ {see Fig. 1. 11). The
fuel rods were then transferred to the main examination cell

of the "Atelier Demantellement Elements Combustibles”
(ADECO), Each rod was fixed to a sliding support, in front
of the lead windows of the cell, and examined visually very
carefully by means of a high magnification monocular peris-
cope, a Questar telescope and a special binocular. Pictures
were then taken by means of a SINAR camera equipped with a
500 mm focal length lens., Results of the examination can be
found in /22/ in more details but in conclusion the visual and
optical examination of the fuel showed only a few small de-
fects on the cans, After examination, the fuel rods were cut
inf:o three parts using an abrasive disk cutting machine and

then sent to the metallurgical hot laboratory,

Metallography of the fue!

The main purpose of the metallographic analysis was (besides

29
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SAMPLE
GRID AXI1AL
POSITIONS '  LOCATIONS  the fuel rods) to inspect the UO, fuel. Rod Al2 with the lowest

clearing up the extent of the defects observed on the surface of

burnup and rod Ell with a higher burnup have been analysed.
Figures 1,12 and I. 13 present cross sections of these two rods
showing cracks typical of the fuel examined. Figures i, 14 and
1,15 are micrographs of the fuel, In both cases there is no sig-
nificant difference between the microstructure observed in

the center and in the external zone of the fuel, Furthermore,
there was no significant difference between the two fuel rods.
Summarizing: the microscopic examination of the fuel led us
to conclude that, apart from the cracking in the fuel, there was
no particular modification in the microstructure which could
be attributed to temperature or irradiation, This confirmed
the results of temperature calculations /31, 32/ on the fuel,
which predicted a maximum of about 1500°C. For this tem-
perature no change of the microstructure of the fuel could be

expected,

Gamma scanning of the rods

The gamma scanning equipment consisted of a mechanism in-
stalled inside a hot cell, a collimator system mounted in the
concrete wall of the cell and the rmulti -channel analyser in-
stalled outside the hot cell, An ‘electrc;-flic control unit allowed
measurerrients to be run automatically following a preselected
program for the displacement of the fuel rod and counting time.
During counting the rod rotated, but its vertical axis remai‘ned
fixed. The coliimator had an aperture of 0.5 mm height and

20 ram width, A Nal crystal and a Ge(Li} detector were used,
with a 400 channel analyser, The maximum length of a fue‘I

rod which could be mounted on the mechanical scanning system

was 130 cm. The 3 m long fuel rods therefore had to be cut

Fig. 1.11. Fuel assembly showing positions into three parts which have been analysed separately. The dis-
of grids and axial locations of
samples examined tribution of the total gamma activity in the energy range from

50 KeV to 2500 KeV was measured using the Nal crystal in
steps of 0,5 mm in the axial direction, Due to the rotation of
the rod, mean values of the different sections were obtained,
Figure 1.16 shows a typical result of the measured activity
distribution of a part of a fuel rod, where a number of equidis-
tant well-pronounced minima are visible due to the interfaces
between fuel pellets, Figure 1,17 shows the results for one
of the fuel rods examined., The three parts of the rods, mea-
sured separately, are reassembled in the figure. Evidently,
the decrease in activity near the cuts is caused by the picture
rearrangement and is not due to a local decrease of the con-

centration of fission products, The points of the rods where

30



Fig. 1.12, Cross section of the fuel rod A-12 Fig. 1.13. Cross section of the tuel rod E-11
{low burnup) x 12 {high burnup} x 12

Fig. 1.14. Microstructure of the fuel x 360
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Fig 1.15, Microstructure of the fuel. x 360
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Fig [.16. Total gamma activity, part of rod 15 {509-049 fuel assembiy)
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Fig. 1.17. Total gamma activity: Assembly 509-049 rod LB

gamma spectrometry has been carried out {1, 2, 4, 7, 8, 9)

(seg also Fig, I, 11) are indicated as well as the location of fuel

samples cut off for the destructive analysis,

The following conclusions may be drawn from the results we

have obtained:

all the fuel rods show well-pronounced minima of activity
due to the interface of different fuel pellets, This indicates
that no metallurgical interaction between the different

pellets occurred during irradiation and confirms the metallo-
graphic examination of the fuel;

all fuel rods showed a decrease in activity near the grid po-
sitions corresponding to a real decrease in the burnup due

to the flux depression caused by the displacement of water

by the grids;

corner fuel rods Al (509-049 fuel assembly) and Q15 (509-
032 fuel assembly) showed flux depressions due to the mecha-

nical structure of the fuel box.



2. The 509-069 Assembiy (Trino i)

At the end of the first irradiation cycle the reactor core was re-
duced by replacing 8 fuel assemblies with 8 dummy assemblies,
The second irradiation cycle was consequeuntly run under different
conditions. It was then decided to select a further assembly for
post-irradiation examinations to be performed at the end of the
cycle, The fuel assembly 509-069% was selected, It had an ini-

tail enrichment of 3. 13 wt% 22°U and reached an average burn-

up of 21, 700 MWD/MTU. The irradiation history and the cha-
racteristics of the fuel assembly axre shown in Tables I.9 and I, 11..
Figure I, 18 and Table I, 13 show the locations in the assembly

of the fuel rods selected for the measurements and the axial

locations from which the fuel samples were taken for the ana-

lysis of burnup and isotopic composition, A total of 7 rods and

18 samples were selected for examination.

used for garmma scanning purposes.

Rod QL5 was only

Mogt of the fuel sections

were taken from the asymptotic spectrum region at different

axial locations, in order to obtain axial profiles and wide

ranges of burnup and isotopic compositions,

509069
CUTTING POSITIONS (mm)
3.13% 3y . .
' ) A1-EN
1234 567891011121314
At
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Fig. 1.18. Locatian of selected fuel rods and cutting positions of samples from Tring
Vercelless reactar - secand care (TRINQ 1)

TABLE 1,13, TRINO It: selected fuel samples

Indtial
Assambly Bur?\::;g:n g Enrichment Rod Axial
{Location) AMWO/MTU Wit 235 Number Locations

£5 4-79

509-069 19,100-26,600 3.3 L5 4.7
cs) E11 1245789

(p-a) 2! Ln 4.7

-
1} st eyele A1 1.7
t 2} 2nd cycle Ja 4.7
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Metlallurgical examination

The dismantling of the fuel assembly No, 509069 and the remo-
val of the seven selected fuel rods were also done in the water
pool of the ESSOR reactor, The operation was performed by
means of the special device designed by ENEL, and already
used for the other TRINOI assemblies, Following removal
from the fuel elemeént and storage in a basket, the fuel rods
were transferred to the main examination cell of the ADECO
laboratory, After a visual examination and a gross total
gamma scanning, the fuel rods were cut into three pieces of
about 80 cm each and transferred to the ''Laboratoire

Moyenne Activité" {LMA), In the ADECO and LMA laboratories
the following examinations were carried out: optical inspec-
tion, metrology, mechanical tests on the fuel cladding and

metallography,

Optical inspection

In the ADECO laboratory each rod was ekamined visually using
the equipment already described. The mode of presentation

of the rods in front of the lead window of the cell was modified

in order to obtain within a single picture the total expanded
surface of the rods. A special device, called a "Periphotograph',
using reflecting mirrors, was placed in the cell in order to ob-
tain three exposures of the fuel rod on the same picture. This
principle is schematically presented in Fig. 1,19, The visual

and photographic examinations of the external surface of the
rods, parformed in the ADECQO and LMA laboratories, have
shown the presence of black longitudinal scars which corres-
pond to the spring positions. The presence of bright circumfe-
rential scars and points of fretting corrosion at the contact of |

the spring with the can were also observed. On the other hand,

{

; :I ;_Useful image 120°
; ’ Mirrors
Subject to be

photographed

A C

PROJECTION OF THE IMAGE

unity of measure: mm

Fig. 1.19. Princible of the "'Periphotograph’” device



there was no evidence of external chemical corrosion of the
cladding, Optical inspection of the internal cladding surface
and of the fuel pellets was carried out in the LMA laboratory,
Sections 7-8 cm long were cut out at different axial positions
on the pins, These sections were then cut longitudinally in order
to remove a cladding section, The inner surface of the removed
cladding and the corresponding fuel pellet surfaces were exa-
mined under a periscope and photographed. The inner surface-
of the cladding can be considered as a photographic image of
the fuel surface, showing clear traces of pellet-pellet interac-
tions and pellet cracks, Figure I,20 presents an irmage of an
inner cladding surface. Finally, it has been observed that a
large percentage of pellets were broken and brittle., The
brittleness of the fuel becomes evident when it is pushed out

of the cladding, Using an optical metrological bench the length

of a2 number of pellets from the L11 pin was determined.

Metrological examination

Sections of pins having a length of about 80 ¢cm have been
mounted on a special metrological bench allowing the linear
diameter profile or the continuous spiral diameter profile to
be recorded at the same time as the axial profile of the pin,
Figures I.21 and I.22 present the linear diameter profiles of
the three sections of the J9 pin, determined along the ortho-
gonal planes of symmetry, the plane 0° and 90°, In Fig.l.23
the same three sections of the J9 pin are presented as conti-
nuous spiral diameter profiles, while Fig, [. 24 shows the
central part of Fig, I, 23 with two different scale amplifications.
In the middle of Fig, I, 24 can be observed the deviation of the
pin axis from the ideal line 0. The analysis of the diameter
variation showed that all the pins considered have suffered

a cladding diameter contraction. The diarmeter contraction is

13

-40 9,74 mm
4QQ'£ :’.,j—« % ~ (: {f Vv FF ‘ﬁ : 400
7
o i ! {=9,78 mm
+4ou 9,82 mm

4 15

400
Y L. AL 1 - Nw9,78 mm

9,82 mm

+404
16
A0u 9,74 mm
v a8 mm

+40u 8,82 mm

Fig. 1.21. Linear diameter profile of the three sections of J8 pin in the 0° plane and the retative
Fig 1.20. Inner surface of cladding axis profile
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Fig. 1.22, Linear diameter profile of the three sections of J9 pinin rhe 90’ plane and the relative
axis profile

9,74 mm
0 =9,78 mm
9,82 mm
i
Fig. 1.23. Continuous spiral diameter profile of the three J9 sections

14 15
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Fig. 1.24. The continuous spiral diameter profile of the central section of J9 pin on two ditferent scales

very small, the maximum contraction value being about 60 /am
and the mean diameter value being about 30 am smaller than

the nominal original value,

Metallographic exarnination

Samples from pins L1l and E5 have been prepared for metal-
lographic examination. The samples were cut from the central

and lower regions of the pin. The fuel showed the presence of a



large number of cracks crossing the pellet volume as can be seen
in Fig. 1,25, The fuel material in the central region appeared
denser than that at the periphery, Once the gra;n structure is
brought out by chemical etching, one can see a grain size va-
riation moving from the centre to the pellet periphery. In the
central region the grains were large and closely packed,

whereas towards the periphery the grain size decreased and

the packing was looser. Such a change of structure along the

diamneter of the pellet is shown in Fig. I, 26,

Fig. 1.25. Cross section of the fuel rod
L11 {x 18} {central part}

. - -
.\_ . - .
D nersw e s

b} 1/8 of radius from periphery

¢) 1.4 of radius from periphery d) center of the pettet

Fig. 1.26. Microstructure of the fuel at different radial positions
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Gamma scanning of the rods

A gross total gamma scanning of four fuel rods was performed
in the ADECQO laboratory'before cutting. The equipment used

(a NaI{T1) crystal placed in front of a lead collimator) was the
same as that described for the TRINO [ campaign, The rods
were rnoved axially by a stepping motor, Steps of 0.2 mm each
were set up but measurements were taken at 4 step (0.8 mm)
intervals only, After exarnination the fuel rods were cut into
three sections of about 80 ¢m (using an abrasive disk cutting ma-
chine) and transferred to the metallurgical section of LMA for
further investigations. The gamma scanning measurements of
the seven rods were carried out at the LMA laboratory, using
the apparatus which was already described. Gamrma rays with
an energy of between 8¢ KeV and 2500 KeV were detected with

a Ge(Li) crystal in combination with a collimator having an
aperture of 0.5 mm height and 20 mm width. The vertical dis-
placement unit obtained by the stepping motor was 0. 5 mm. One
example of the results obtained is given in Fig. I, 27 where the
total gamma activity of rod E5 is presented. From the measure-
ments of the total gamma activity, the fuel pellet length and grid

location can be seen for all the measured rods.

Counts/sec (x 10°)
" @
B |
R
—_——

|-— Fuei Fuel ——-l

Bottom Top

W Sampie for destructive analysis, Ispra
0O Sample for destructive analysis, Karlsruhe
OPosition of gamma spectrometric measuremeants

Fig. 1.27. Total gamma activity rod ES



4. The Obrigheim Reactor

The OBRIGHEIM nuclear power plant /33, 34/ operated by
Kernkraftwerk Obrigheim GmbH (KWQ) is equipped with a

pressurized water reactor rated at 350 MW (e). The reactor

went critical inSeptember 1968 and began commercial operation

in March 1969, The core consisted of 121 square fuel assemblies in

a 14x14 array, composed of 180 rods plus 16 guide tubes for

control rod {absorbing material Ag-In-Cd) insertion. Initially, ‘

TABLE .14, Obrigheim reactor core main characteristics

Moderation and cooling:
Coolant pressure

Inlet temperature
Qutiet tamperature

Core:

Number of square fuel assembly
Initiat enrichment {(wt%235 1)
Total UD, weight

Total U weight

Number of control rod clusters

147.89
283
313

121
252831

39,930
36,200
32

2 i
§%lcm |

¢ L

kg
kg

TABLE 1.15. [rradiation history of the ¢ore and of the fuel assemblies of Obrigheim reactor

Burnup Increments (MWD/MTU) ;
Cycle of Operation | Periods | Days {*) Core Fue! Elemants ;
BE 124| Position { BE 210| Pesition 1‘
SECOND eS| 258 8275 | 6600 G |
sHUT-DOWN | 230871 a8 |
THIRD gg’:gg:;; 295 | 9,194 9,900 | D-11
sHuTDOWN | 03.09.72 27
FOURTH Saos2 | 283 |9ema 12000 07 [11400 IS |
[ shur-cown 02WI 2 |
’_FIFTH 209731 29 |95 |10400| D4 | 8800 G3 f

{*) Full pawer days only
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it was divided into three zones of different enrichment, i.e.
3.1 2.8 and 2.5 wt% 235y, The total weight of the uranium
in the core was 35,2 metric tons, The main characteristics of
the reactor are given in Table I, 14, At the end of the fifth cycle
of operation, two fuel assemblies were selected for post-irra-
diation examination:
. fuel element BE124, the irradiation of which started on 30th
September 1970 and finished on 16th August 1974;
fuel element BE210, the irradiation of which started on 30th
September 1971 and finished on 16th August 1974,
The irradiation histories of the core and of the fuel assemblies
" are reported in Table I.15. A schematic map of the reactor
core indicating the positions of the selected fuel assemblies du-
ring the various irradiation cycles is given in Fig. I, 28, The
horizontal cross section of a typical fuel assembly is presented

in Fig. 1,29,

1. The BE 124 and BE 210 Assemblies

The fuel assembly BE124 was irradiated during the second, the

fourth and the fifth cycle of operation in positions G-1, D-7

and D4, respectively and reached an average burnup of

29,000 MWD/MTU, The fuel assembly BE210 was irradiated

during the third, fourth and fifth cycle of operation in positions
' D-11, J-5 and G-3, respectively and reached an average burn-

up of 30,100 MWD/MTU,

SECOND IRRADIATION CYCLE THIARD IRRADIATION CYCLE

FOURTH IRRADIATION CYCLE FIFTH IRRADIATION CYCLE

T

O

] FUEL ELEMENT BE 124 - Positions: G1 - D7 - D4
) FUEL ELEMENT BE 210 - Positions: D11 - J5-G3

Fig. .28, Schematic core maps of the Qbrigheim reactar during different irradiation cycles.
The position of the elements Be124 and Be210 are indicated.



BEl24 had an initial enrichment of 3, 0 wt% ¢35y and BE210

an initial enrichment of 2. &3 wt% 23’SU. Both assemblies

were cladded in Zircaloy-~4. The main information relative to

the fuel assemblies and the control rod is reported in
Table 1. 16.

A total of six fuel rods and 23 samples were chosen for post-

irradiation examination: four rods belonging to fuel element

BE 124 and two to BE 210, The rods and samples selected are

200

1.6

-~

OOOO0O00C00000000
0101010]010/0]0]01010[010])
eolololelolo]elolo]ololel0le)
o]ol010]0]01010]0]0]eI010]e,
Q000000 OQQO0

N° 16 Guide Tubes

olelolelele]e) olo oo
0000000 OO000
0000000 olo]ole.
0000000 elelele,
O000000 0000
000000000000 00
elolololeleololelelelol0]e
DOOCOOO00OO00OO00
eJelelelclclolelelololelole

000
Q00
Q00O
000
OO0
OO0

10.76 14.3 200

Fig 1.29. Harizontal cross section of the fuel assembly. (All dimensions are given in mm).

TABLE 1.16. Obrigheim fuel assembiies and control rod main characteristics

Square fuel assembly.

Rod array 14x14

Number of fuel rods 180

Rad pitch 1.43 cm
Side of square fuel section 20.0 cm
Active length 295.6 cm
U0, weight 221.83 kg
Channel material ZRY 4

Fuel pellet:

U0, density {linear):

— BE 124 fuel assembly 6.68 g/cm
— BE210 fuel assembly 6.52 gfcm
Diameter 0.904 cm
Clad-pellet clearance 0.0139 cm
U0, density (linear):

— BE124 fuel assembly 6.68 glem
— BE210 fuel assembly 6.592 gfcm
Ciameter 0.904 cm
Clad-pellet clearance 0.0139 cm
Fuel eladding:

Qutside diameter 1.076 cm
Inside diameter 0.9318 cm
Wall thickness 0.0721 cm
Material ZRY 4

Coantrol rod:

Absorbing material Ag, In, Cd

Cladding material . S5
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reported in Table I,17.

the fuel rods selected and their cutting peositions.

Gamma scanning of the rods

Figure 1. 30 shows the location of

A gross total gamma scanning of the fuel rods was carvied

out in the ADECO laboratory before they were cut. The
equipment consisted of a Ge{Li) detector having a FWHM

of 2,3 KeV at 1. 33 MeV of 60(30, connected to an INTER-

TECHNIQUE Plurimat Multi 8 processor.

A lead cgollirmator with an aperture of 0. 5x10x283 mm was

used. The rods are moved axially by a stepping motor:

measurements have been done every 0.4 mm.

TABLE 1.17. Obrigheim: selected fuel samples

Average Initiat .
It::an:il:;l:) Burnup Range Enrichment N!JR;ger Lo‘;ﬂia;nl
MWD/MTU wit% 23

BE 124 15,600-38,300 3.00 D1 1.2-3
(G1 2nd cycle) E3 1-2-34-5
{D7 4th cycle) G7 1.2.3-4-5
{D4 5th cycle) M4 1.3.4

BE 210 24,200-37 500 283 G14 3{1)4{1)
{D11 3rd cycle) 5{1)-6(2}
(J5 4th cycle) K14 13-
{G3 5th cycle) 41

BE 124 - 3.00 wt% **5u
ABCDEFGHKLMNPR

BE 210 - 2.83 wi% 1%y
ABCDEF GHKLMNPR

1 ] 1
2 2
k] @ 3
4 4
: :
§ 0 7
s 9
10 10
12 12
13 13
14 ] 14 L
CUTTING POSITIONS {mm)
E3-G7 g4
E3—G7-M14 Gla—K1a
2 vy
2 &
| ™~
& A
™~ o Nﬁ L.]
q D1-E3-G7-M14 ‘?‘8 Gla-K14
iTy] o
= Ng
F\ﬁ_ 1-E3-G7-M14 a K14
TN~ Nee e
gIRTL OBRIGHEIM fi‘ﬁﬁg

Fig 1.3D. Cutting positions of the fuel samples sefected for analyses




From the distribution curve of gamma activity obtainad, it

was possible to determine the length of the rods and the

cutting levels, with a precision given by the scanning step

{0.4 mm). Figure I.31 shows the results for rod G7 of the

BE 124 fuel element. In the same figure the cutting posi-

tions are also indicated by arrows.

GAMMA COUNTS (arbitrary units)

<} Samples analysed at Ispra
-~ o Samples analysed at Karlsruhe

«—— FUEL
BOTTOM

Fig. 1.31. Total gamma activity. Be124 rod G7.

FUEL — [
TOP

43




44

5. The Gundremmingen Reactor

The GUNDREMMINGEN Nuclear Power plant /35/, operated
by Kernkraftwerk RWE-Bayernwerk GmbH (KRB) is
equipped with a dual cycle boiling water reactor rated at
250 MW(e). The reactor was first brought to criticality on
August 1966 and to commercial operation on April 1967,
The reactor core is cormnposed of 368 square fuel assem-
blies ina 6x 6 array and of 89 cruciform control rods
(absorbing material B,C. The total weight of the uranium

in the core was 46.7 metric tons.

" The main characteristics of the reactor are reported in

Table I, 18.

At the end of the fifth ¢cycle of operation two fuel assem-
blies were chosen for examination:

. fuel element B23 the irradiation of which was started on
the 25th of August 1969 and terminated on the 5th of
March 1973,

fuel element Cl6 the irradiation of which was started on
the 25th of July 1970 and terminated on the 5th of
March 1973,

Figure 1,32 presents the schematic map of the core with an
indication of the position of assemblies B23 and C16 during

the various irradiation cycles.

TABLE [.18. Gundremmingen reactor core characteristics

Moderation and cooling:

Caolant pressure 70.35 kg/em?
Inlet temperature 266 °c
Outlet temperature 288 °c
Core:

Equivalent diameter 274.8 om
Mumber of square fuel assembly 368

Total U0, weight 52,982 kg
Total U weight 46,703 kg
Number of cont:ol rads 89




1. The B 23 and C 16 Assemblies

The fuel assemblies B23 and Cl6 selected for post-irradiation
analyses consisted of 29 rods with initial enrichment of 2. 53
wt% 235U, and 7 rods with initial enrichment of 1.87 wt% 2350,
B23 was irradiated during the second, third, fourth and fifth
cycles in positions 65-07, adjacent to control rod H4 and

66-07 adjacent to control rod J¢ and reached an average
burnup of 22, 600 MWD/MTU.

Cl6 was irradiated during the third, fourth and fifth cycles of
operation in positions 67-16 adjacent to control rod J9 and
£1-12 adjacent to control rod F7 and reached an average burn-
up of 17,100 MWD/MTU,

The main characteristics of a typical fuel assembly and the con-
trol rod are reported in Table 1,19, (A cross-section of the
assembly, together with an adjacent control rod is shown in
Fig. I, 33.)

A total of 10 fuel rods {6 belonging to the B23 assembly and 4
to the Cl16 assembly) were selected for post-irradiation exa-
minations. Table [, 20 reviews the rods and samples chosen
for analysis. The irradiation histories of the fuel elements

are given in Table 1. 21,

SECOND IRRADIATION CYCLE THIRD IRRADIATION CYCLE

FOURTH IRRADIATION CYCLE FIFTH IRRADIATION CYCLE

O FUEL ELEMENT B23 - Positions: 65—~07 and 66--07
M FUEL ELEMENT C16 - Pasitions: 67—12 and 61-12

Fig. 1,32, Schematic core maps of the Gundremmingen reactor during different irradiation cycles.
The position of the elements B23 and C16 is indicated
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TABLE 1.19. Gundrernmingen fuel assemblies and contro! rod main
characteristics

Square fuet assembly:
Rod array 6x6
Number of fuel reds - 36
Rod pitch 1.78 cm
Side of square fuel saction 11.352 cm
Active length 330,2 cm
UQ, weight 144.0 kg
Channel materiai ZRY 4
Fuel pellet:
UQ; density {linear) 12.36 gfcm
Diameter 1.224 cm
Clad-pellet clearance 0.0137 com
Fuel cladding:
Qutside diameter 1428 em
Inside diameter 1.250 cm
Wall thickness 0.088 cm
Materiat ZRY 2
Control red {cruciform):
Absorbing material B4 C powder
Absorber length 325.0 em
Cladding material S5304
113.52
--L— 5.3 ] 1.5

/@ T \)
©,, |
N
:@ _14.23 .

:::fg‘:_i_ifz-:@@\:\\\\:::::::t:::::::::: 225"

@ 187 wt% 23°U
253 wt % %1

Fig. 1.33. Crass section of the Gundremmingen assembiy (All dimensions are given in mm)

Gamma scanning of the rods

Gamma-spectromef‘;-ric measurements were carried out on the
fuel rods with a coaxial type Ge(Li) detector having an FWHM
of 2, 6 KeV at 1,33 MeV, connected to an INTERTECHNIQUE

Plurimat 20 processor, All the fuel pins were cut at 2680 mm

from the bottom, in the steam-water zone, where an average



TABLE1.20. Gundremmingen: selected fuel samples

Average Initial : R
;:x';:‘:, burnup range enrichmant Rog r L AX|91
(MWO/MTU) wt % 235y numbe ocation
B23 21,200-27 400 253 Al 12
(6507}
B3 1
B4 1
(66-07)
5th cycle ' cs ! -
E3 1
ES 1
C16 14.400-20,300 2.53 Al 1-2
{67-16)
B3 1
{61-12} Ch 1
5th cycle
E5 1
TABLE 1,21, lrradiation history of the fuel assemblies of the Gundremmingen reactor
Core burnup increment (MWD/MTL}
Cyc!e.of Pericds Days "
operation Fuel element B23 Fuel element C16
25.08.69
SECOND 30.05.70 279 5,839
31.05.70
SHUT DOWN 24.07.70 56 -
|
25,07.70
THIRD 12.06.71 323 6,131 5,959
13.06.71
SHUT DOWN 15.07 .71 33 - -
16.07.1
FOURTH 30.04.72 290 5483 5,083
SHUT DOWN 01.05.72 61 - -
30.06.72
01.07.72
FIFTH 05.05.73 309 5.174 6,026

void fraction of ahout 50% was evaluated. Only rod Al was
also cut at 440 mm from the bottorn, in the water phase. The
two different cutting levels of rod Al are indicated in this

work as:

Al (1) the sample cut at 440 mm level,

Al (2) the sample cut at 2680 mm level.

Figures 1. 34 shows the results cbtained by the gamma scanning
of rod C5 of the B23 fuel element. Figure I, 35 shows the lo-

cation of the fuel pins selected and their cutting positien.
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Fig. 1.34, Gamma scanning of the rod C5 {B23 fuel element)
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Fig. 1.35. Cutting positions of the fuel samples selected for analyses




6. Destructive Analysis of the Samples

After the non-~destructive tests on the fuel rods and the se-
lection of the cutting levels performed with the aid of gamma
scanning, pellet-size samples (10 mm thickness) were cut in
the hot cells of the LMA Laboratory (Ispra} and of the Trans-
uranium Institute (Karlsruhe). Three fuel samples were always
cut for each chosen position, two for destructive analyses and
one to be kept in reserve. Pairs of adjacent pellets were
analysed in the Ispra and Karlsruhe laboratories in order to
check the accuracy of the experimental data,

Table I, 22 gives the distribution of samples to the Ispra and
Karlsruhe laboratories, Destructive analyses were performed
according to the diagram presented in Fig. 1. 36, The fuel
samples selected for analyses were dissolved in 8M HNO3 in
hot cells, Small aliquots of the solution, which can be handled
without heavy shieldings, were then transferred to glové-boxes
for preparation of alpha and gamma sources and for radio-

chemical processes.

TABLE 1.22, Distribution of samples to the [spra and Kartsruhe laboratories

Fuel Total Samples analysed
Reactor Element Samples

Cur Ispra Karlsruhe

GARIGLIANO A-106 18 - 10

(BWR} SA-13 8 8 -
TRINO VERCELLESE 509-049 14 B 6 (4}

{PWR) 509-032 8 7 1
509-104 4 3 1 (1)
509-069 23 13 10 (5)
OBRIGHEIM BE124 19 11 8 (31
{PWR}) BE210 8 8 2 {1}
GUNDREMMINGEN B23 9 6 3 {2}
(BWR}) C16 7 4 3 {2
TOTAL 118 66 52 019)

Number of check samples is indicated within brackets
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1. Radiochemical procedures

The purpose of radiochemical processes was to obtain from the
original fuel solutions purified samples of uranium, plutonium,
americium and neodymium to be analysed by alpha and mass
spectrometry. As shown in Fig. 1.36 some stages of purifi-
cation processes were carried out after an isotopic dilution
step, i.e. the addition of tracers of suitably chosen isotopes.
The purpose of the alpha.and mass spectrometry measurements
was to determine the abundance of heavy isotopes formed during
irradiation inside the fuel assembly. In the earliest post-
irradiation analytical campaigns (GARIGLIANO I, TRINO I

and TRINOII /21, 22,23/, uranium, plutonium, americium and
neodymium were individually purified of interfering material,
Later on, radiochemical techniques capable of purifying both
uranium - plutonium and needymium-americium in the same
steps were developed. This chapter describes only these last
procedures, The earlier approaches can be found described in -

detail also in Ref. 25, 36, 37.

MASS SPECTROMETRY
Kr and Xe ke and Xe
ISOLATION | | X :
Isotopic Ratios
PECTROMETRY
U and Pu MASS SPECTR
U and Pu
ISOLATION )
Isatapic Abundance ALPHA SPECTROMETRY
I.'.IOPu
29p,  240p,
SAMPLE 133 ) and 242Py J and Pu MASS SPECTROMETRY Activity Ratio
spikas 4 U and Pu
T addition ISOLATION ;
Concentrations ALPHA SPECTROMETRY
Sampls | | Sample 20sp,, 261
Dissolution Solutinmh u+**'Am
239 240
150Nd and 24°Am Nd and Am MASS SPECTROMETRY P::: Pu
spikes H ISOLATION Nd and Am Cm
T sddition Concentrations 230py , 24%py
: 2a4pm
Zaﬂpu +"°PIJ
CECTROMETRY Activity Ratios
ASS SPECTR R
Nd and Am M
ISOLATION Nd and Am
Isotopic Abundance

GAMMA SPECTROMETRY
134[:. 131cs and 154Eu

Activities

Fig 1.36. Destructive analysis scheme
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Sample dissolution

The Karlsruhe Laboratory used a dissolution procedure /21/
which allowed the collection of Xe and Kr fission gases for
the mass spectrometry measurements of their isotopic ratios.

The procedure can be schematized as follows:

i) the weighed sample W, is brought into the dissolution

flask (C) and the appa:atus cleared by flushing with
helium {A);
i) the collection flask (F) is evacuated to 1 Torr;
iii) 100 ml of concentrated HNO3 are transferred into C
and heated to boiling;
iv) the fission gases are transferred by a helium stream to
(F). In order to avoid losses due to leakage no excess
pressure is allowed to build up in the apparatus;
v) after complete dissolution of the sample, the fission
gases are forced through the washing bottles {G)
(KMnO4 solution, NaHSO3-NaOH, CaCl,, CuO fur-
nace, Mg (ClO4)2 + natronashestos furnace with tita-
nium sponge) with helium into absorption tubes (H) .
which are then cooled by liquid nitrogen. The speed of }
dissolution is about 12 mg/min. em?; : i
vi) the sample is separated from helium by adsorption on }
molecular sieves. The Xe and Kr isotopes are de-
termined by mass spectrometry;
vii) the sample solution is transferred into a weighing bottle
and the weight W2 of the solution determined;
viii} the undissolved ring of ¢ladding from the fuel element
is dried and the weight W, determined;
ix) an aliquot of solution is diluted to about 0.2 mg/g and

the dilution factor determined.

The weight of the dissolved sample W is calculated: W = Wl- W3.

The concentration of sample solution C is: C = W/WZ'

The apparatus used is shown in Fig. 1. 37,

At Ispra laboratory the dissolution procedure /22/ was the

following:

i) a cladded fuel cross section of about 10-11 g UOQ, is
brought into the dissolution flask (C) containing 200 -
220 ml of a solution composed by 7M HNO4 and 15 gr/1
Cs NO3;

ii) the solution is heated to boiling and maintained for about
1.5 h until complete dissolution of the UOZ;

iii) nitrous vapours developed during the reaction are partially
absorbed in traps (A) and (B) containing about 150 ml of

ZM NaZSO3 solution;
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iv)  after cooling by the (D) system an aliquot of seolution is
‘diluted 1:1 by volume (the weight is not calculated) with
™ HNO3. This aliquot is used {or all subsamples needed

for the different analyses.

The dissolution apparatus located in a hot cell is shown sche-
matically in Fig. I.38. For each dis\solved fuel peliet, three
spiked and three unspiked aliquots were purified for subsequent
mass spectrometry analyses. The third sample was held in re-
serve in case of any lack of agreement in the results from the

mass spectrometry of the first two.

A.  Hebomb
= B. Pump
C. Dissolution flask
] D. HNO; infet
/ E. Reflux condenser
F.  Collection flask
/ Hot cell G.  Purificetion of gases
/4 H.  Adsorption tube
& o oo T -
G /
H } %
(4] : A
0 %
Fig. 1.37. Apparatus for sampie dissiolution and fission gas collection
used in Karlsruhe laboratory
A 8
= — Cooling %j Gas-
 H,0 to filters
D
A.  Absorption trap
B. Absorption trap
C. Dissolution flask
C 0. Cooling system

Ligquid wastes
Heating system

Fig. 1,38. Apparatus for sample dissoiution used in Ispra laboratory
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Uranium and plutonium purification

Sarnple solutions both spiked by addition of 2:HU' and 2421:’u

pure isotope and unspiked, were subjected to the radiochemi-
cal purification procedure shown in Fig, 1,39, Known aliquots
of the diluted sample solution, containing about 10/ug U and
].flg Pu and th2e3§piking solution-if ;z%uired - containing

about Sflg of U and 0,25 re of Py, were mixed and
evaporated to dryness in order to ensure the depolymeriza-
tion of Pu and to allow the conditioning of the solutionto 0.5 M
nitric acid, After addition of 0,5 M nitric acid, the plutonium
was reduced to the trivalent state by hydroxylamine hydrochlo-

ride at SOOC for 10 minutes and then oxidized to the tetravalent

SAMPLE P
8M HNQ4 ISOTOPIC 2331 242Py
DILUTION
I
T 2

I
REDUCTION
AT -
|
OXIDATION
pum_lpulv WASH
8M HNO4

, EVAPORATION
M HNO, TO DRYNESS

| @ ELUENT

RESIN |—(2—{0-35MHNO;
COLUMN
DOWEX
1X8
U Pu
AST FRACTION
WASTE 0.35M HNO3
f
EVAPGRATION

M.S. <—— 19 DRYNESS

Fig. 1.39. Uranium and plutonium purification scheme

53




state by sodium nitrite., This redox treatment was made in or-
der to have Pu in an extractable form and to promote its iso-
topic exchange. The solution in 8M HNO3 was then passed
through a DOWEX-1 ion-exchange column (0.5 g, x8, 200-
400 mesh). The first fraction containing fission products was
discarded; most of the ﬁranium was removed with 8M HNO,
and a mixed uranium-plutonium fraction washed off with 0.35 M
HNO,. After drying, the residue was dissolved in 1 M

HNO3 for mass spectrometry.

Neodymium and americium purification

Spiked and unspiked sample solutions were subjected to the

purification procedure shown in Fig. I1.40:

after the addition of lsoNd and 243Am spikes - if re-

SAMPLE DOUBLE
SPIKE
8M HNO3 150Nd  243Am
ISOTOPIC
—— DiLuTION
]
EVAPDRATION 8M HNO,
TO DRYNESS ‘
ELUENT
025MaHIBA
WASH RESIN RESIN
—®— coLumn COLUMN
8M HNO3 DOWEX DOWEX
1X8 50W8
1
1
WASTE
Am Nd
FRACTION
025MaHIBA

]

| aHIBA OXYDAT.
M.S. <——500°C+1aMHNO;
DROPWISE

Fig. .40, Neodynjum and americium purification scheme



quired - the solutions were conditioned as for the uranium-
plutonium purification and passed through a DOWEX-1 co-

lumn in 8M HNO the first fraction, containing both fis-

sion products anfl neodymium and americium, was collec-
ted and dried;

the residue was dissolved in 0. 05M HCI1 and the rare earths
and americium absorbed on a DOWEX-50 cation column
(9.3 g, x8, 200-400 mesh). After washing with 0. 05M HC1,
tha neodymium was iluted with 0. 05M a -isobutyric acid

at pH 4, 6;

+ the elution was monitored by an alpha counter, by which
means the fraction containing americium could be observed
and kept and the next fraction, containing neocdymium, could
also be preserved;
the Am and Nd fractions were evaporated in the presence of
14M HN03 to eliminate traces of organic material and the

residue taken up in 1M HNOj for mass spectrometry.

2. Preparation and measurement of aipha-sources

Without any chemical treatment, aliquots of fuel solution were
prepared for ¢-spectrometry according to the following proce-
dures:

. ISPRA: samples containing about 0. 01 mg of uranium were
dropped onto tantalum counting plates and dried. The plates
were then counted by means of a silicon semiconductor de-
tector connected to a LABEN 701 minicomputer for data
storage and processing. Recently /25,26/ a 150 mm? sur-
face barrier semiconductor detector with FWHM of 22 KeV
at 5.5 MeV of 241Am has been used connected to a SILENA
System 27 processor;

. KARLSRUHE: samples of 6-10 il were dried on stainless
steel planchets and then heated to dull red heat to remove
volatile salts and organic material. a-spectra were obtained
by using a silicon semiconductor detector connected to a

FRIESEKE &HOEPFNER multichannel analyser which in turn

was connected to a PDP 11 computer for spectra pocessing.

Since the alpha decay energies partly overlap only the activity

ratios were measured from the untreated solutions:

238131'l . 241Am_ 242Cm___ 244cm

2391:,'.1 N 2401311 239Pu + Z40Pu 2391’\1 + 240pu

Similar procedures were applied for aliquots of the purified

solution taken up from the uranium-plutonium fraction in
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which the activity ratios:

ZBSPu . 236Pu

239Pu n 240Pu 239Pu + 240pu

were measured.

The alpha energies are given in Table I, 23.

TABLE 1.23. Alpha energies of Pu, Am and Cm isotopes

Haif-Life Alpha Enerpgies Percentage
Isotope ~ {years) {MeV) Absolute Abundance
238py, 2.85 5.7 31
5.768 69
238py, 878 5.460 28 j
5.501 72
239py, 2.41x10* 5.143 1
. 5.157 I 88
240p, 6.55x10° 5.128 24
5.168 76
Mlam 432 5.440 13
5.499 85
M2cm 0.466 8.066 26
6.110 74
2X4cm 18.11 5.759 23
5.801 77

The difficulty encountered in alpha spectrometry measure-
ment involved mainly the background subtraction procedure.
This aspect will not be dealt with in detail here, because se-
veral reports describe all the technical details of an inter-
laboratory experiment for the evaluation of a-spectra /38,

39, 40,41/. One of the main conclusions of this exercise was
that the "effect of peak overlapping on the accuracy of evalua-
tion is clearly confirmed by the range of the results from the
different laboratories. This range decreases with decreasing

23 23
8pu content', However, at very low SPu contents one

16_l IJBPU +141Am

3% 140 :
14 Put+ *%Pu /\

2‘_‘ T r T T L -!—l T T T T I T |—| S 1 “‘ I ‘l" !Aﬂ.bf_
350 400 450Q 500 550
CHANNELS

Fig. 1.41, GARIGLIANO H



is obliged to prepare more concentrated solutions which results
in a degraded spectrum.

Two typical spectra at low and high burnup are shown in Figs,
I.41 and .42, from samples of GARIGLIANO (8, 325 MWD /MTU)
and OBRIGHEIM (27,710 MWD/MTU), respectively.

Thesze points will be raised again in SectionIl where the

experimental uncertainties will be analysed.

23!Pu +241Am
9_ -

i
5
7 ’
6

5]

4 -

T,

cpm {x 10?)
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Fig. 1.42. OBRIGHEIM

3. Gamma spectrometry

Gamma spectrometry measurements were carried out both on
. . 137 .- .
entire fuel pellets to determine Cs activity and on aliquots

of sufficiently diluted fuel solutions to determine the activities
f 134(35, 13765 and 154Eu.
For some reactor assemblies a few other fission product iso-

1
topes such as 06Ru and 144(3& were also measured. The aim

e}

of the non-destructive and/or destructive fission product mea-
surements was the evaluation of the burnup of the fuel samples
and the assessment of the isotopic correlation technique.

The isotopes and gamma lines selected for destructive mea-

surements were those indicated in the following Table.

Half-Life Gamma Energy GPercent:{ge

fsotope years) (Kev) Absol :rx:n:\iu:;ance
13¢5 2.05 7958 +802.0 94.1

137¢ 30.1 661.6 B6.4

184 gy 8.8 12743 M7

106 Ry 106 Apy 1.007 5119 20.5

1440p 14 pr 0.78 134.0 0.73

21858 o
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Pellets:

Gamma measurements on fuel pellets were usually performed
by the use of coaxial type Ge(Li) detectors, having a FWHM
of about 2.6 KeV at the 1,33 MeV peak of 6000. Detectors
were connected to the INTERTECHNIQUE Plurimat 20 pro-
cessor. A typical gamma-ray spectrum obtained for a TRINO
fuel pellet is given in Fig, 1.43.

144Ce-‘> 144Pr peak at 2186

Due to the low intensity of the
KeV, the use of a NaI{T1) crystal was sometimes necessary.

The errors on the areas of the gamma peaks range from 1, 5%
to 2% for 137(35, 2.5% for 134Cs and 3,0% for 106Ru—’106Rh

The 13

?Cs activity values measured on the pellets, and repor-
ted at the end of the reactor operation have been converted to
burnup by means of a calibration curve obtained using the burn-
up values derived from destructive 1‘mNd determination (see
ref. 22,23, 24, 25, 26),

A deeper study was carried out for the TRINO VERCELLESE [
509-049, 509-032 and 509-104 fuel assemblies.

For these assemblies, gross gamma scanning and metallogra-
phic examinations had indicated that there was no significant
migration of fission products. Therefore the observed activity
could be considered proportional to the concentration of thé
corresponding isotopes.

A gtatistical analysis was carried out to compare the values
from the gamma scanning measurements with the values ob-
tained by destructive tests, A direct comparison of the burn-

s ... 137 ‘o
up determination with 3 Cs activity measurement was thus

15.007 6616

604.7

Counts {x 10%}

795.8.+ 802

]
]
} 511.9
]

- 616,

]

1 696.5
j——'_1—r—v—r—l—|——v——v——r—v——v_|—_‘v—'—'_l—!_v_—'
0 100 200 J00 400
CHANNELS

Fig 1.43, Ge{Li} gamma spectrum of fission products from a fuel pellet



possible. The results and the conclusion of this experiment can

be found in detail in Ref. 22,

Solutions:

The measurements of gamma activities on fuel solutions
were performed by the use of different coaxial type Ge(Li)
detectors with FWHM ranging from 2.0 KeV to 3.5 KeV at

1,33 MeV of 60Co.

Different multichannel analysers or processors were used
such as a LABEN 2048 channel analyser, a LABEN 70 mini-
computer and a SILENA System 27 for data acquisition and
pProcessing.

A typical gamma-ray spectrum obtained from a dissolved
fuel sample from the TRINO reactor is shown in Fig. 1. 44.
The absolute activity of the selected isotopes was deter-
mined by comparison with reference gamma sources supplied
both by JAEA, Vienna, and the Radiochemical Center, Amers-
ham.

From the uranium concentration determined in the soclu-
tions by isotopic dilution mass spectrometry it was pos-
sible to calculate the specific activity of the selected iso-
topes expressed in dis. sec-lg-l final uranium.

Statistical errors evaluated in the determination of the speci-
fic activity of the five selected isotopes were 1.2% for

144 e*l44Pr, 1.4% for 106 u"106 Pr, 1.1% -1,5% for
134

1
Cs, 1,5% -1,6% for 137Cs and 5.0% for E’4Eu.
The results obtained at the Ispra and Karlsruhe laboratories
for the different reactor fuel sample sclutions are presented

in Tables I.24 to I.29.

10° ] 123(159 Ey)
— 134(144 Ca-Pr) . 428(1355b)
| 1771255p} 248[134£y) 463{1155p)
[1™Ru.-R
104 I‘ ]75‘2 i
R S I S i
| g62t'¥7 ey ~
4 696(' 4 Ce-pr)
s 1 134
510 563 Cof 723015k |
g 569( Cs) 7571 "Rl 124
g 796U Cs)  gy4('%p,.an
de 802(1M¢s) [nsagy,
13
3 JM
o
10°4 ‘
Al |
1_[ 2“::65;) An it
10t Trino Vercelles 66126 .|(|o4 R:Rh) LRI W £ Yadala i
Fuel sample 605 {134 ¢s)
600 [1255h)
592 (134 Eu)
. 582 {154Eu)
10 T T B T 3 L r T T
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Channel number

Fig. 1.44. Gamma spectrum of fission products from a dissolved fuel sample
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TABLE 1.24. GARIGLIANQ |: specific activity of the fuel sample solutions at the reactor
shutdown {dps/g of final U}

Fuel ik 137, wanu 144
Elarnant Sample x 15—"1 ix 1;:-:5 X 107} tx 10"::"1

-

]

% @ Al 6.068 1.221 5402 1077
S B 12.691 1.588 7.511 1.269
ZE"; 81 6918 1.1 45862 1.006

Ye J1 7.585 1487 6.167 1.269

T~ 9 13024 . 1824 7,543 1,325

=

z

A3 7067 1.203 407 1.9

- 5 2.77 1.243 4.403 1,095

z 8z 6.882 1158 3848 1.051

g 8 B.854 1.391 4995 1.16¢

:5.5’ e 7511 12,136 4.366 1.065
22w 3 6.031 1.043 3774 0.952
vz2 D2 6.348 1.080 3.774 0.969
<u E 4 5920 1.021 3626 0.828

Tel 1 7.881 1.214 5.069 1.099

= 5 6.068 1.021 3.552 0.906

z a7 7.21% 1.168 4514 1.058

H2 8.806 1.328 4810 1.132
8 8.324 1.402 4713 1.184

Measurements performed at Karlsruhe

TABLE 1.25. GARIGLIANO l: specific activity of the fuel sample
solution at the reactor shutdown (dps/g of final U)

Fuel 1M ¢y 137 ¢y
Elemant Sample x 16 X107
=
H E6 1 1.513 0.444
2 ,"é’ 3 3.59 0.836
0% 5 5.346 1042
e 7 4.871 0.887
3£ 10 5.131 1.121
-3 16 4.999 1.113
- 13 3.695 092
; 1 1583 0.666

Measurements performed ar ispra

TABLE 1,26, TRINO |: specific activity of the fuel sampie solutions at the reactor shutdown
{dps/g of final U)

Fuel Samel 134 ¢4 137 ¢y 106 Ry 144 ¢4
Elament amels X 107} x 107} X 107} x 1079
- L5 1 0.507 0847 3848 1.587
Z 4 1,580 1.732 B8.214 2.475
o o 0.855 1.276 5513 1965
2358
ax a; Jg 1 0.585 1.010 4,944 1.687
22 4 1.598 1.798 8,760 2.549
N ﬁ o
< Al 1 0.610 1.080 4514 1.794
= 7 1913 1.987 9,842 2,731
z ) 1.062 1.450 6.549 2.257
s Bl 1 0.455 0.890 3119 1621
s 4 1.765 1.876 8.029 2116
i 7 1.868 1912 B.584 2660
g8w 9 1,021 1,369 5.486 2.088
3=%
g2 Ho 7 2.105 2017 6.364 2.375
" 9 1.128 1.491 6,364 2.375
|: ™
z Q15 7 2.253 2.183 9.250 3.067
-
=
w
Iz :
On M1l 7 1,029 1,469 5.291 2179
3L
ez
h &
a2 Miz s 0.082 0.444 1.091 0.881
;" 2 7 0.031 0.895 2.342 1.428
E [}
Z




TABLE 1.27. TRINO \i: specific activity ot the fuel sample solutions at the reactor shutdown
{dps/g of final U} :

‘Fuel 134 ¢y 137 ¢4 154 gy
Element Sample Laboratery | 1y 10) X10°) | (X107
E5 4 Ispra 2.938 2,788 1.765
7 Ispra 3.054 2.909 1919
7 Karlsruhe 2909
9 Ispra 1,965 2.248 1.149
L5 4 Ispra 2,839 2.821 1.768
7 Ispra 3.005 2.862 1.849
- EN 1 Aspra 0.941 1.486 0.817
E 2 Ispra 2.312 2418 1.398
=5 2 Karisruhe 2.495
o Iﬂ 4 Ispra 2.914 2775 1.779
Dgaﬁ 4 Karisruhe 2.821
2%z 5 | Ispra 3.030 2.864 1.568
Sus 7 | lspra 2.987 2.318 1.650
-<J - 7 Karlsruhe 2.987 2,955
= ™ 8 Karlsruhe 2.797
z 9 Karisruhe 2.355
L1t 4 Karlsruhe 2.825
7 Ispra 3.048 2.881 17118
7 Karlsruhe 2.8898
Al 1 Ispra 1.248 1.765 0.568
7 Karlsruhe 3.261
Jg 4 Ispra - 3.132 2927 1686
7 Karlsruhe 2.982

TABLE 1.28. OBRIGHEIM: specific activity of the fuel sampie solutions at reactor shutdown.
(dps/g of final U}

Fuel Sampl 134 ¢4 137 s | B4 gy
Element ampe (X 107) X 107) {X10°%)
D1 P2 4.287 3.308 1916
P3 6.512 4.097 2.652
-
z E3 P1 2.115 2.372 0.779
=0 P3 6.926 4361 2.555
<ot pa 5.468 3.774 2,147
SER P5 3.084 2751 1.186
wZx
“a8 G7 P1 1.714 2,053 0.547
e P2 3.749 3041 1653
E P3 5.940 3.87 2.481
Z P4 4,752 3356 1993
Mis P3 5.068 3539 2102
5
g G14 P3(1] 7.597 4.665 2.743
4 Pa{1) 6.842 4.376 2,609
o Ul P5{1) 5,091 3.758 2.079
NEXR P5{2) 3.244 2968 1.338
bz
28 Kia P 3.236 2782 1.364
= P3(1) L 7.353 4.438 2.909
2

Measurements performed at Ispra
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TABLE 1.29. GUNDREMMINGEN: specific activity of the fuel sample solutions at reactor shut-
down {dps/g of final U).

Fuel | 134(;9, 137 ¢y 154 gy
Element Sample Laboratory (X 10™7) (X 107 (X 107%)
Al 1 Ispra - 349 366 1.79
lspra 3.28 2.89 1.80
- .
E B3 Ispra 2,57 2.61 1.565
=q Karlsruhe 2.67
&8
ON
xR B4 Ispra 2.94 2,70 1.49
nZ %
=28 Ch Karlsruhe 3.07
e
'-.
g E3 Ispra 3.00 2.75 1.53
€5 lspra 3.25 3.08 1.61
Karlsruhe 3.24
- At 1 |ispra 2.26 255 | 089
E 2 Ispra 2.85 269 1.09
=2
&4 B3 Ispra 145 1.83 075 |
g_:EN Karlsruhe 1.91
of §
=3 ch Karlsruhe 2.20
Lo
=
> ES Ispra 163 1.92 0.84
- Karlsruhe 2.32

4. Mass spectrometry

The instruments employed at Karlsruhe for the measure-
ment of the iscotopic ratios were CH-5 Varian MAT, mass
spectrometers. One was equipped with an automatic sample
changer and has already been described /21/, while the other
was a standard model. The data were haundled by an auto-
matic system comprising a PDP-11 as data collector con-

nected to an IBM-370 for data storage and for calculating

results.

Uranium and plutonium were measured as metal ions using the
two-filament technique. An amount countaining as maximum
oo /ug Pu as determined by acounting was dried on the eva-
poration filament for the purpose of mass spectrometry.
Neodymium was measured as MeO ion from a single filament
on the CH-5 mass spectrometer. Corrections in this case
were made for contributions due to 180 and also from back-
ground neodymium which was estimated from the level of
142'Nd found. During the analysis checks were made for Sm
and Ce which inierfere in the Nd measurement.

The determination of Xe and Kr fission gas isotopic ratios
was also carried out by means of a CH-4 type, Varian MAT
mass spectrometér, at the Karlsruhe laboratory. As these

resulls are not further treated for burnup and buildup eva-



luations, they are given in this chapter and presented in
Tables I.30 to 1. 34 for the different reactor fuel samples
analysed.

The average standard deviations of the measurements were

the following:

B3k:/%%r 0,39 131y /M¥%%e 0,27
84%: /2% 0.2 1324e/*3%%e 0,29
85ke/%%%r  0.3% 136xe/13%%e 0,29

At the Ispra laboratory a Varian MAT type CH-4 spectro-
meter with thermal ionisation double filament sources was
used first. Then a Micromass VG 30 B mass spectrometer
was used, equipped with thermal ionisation triple filament
sources and connected to a PDP-8 computer for data {reat-
ment. The isotope composition and the concentration of
americium was also determined in a2 few cases at Ispra

by mags spectrometry,

The 227U, %*%py, 15%Na and %**Am spikes were calibrated
against NBS and CBNM Geel standards. The mass discrimi-
nation factors for these elements were determined for each
machine also u}sing NBS standards. '
Further details of the methods employed are given in re-

ferences 22, 23, 24, 36, 37.

TABLE 1.30. GARIGLIANO |: Krand Xe isotopi-c ratios

EI:;zlm Sample Krypton Xenon
83/86 | B4/86 | 85/86 [131/134)132/134 | 136/134
'_\
=
w
25 A 1| 0263 | 0576 | 0.118 | 0.354 | 0.668 1.431
w28 9 | 0245 | 0590 | 0.114 | 0.339 | 0682 1.517
] 8 1| 0269 | 0592 | 0.116 | 0351 | 0665 1423
<w = J 1 | 0257 | 0.596 | 0.116 | 0.342 | 0682 | 1.481
< 9 | 0248 | 0.597 : 0.118 | 0.337 | 0.586 1,538
|-..
z
A 3 | 0.263 | 0567 | 0.115 | 0.349 | 0.650 1371
5
— B 2 | 0268 | 0570 | 0.117 | 0.351 | 0.655 1.358
2 8 | 0.256 | 0.571 | 0.114 | 0.343 | 0.681 1.413
25 c 1| 0264 | 0.567 | 0.111 | 0349 | 0653 1.368
08 3| 0271 | 0568 | 0.119 | 0.343 | 0.652 1.304
RCx 0 2 | 0270 | 0568 | 0.110 | 0349 | 0682 |- 1377
3 4 | 0270 | 0565 | 0.118 ; 0.349 | 0.679 1.204
T E 1 | 0265 | 0573 | 0.112 | 0348 | 08657 1.364 -
E 5 | 0.263 | 0.568 | 0.115 | 0.346 | 0.655 1.367
2 G 7 | 0270 | 0570 | 0,118 | 0349 | 0.659 1.349
H 22 | 0.260 | 0568 | 0.114 | 0.342 | 0.661 1.398
8 | 0262 ! 0586 | 0.119 | 0.347 | 0667 1.404
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TABLE 1.31. TRINO I: Kr and Xe isotopic ratios

=
Eli:::l'lt Sample Krypton Aenan
83/86 | s4/88 | 85/86 |131/134]132/134| 136/134
Ls 1
E q 0.257 | 0.564 | 0.095 | 0.328 | 0.662 1.406
o @ | 0267 | 0566 | 0.108 | 0.341 | 0.639 1.351
R Jg 1
mgg 4
E%g 7 0.255 | 0.563 | 0.104 | 0.329 | 0.666 1.429
352 ] 0261 | 0556 | 0.106 | 0.342 | 0.639 1.366
5:.} Al 1 0.267 | 0.548 | 0.108 | 0.352 | 0.817 1.295
E 7 0.256 | 0.572 | 0.105 | 0.324 | 0.666 1.448
z g
=
z EMN 1
= 4
IR 7
~NO J
SEg S
g5§ Hg 4 0.255 | 0565 | 0.106 | 0.325 | 0.666 1.403
iR m 7
= Q
s 15 7
[
=
%8> M1 7 0.266 | 0552 | 0.105 | ©.339 | 0633 1.280
-.-ga.; A12° 1
B 7
m_,s
]
ey ]
z
TABLE 1.32. TRINO II: Kr and Xeg isotopic ratios
EIE::elm Sample Krypton Xenon
83/86 84/86 | 131/134 | 132/134 | 136/134
E5 4
7 0.248 0.588 0.296 0.700 1411
9
L5 4
7
- EN 1
=z 2 0.252 0.578 0.311 0.694 1.362
= 4 0.259 0595 | 0306 | 0709 1.392
e 5
20> 7 0.248 0.588 0.300 0.709 1.399
o z ® 8 0.248 0.586 0.305 0.708 1,383
ik 9 0.253 0575 0.319 0.684 1.340
méﬂ
= L1 4 0.248 0.598 0.300 0.707 1.388
F 7 0.246 0.587 0.301 0.711 1.396
Al 1 :
7 0.237 0,593 0.293 0.718 1.440
Jg 4
7 0.244 0.591 0.300 0.713 1.406




TABLE 1.33. OBRIGHEIM: Kr and Xe isotopic ratios

Fuel Krypton Xenon
Element Sample
B3/86 | 84/86 | B5/B6 |131/134)132/134] 135/134
D1 P1 | 0.13¢ | 0305 | 0055 | 0.335 | 0.685 | 1412
P2
P3
- E3 P1
z P2 | 0.233 | 0613 | 0.100 | 0.306 | 0.734 | 1520
1 P3
5 P4 | 0.231 | 0611 | 0.105 | 0296 | 0625 | 1518
es P5
]
zs G7 P1 | 0.255 | 0573 | 0.104 | 0.333 | 0.656 1.400
P2
<3 P3 | 0.229 | 0613 | 0.104 | 0.294 | 0.757 | 1.534
=i P4
z Ps | 0.245 | 0602 | 0.107 | 0.304 | 0.723 1.487
Mt4 P1 | 0.257 | 0567 | 0.106 | 0.339 | 0649 | 1.375
P3
Pa | 0.241 | 0594 | 0.105 | 0.303 | 0.700 | 1.491
Z
@y G1a P3| 0212 | 0631 | 0,104 | 0275 | 0.781 1.585
=R P4{1)
) P5(1)
T P5(2)
2
wE K14  P1
38 P3(1)
= Pal1)| 0.241 | 0594 | 0.105 | 0.303 | 0.700 | 1.491
]
I
TABLE [.34, GUNDREMMINGEN: Kr and Xe isotopic ratios
Fuel Krypton Xenon
Element Sample
83/86 | 84/86 | 85/B6 [131/134|132/134| 136/134
[,
i Al 1
=8 2
]
oo
ﬁg‘g* B 2 0.245 | 0.589 | 0.107 | 0303 | 0698 | 1.424
4]
ﬂ:f c 5 | 0239 0594 | 0.106 | 0306 | 0.714 | 1.443
<. E 3
g" 5 | 0258 | 0681 | 0121 | 0204 | 0711 | 1510
[
i
[Ty ]
£Q | At 1
wg: 2
;%1: B 3 | 0256 | 0571 | 0111 | 0335 | 0675 | 1.363
Se |l € 5 | 0.254 | 0573 | 0111 | 0327 | 0666 | 1.404
E;’j- E 5 | 0249 | 0581 | 0112 | 0328 | 0675 | 1.450
Z

Isotopic dilution analysis

The isotopic dilution technique was used for the mass spec-

trometric analysis in order to determine the isotopic concen-

tration. This technigque is briefly described below.

Let A be the isotope, the quantity of which has to be deter-

mined, and I the known quantity of the spike isotope which
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has been added to the sample to be analysed. After separation
of the element from the sample (the separation yield need not
be known), the isotopic ratio A/I is measured, The quantity
of isotope A = '?‘ i

Frequently, however, the sample already contains some amount
of Ip of the spike isotope and it may be that some A, of the
isotope A to be determined is already in the spike. Therefore
the isotopic ratic R in the sample (A/IP = Rp) and in the in-
dicator (Ai/l = Ri) has to be determined.

The mixture of the spike solution and the sample consequent-
ly contains the quantity of the spike isotope Im= Ip+ I and

the quantity of the isotope to be determined Am= Ai+ A,

The isotopic ratio in the mixture, R = Am/lm follows

from considerations of Rp and Ri'

A+IR, R_- R,
R = 1 A= I m 1
m A7Rp +1 l—Rm7Rp

This means that also in this case only isotopic ratios have to
be determined: '

A more general relationship among isotopic ratios of safnple
spike and mixed solutions has been suggested by R. K, Web-
ster /42/ for the calculation of the concentration ¢of one ele-
ment in the sample solution. This relationship takes into
consideration all isotope ratios of that element determined
by mass spectrormetry in the sample, spike and mixture

solutions. The concentration Cp of the element is given by:

n
Z MR
' R,
c _wsc Bp-By o=y b4
R~ WR -] RMRS-I n
Z MR
. i'i
i=1
where:
WS weight of spike solution
WR weight of sample solution
Cq concentration of spike isotope (y) in the spike so-
lution

RJ:!{' RM’ RS isotope abundance ratio R(:f_‘), measured in
spike, mixed and sample solutions respectively

En M.R., 21':1 MiRil sum of isotopic ratios measured
- 1=l in the sample and the spike solu-
tions. (Mi atomic weights of the

isotopes)

In most isotopic analyses only the isotopic concentration
61’ the most abundant single isotope is determined, The

concentration of the other isotopes in the sample follows

from the corresponding isotopic ratio.



Mass spectrometry measurements of heavy isotopes in
general lead to the determination of the fellowing is otopic
ratios:

. for U unspiked solutions:

234U/ Z38U, 235U/ 238U, 236U/ 238U

. for Pu ur‘zspiked solutions:
Pu/239 u, Pu/239 u, 242Pu/239p

. for Nd unspiked solutions:

142Nd/148Nd, 143Nd/l48 144Nd/148

45Nd/148Nd, Nd/l48 ISONd/148

. for Am unspiked solutions:

242Am/241A ‘ 243Am/241A

In the spiked solutions used for the concentration determina-~
tion by isotope dilution, the following isotopic ratios are mea-

sured:

238U/233 239Pu/242 150 241Am/243A

U, Pu, 48N4a/'°%Nd ang

The raw data were then used to calculate the buildup and the
1

burnup both from 148Nd and from 37Cs.

In order to derive the buildup and depletion of different iso-

topes, each heavy isotope Ni was related to the total heavy

isotopes ZN? before irradiation, i.e. to all initial uranium

atoms, using the following equation:

N, R,

10 - 1 /1/
z Ni Z R, +ZA
with
Ri = the ratio of each isotope in atoms, to the post-irra-
diation atoms of 238U (i-= 235U, 236U, 238U 238
239Pu, 240P , 241?13., 2421311, 241Am, 242Am, 243
24ZCm, 244Cm)
A = the ratio of fissioned nuclides in atoms to the post-
irradiation atoms of 238U, obtained from L48Nd or
137 .
Cs analyses, i.e.
148
1
atoms Nd/ Y | 48Nd) or
238
U
137¢ 137
atoms /Y | )
238U
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The burnup (B) is first derived in terms of percentage of
fissioned atoms referred to the initial heavy. atoms, FTl,

which is given by the following relationship:

F_ = —L Y /2/

z Ri+R/Y

with:

R = the ratio between 148Nd or 13765 atoms (formed

238U atoms present at

during the irradiation) and
the end of the irradiation

13
the average fission yield of 148Nd or "cs

v
I

b
o
I}

the sum of the ratio of all uranium, plutonium,
.. . 2
americium and curium atoms to the 38U atoms

at the end of the irradiation.

Before applying equation /2/ it was necessary to introduce
some corrections to take into account:

a} the 148Nd burn out by neutron capture

b) the 148Nd buildup by 147Nd {n, 7) 148Nd reaction
1

c)} the 37Cs decay during the irradiation,

The correction factor for a) was given by the following

e quation:

Cl = 1-f-0.012xD25

where!
0.012 is the ratio oa 148Nd/cra 235U

W - W

R « B . .
D25 = W WO and W bemg the initial and final
© uranium enrichments

The correction factor for b) was derived from a work by
Maeck et al. /43/ in which the activation cross-section of

1 -
4—"Nd is evaluated as

acl‘” = 440 + 150 b

The correction factors applied are a function of the dif-
ferent burnup levels of the samples and of the different
neutron fluxes in the reactor.
The correction factor for c) was given by the equation:
n
A137¢s) - =1 T,

3
137
- A . ] -A
{137Cs)- T; j - {

Cs)ti



where:

Ti represents the time of irradiation for any i-th period

1

the end of the irradiation

t, represents the time of decay from any i-th period to

The correction factors introduced in the calculation of burn-

up are given in the following Table:

Correction Reactors
Fectors Garigliano Trino Vercellese Obrigheim Gundremmingen
a) 1.006 — 1.008 1.005 - 1.010
b} 1.010 - 1.020 1.010 - 1015
cl 1° Cycle 1° Cycle B23 BE124
1.026 1.0286 1.041 1.041
11° Cycle 1° Cycle c16 BE210
1.022 1.083 1.035 1.033
a) 148Nt:i burn out by neutron capture
bl 148Nd buildup by 147hq fn.4) 14804 reaction

o 137

Cs decay during irradiation
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I1. Characterization of the Data







1. General Remarks

As already said in the introduction, the main scope of the
Bench Mark actlivity was to provide a set of data of wide
application to different fields, but with'the characteristic
of being highly qualified data. For this reason the greatest
effort in all campaigns has been put into the discussion and
elaboration of the data. Great attention was paid to the
identification and reduction of random and systematic
errors, to the recalculation of the data by means of burn-
up codes and to checking the data with ICT. One particular
activity concerned the setting up of an inverse code
(THEORY), which, starting from experimental details, can
evaluate cross-section ratios by means of data fitting.

The topics in this chapter will be:

1}  evaluation of typical overall errors;

2) description and use of the inverse code THEQRY;

3) 1CT;

4) comparison with calculated values.

All these checks, together with the traceability given to the
data by the diffusion of irradiation characteristics, should
qualify the data for the aims and the purposes of a wide

range of users.
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2. Discussion of Uncertainties

The problem of determining the measurement uncertainty
presents different aspects: first one must evaluate the un-
certainties in the raw data from all possible sources. Then
it is necessary to evaluate the contribution of these uncer-
tainties to elaborated data (buildup, burnup, etc.) deter-
mining the overall precision of the measurements. And
finally the possible bias of the elaborated data should be
investigated by having a paired analysis of couples of re-
sults in parallel with other laboratories, The logical scheme
followed in the analysis of the experimental error to en-
compass the above requirements is shown in Fig. 1L.1,
where four steps are considered and indicated by A through
D. In fact, the evaluation of the typical uncertainty con-
nected with the determination of burnup and buildup of heavy
elements in spent LWR fuel assemblies is quite complex
since it involves several laboratories and various treatments,
So the first aim of the analysis (step A in Fig. 1I.1) was to
identify and evaluate any possible error sources already
existing before the analytical measurements.

Step B deals with actual analytical measurement uncertainties
{a,y and mass-spectrometry).

Step C comsists in a combination of the above uncertainties to
give the final giobal error.

Step D concerns the interlaboratory comparison, through a
paired analysis of couples of pellets cut at the same nominal
position in the rod and analysed in parallel by the two JRC
laboratories of lspra and Karlsruhe,

In addition the functional dependence of uncertainties upon the
burnup level has been investigated, determining the error
values for 4 different burnups.

Before going into detail on the assessment of the uncertain-

ties, a remark should be made: throughout this chapter the

L s St
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errors and discrepancies are generally quoted as percentages

with two decimal figures. This frequently makes poor physical

sense, but has been adopted for two reasons:

. first, because most of the figures derive from mathema-
tical treatment (e.g. curve fitting);

. second, because in certain cases a rounding to one decimal
figure would have led to an error or a discrepancy of zero
which has even less physical sense.

So for reasons of hormogeneity, two decimal figures are given

for all values presented,

7
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ISPRA VALUES

EVALUATION OF
UNCERTAINTIES FROM
PRELIMINARY TREATMENTS

2. Sample cutting
Chemical treatments

EVALUATION OF ANALYTICAL
UNCERTAINTIES FROM MASS,
ALPHA ANO GAMMA
SPECTROMETRY

1. Uncertaipty on raw data = &;
- Isotopic ratios
- Concentrations
- Activity ratios

2. Differentiation of formulae
for transmission factors = F;

3. Evaluation of final anafytical
uncertainties €= T ¢; - F;

U

EVALUATION OF THE OVERALL
UNCERTAINTY
A+B

KARLSRUHE VALUES

I

k

COMPARISON
WITH

KARLSRUHE

VALUES

7/

N

Fig. 11.1. Scheme adopted for evaluation of the uncertainties

1. Step A: Evaluation of uncertainties from preliminary
treatments

The possible error sources before the measurements were

identified in sample cutting and chemical treatment.
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Uncertainties in sample cutting

The uncertainty in the cutting position has been’evaluated to
+ 2 mm (standard deviation) which corresponds to about
0.5% in the burnup value (the burnup variation is around
0.3% mm-! in the upper and lower fuel sections). Similar
error levels are estimated for U and Pu axial distribution,
More difficuit is. the evaluation of the uncertainty introdu;ed
by the loss of fuel material during the cutting (a non-homo-
geneous loss in the radial sense could alter the Pu/U ratio
due to the radial complex‘Pu formation distribution').
Qualitative and quantitative methods {optical and photo-
graphic inspections and weighing) were normally applied
to minimize losses, but the possibility of small uncontrolled
losses remains.

An approximate evaluation of the uncertainty deriving from
the material loss from the pellets has been carried out

starting {rom reasonable conservative hypotheses.
First, the assumption has been made of a loss of 5% of ma-

terial in the pellet, a loss which has been concentrated sub-
sequently in five concentric regions of the rod (see Fig, I1,2),
The Pu/U distribution has been evaluated by means of the
LASER burnup code /44/ in the cell geometry of TRING
VERCELLESE PWR for a burnup of 30 GWD/MTU and is
shown in Fig., II.3. The parameter Pu/U has been chosen

T
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Fig. 1.2, LASER TRINO [I: Schematic Fig. 11.3. LASER TRINO II: Relative spa-
representation of the rod (dimen- tial distribution of Pu/U mass
. sions are in mm} ratio in the asymptotic rod



as being more sensitive than others to the concentrated loss
of material. The burnup is certainly much less sensitive,

1
since it is evaluated from 37Cs or from 148Nd. which,

being fission products, are distributed quite flatly in the pin.

The effect of 5% material loss concentrated in the different
regions (with regard to the unperturbed situation) was of
the order of + 1. 5%.

Then we assumed that an uncertainty of about 0.7% (stan-
dard deviation) on Pu/U should be a reasonable estimate
for a casual loss of 5% owing to the fact that a concentrated
loss in the outer or inner zone of the pellet has a low pro-
bability of cccurrence and can be easily detected.

Care must be taken, however, with the cutting of pellets

since a loss greater than 5% would lead to an error able to mo-

dify substantially the overall quoted uncertainty.

A second exercise was performed assuming a concentrated
loss of 2, 5% which would be more likely to occur and would
be more difficult to detect. It would also have the effect of

modifying the results by about 0, 7%.

An average unéertainty of 0. 5% was then evaluated as the
most probable value to be transmitted to the final results,
{see Tables I1.9, 11.10, II.11) as a consequence of a

maximum loss of 2,5% not completely concentrated in the

outer or innermost regions.,

Uncertainties in chemical treatment

The high quality of the methods used and the care taken with
their application together ensure that the chemical treat-
ment leads only to negligible errors. Such phenomena as
physico-chemical modification of the samples (e.g.
“ageing) were avoided. Because the possible uncertainties
introduced by chemical treatment were of a relative na-

ture, they had low transfer factors on the final results,

2. Step B: Evaluation of analytical uncertainties from mass
alpha- and gamma- spectrometry

This paragraph deals with the accurate error analysis per-
formed in the various laboratories involved in the measure-

ments, for an assessment of analytical uncertainty.

Uncertainty on raw dala

The first point (B, 1 in Fig. 1I.1) consisted in the evaluation

of the uncertainties in the raw and measured data. We have
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grouped the raw data into three categories: isotopic ratios,
element concentrations and fission yields.

The uncertain}:y as to the isotopic ratios has been evaluated
by fitting experimental errors quoted in the various measure-
ment campaigns. These errors were given in terms of in-
strumental reproducibility combined with repetitive analysis
on the same pellet, This procedure is described in Figs.
11.4 - 11. 7, in which typical fittings of experimental errors
are illustrated. Figure II. 4 gives the fitting vs burnup of
the declared JRC errors for most mass spectrometric mea-
surements of the isotopic ratio 2:';l‘:’U/‘?'?'st.f. The points

are representative of all the JRC analytical campaigns.
Each point represents the error in the measured parame-
ter, as deduced from repetitive measurements of the same
filament and frequently from 3—4% different filaments of the
same sample (single pellet solution). It thus represents a
total variability within one laboratory, not a pellet to pellet
{sample to sarnple) variability.

2':J’E’U/ZBB'U with burnup

The increase in uncertainty regarding
23

is coherent with the decrease of the signal { y content),

Figure 11. 5 gives the corresponding fit of the declared un-

2
certainties on the isotopic ratio 2421:’u/ 39Pu.
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The fit correctly decreases with burnup, due to the signal
increase of 242Pu isotope, For the o activity zatios the
situation is slightly different as can be seen from Figs.

II. 6 and II. 7. In fact, the errors do not in practice de-
crease with the burnup and this is due to the opposing in-
fluences of the two factors affecting the measurements al-
ready pointed out in section 1. 6. At low burnup the weak

signal makes highly concentrated sources necessary, with

i
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y = —0.00488x + 1.028

€% *28Pu/(**? Pu + 2% Py} Activity Ratio
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Fig. 11.6. Linear fitting of the 2*3 Pu/{?3 Pu + **° Py} errors against burnup

20
a
[9 a
8
= 15 -
o0
=
=z o o
3
<L
3
|-
s
210 4
-+
]
m] ]
o 0
€
[
= O y=—-0019x+4.234
¥ 5

0 J %D et Buraup
T T T
10 20 30
GWD/MTU

Fig. 11.7. Linear fitting of the **2Cm/(**?Pu + **®Pu) errors-against burnup

79




80

the consequent degrading of the spectrum. At high burnup,
mainly for 238Pu, peak tail corrections becorme important
and systematic error components due to the background
subtraction procedure, can have a very strong influence on
the overall uncertainty /38/.

The error on raw data of the two ratios has been considered
constant also in view of the large spread of experimental
error data points (see Figs. II. 6 and II. 7). This point will
be taken up again when the systematic error is discussed.
The evaluated uncertainties for the raw parameters! "'isotopic
ratios and alpha activity ratios', are given in Table I1.1 at

four different burnup levels.

It is perhaps worthwhile mentioning now the fact that the above
procedure, followed for the assessment of raw data uncer-
tainties vs burnup, is not completely rigorous for various
reasons: firstly, the dispersion of the points is sometimes

extensive and the fitting with a straight line can become pro-

. blematic; secondly, the buildup of nuclides or their percent

content is not a straight line (see section II. 5) so their error
dependence should also at a first order approximation be re-
presented by higher curves.

Finally, in certain cases, (& measurement for instance) the
error dependence is complex, having different functional
dependence on burnup at different burnup levels. So it cannot
be described by only one analytical expression in the whole
burnup range. '

It is thus evident that a straight line is only roughly represen-

tative of the more complex curves which should be employed.

TABLE 1.1, Evaluated percentage uncertainties for measured raw parameters

~

P Burnup (MWD/MTU)
‘arameter

7694 10932 19039 24637
235,238y 056 0.59 Q.66 0.7
23612381 1.64 1.57 1.38 1.24
2iCp239p,, 0.41 0.42 0.45 0.48
W1p,2¥py 0.65 0.64 0.60 0.58
242p,/238py, 1.70 1.52 1.01 0.67
28200 /(230py, + 240p,) 4.00 4.00 4.00 4.00
244 0 11239 4 240py) 8.51 7.43 4.47 2.42
{(2Bpy 4 241 g T3y 4 240p o.81 1.02 1.58 1.97
238py, 1(239p), 4 240p,) 1.00 1.00 1.00 J 1.00
Pu concentration 0.65 0.65 0.65 0.65
U eoncentration 0.58 0.58 0.58 0.58
Nd concentration 0.60 0.60 0.680 0.60
148 4 /238y 1.00 1.00 1.00 1.00
fission yield {148 Nd) 1.00 1.00 1.00 1.00




To a first approximation, however, we have considered this
model as sufficiently adequate to describe the error varia-
tion.

In Table II.1 the error values for the concentration of Pu,
U and Nd are also given. The above uncertainty values have
been evaluated by differentiating the Webster formula which

is repeated here for cornpleteness.

Z M.R
W [ . .
c -5 ¢ Bp- By gy B
R WR SRMRS-l n
I MR/ '
. 11
i=1

The meaning of the symbols and the errors evaluated for the
different parameters are shown in Table II, 2.

The results of the analysis of uncertainties on the measure-
ment of Pu, U and Nd concentration (Table I1.1) showed
that the error values were practically constant with the
burnup. This was due to the fact that the dominant uncer-
tainties are represented by the declared error on spike
concentration {Cg) and by the error on the measured isotope
abundance ratio {(R)f) which were constant with the burnup.
For completeness in Table 1I.1 are also presented the un-
certainty values assigned to the ratio 14‘.“iNd/z"’aU, to the
initial 235U enrichment and to the fission yield of

Y48y /as/.

Diftferentiation of formulae for transmission
factors and evaluation of final analytical uncertainty

The error source having now been identified and assessed,
the various uncertainties of raw data have to be inserted in

the formulae leading to the burnup and buildup values.

TABLE 11.2. Percentage errars evaluated for the Webster's formula parameters

e €% €% E%
Symbaol Significance Pu u Nd
WS Weight of the spike solution 0.05 0.05 . 0.05
Wq Weight of the sample salution Q.05 0.0% 3.05
Cq Spike concentration 0.28 0.30 0.28
Ry Isotope ratio in the spike 0.17 0.10 0.09
solution
Ry Isotope ratio in the mixture 0.30 0.30 0.30
solution
Rg Isotope ratjo in the sample 0.10 0.02 Q.08
solution
h M, R, Sum of the isotopic ratios in 0.17 Q.18 0.08
the sample solution
x M, R Sum of the isotopic ratios in Q.12 0.18 0.08
the spike solution
Cr Concentration of the etement 0.65 0.58 0.60 )
in the solution '
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= 5L/y"— & 5’&
;"*' LV" C{U"
ol ¥ i A

With this aim the relationships giving the differen;t final
parameters have been differentiated (3.2 in Fig. II.1)
expressing the overall relative 'thertainties as a function of
the uncertainty of the original parameters and their trans-
mission factor (B.3 in Fig, II,1), Supposing a2 parameter P

function of various original raw data Rj

The general form of the overall evaluated analytical uncer-

tainty was the following:

2 n dR, 2 n 2
€y = z (Fj-———l—)R = Z (F,. €)
=1 j 17
with:
j ='index for different original raw data R {mass spectro-

metry, isotope ratios, activity ratios, etc.)

dR,
—1= ¢,
RJ i

= relative uncertainty evaluated for the individual
parameters

Fj = transmission factors of the uncertainty

Some typical examples are given in the following paragraphs
¢f how the analytical ﬁncértainty on some parameters has
been evaluated at different burnups starting from the errors
on the raw data just shown in Table II, 1.

It must be pointed out for the sake of clarity that the formulae
for € reported in Tables IL3 to II.6 are, as previously men-

tioned, simplified expressions for easier understanding. In

TABLE 1£.3. Evaluation of the analytical uncertainty on the burnup. {Percentage of fissioned
atoms referred to the initial heavy atoms)

148 Nd 1
|y ¥
Burnup {(F—- %)=
PET AT IR
. —_
£ rmy Y
-1
A —
Schematic equation: Fp= Y
1
S+A —
Y
dA |2 dar |? a5 )2
Percentage error: = {F (A)T + I{F (Y)_\T + {F (5)_5__

Error transmission factors against burnup (MWD/MTU} and experimental uncertainties on FT

BURNUP dA dy ds
MWD/MTU F (A} A F iy} ~ E {S) < Total € %
7694 1.01 1.00 1.01 1.00 0.99 0.014 1.41
10932 1.01 1.00 1.01 1,00 0.99 0.013 1.41
19039 1.02 1.00 1.02 1.00 0.98 0.013 142
I 24637 1_1.03 1.004l 1.03 1.00 097 0.013 1.43




the error calculations, however, the complete expressions

were used. This also explains why the errors in the simple

parameter (dA/A, dB/B, etc. ) do not always correspond to
the uncertainty reported in Table II, 1., In fact they are not

necessarily the same parameters, but frequently A, B, etc.
are a combination of different raw (measured) data,

In Table II. 3 the evaluation of the analytical uncertainty on

the burnup is derived from the following simplified expression:
aa C 2 }2

1 a4a 4y 48

which was deduced from the more complete derivation of the

analytical expression for the burnup:

148
% is the relative uncertainty linked with TB-B—NQ atom ratio
U

Y

‘d? is the relative uncertainty linked with l‘mNd fission yield
ds iy iIsm:oge
=5 is the relative uncertainty linked with Z r. (5= )
5 =1 b 238U

The above error values are given in TableIl.3 for different
burnups. The analytical expressions of the corresponding
transmission factors are also given and their absolute values
quoted for different burnups. 148

. . . N
It is obvious how the uncertainty on the measure of -2-3_84
U

ratio and on the fission yield have the same "weight" on the
final error. It is consequently unreasonable to improve the
precision of the measurement of concentrations belore having
a more precise determination of the fission yield.

The burnup dependence of the burnup analytical uncertainty

is very weak {Fig. I1.8) and is essentially due to a small
increase in the transmission factors. The uncertainty can be

considered constant arcund 1.4%.

A second example is the uncertainty in the determination of

23E’U buildup. The error expression is again split into two

terms (Table 11. 4) but it is evident that the only significant
contribution comes from the determination of the

2
36U/Z:J'SU ratio in the sample.

2
The burnup dependence of the 3é’U content is more marked
(see Fig. II, 9) due simply to the increasing signal-to-back-

ground ratio (236U content).

The third example concerns an important parameter, i,e.

235U depletion. The analytical expression [rom raw data

83



is given in Table II. 5 together with the simplified derivation

of the analytical error expressed in three terms, which are

linked respectively to a knowledge of:
>y (weight%)

W5

U5 = the measured f
Z

the initial enrichment in
235U/238

inal

U ratio

a ¢correction factor for heavy isotope burnout

The original error 4W5/W5 was considered constant at

0. 6% (the initial enrichment was measured by the shipper:

we adopted the typical mass spectrometry error value),

while the error dU5/U5 ({derived by fitting experimental

points as previously outlined) slowly increased with the

burnup, following the decreasing signal from

35

Nevertheless the marked decrease of the transmission

factors of both dWS/WS and dUS/US determine the trend

U (Fig.IL4).

TABLE I1.4 Evaluation of the analytical uncertainty of the 2?4 U buildup. {Atoms % of initial

heavy atoms}

238y 100
2364J puildup =
238, E N 148Ng 1
=1 i 28y Y
Schematic equation:
236UB =Ug - Z

Percentage error:

X dué |* dz |*
€ = IF ) —— ¢ + {Fl2)—
U z

Errer transmission factors against burnup (MWD/MTU)
and experimental uncertainties on 236U buildup

BURNUP due _dz
MWD/MTU F {U6} U6 F{Z) > Total €%
7694 ' 1.00 1.64 1.00 0.018 1.64
10032 1.00 1.57 1.00 0.021 1.57
19039 1.00 1.38 1.00 0.031 1.38
24637 1.00 1.24 1.00 0.038 1.24
— a
e 2
g a
= 3 2
g 2 28
E z
-oo0——0—0 e
a®
w 1 T R E
Burnup J 0 BurnuB
. T j B N
10 20 jela] 0 10 20 30
GWD/MTU GWD/MTU

Fig. 11.8. Burnup percentage uncertainty

against burnup

Fig. 1.9, 2*$U puildup percentage uncer-
tainty against burnup
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Fig. 11,10. **% U depletion percentage uncer-

rainty against burnup

TABLE I.5. Evaluation of the analytical uncertainty of the *3* U depletion. [Atoms % of initial
heavy atoms)

238.051- (wis 28U) 7 235, 100
235 depletion = -
0.03007 - (w% 25U) 1 +235.044 233, , 148Ng 4
iz= 1 Nt 23y v

Schematic equation: K, W,
235UD s——_Us.2
Ky - W + Kq

Percentage error-

. dws | ? aus | ? dz |?
€ = yF (Wg)— + {F(U5)— + |F{Z)—
ws us z

Error transrnission factors against burnup IMWD/MTU}
and experimental uncertainties on 235U depletion

BURNUP dWs dUs dZ
MWD/MTU F (W5) W5 F (US) T3 F {2} 7 Tatal €%
7694 3.42 0.8 242 0.56 242 0.018 2.46
10932 2.87 0.6 1.57 .59 1.57 0.021 1.80
19039 1.83 08 082 0.66 0.83 0.031 1.23 -
248637 1.87 0.6 Q.57 0.71 0.57 0.038 1.03

23 . .
of the analytical uncertainty on SU depletion showed in

Fig, II.10. The error on Z does not play any role in the

overall uncertainty buildup.

Next example is the buildup of Z39}?11.

The uncertainty on 239py buildup is presented in Table Il. 6,
The overall error in 23'9Pu buildup is practically dominated

by the error on concentration ratio
Puleone
U cone

as shown in Table II, 6,

The burnup dependence of 2E'C)I:’u buildup error is practically

zero, as shown in Fig. II. 11.
The example presented in Fig. 1lI.12 concerns the error pro-
pagation in the Pu/U which is one of the most important pa-

rameters in the ICT (see section I, 4).
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Fig. (1,12, Pu/U mass ratic percentage

Fig. 11.11. *¥® Pu buildup percentage uncer-
uncertainty against burnup

tainty against burnup
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The analytical expression leading to Pu/U is presented in
extended and schematic form in Table 11. 7 and an analysis
of the transmission of the error shows that the uncertainty
on the buildup of 239p, {Q9 term in the equation) plays a

fundamental role, especially in the low burnup range,

TABLE 11.6. Evaluation of the analytical uncertainty of the #°Py buildup. (Atoms % of initial heavy atoms).

[Pl cone 239p, 100

[U] CONC 238y ';'2 +’43Nd 1
[ o—— —
3y v

239py buildup =
i=1

Schematic equation:
P P9
ZGSP a—— 7
B U us

Percentage error:

dp | ? du }? drg |? dus|? dz |?
ez-lF p___l +{|: U___l Fpg__l l ___l ' _l
(JP ()U +{F )PQ + F(UB]UB + F(le

- Error transmission factors against burnup (MWD/MTU)} and experiméntal uncertainties on 239py buildup

BURNUP dP dU dP9 dUB dz
MWD/MTU FiP) B F{U) U F (P9) ry F (U8) U8 F (2) z Total €%
7694 1.00 0.65 1.00 0.58 1.00 0.07 1.00 0.01 1.00 0.018 0.87
10032 1.00 0.65 1.00 0.58 1.00 0.08 1.00 0.08 1.00 0.021 0.88
19039 1.00 0.65 1.00 0.58 1.00 0.10 1.00 0.10 1.00 0.031 0.88
24637 1.00 0.65 1.00 0.58 1.00 0.1 1.00 0.11 1,00 0.038 0.88
TABLE I1.7. Evaluation of the analytical uncertainty of the Pu/U mass ratio.
[P CONC 23BPy + 239py + 240py + 241 py + 292py 100
[U] CONC 2$U n 148p4 19
Z ftamy v
Pu o i=1 U v
— mass ratio = 73
u 1000 238.051 - {wt% W . 100 /235U _ 236y . 1)
0.03007 - {wt% 2350) | +235.044 n L oNa 1 \238, 233y
r. -
i=1' By v
Schematic equation:
P PB+P2+PO+Pi+P2
Pu U us z Qg+Q9+Q0+Q1+0Q2
K K, - W Us Ug S,
® K, W, +K, us Us
The transmission factors of the errors of the S, elements are negligible, then not considered in the percentage error reiationship
Percentage error:
. daos | ? dag |* dag |* da1 |* da2 | ?
€ = {F{Q8)— +F{Q9}—— f + {F{Q0)—— | +(F{O1)— + 1 F(Q2}——
a8 Qs Qo o)} Q2
Error transmission factors against burnup (MWD/MTU) and experimental uncertainties on Pu/U mass ratio
BURNUP dQ8 dQ9 dQ0 dQil dQ2
MWD/MTU F {Q8) as F (Q9) o F (90) a0 F{Q1) a F {Q2) a2 Total €%
7684 0.0018 1.75 0.817 0.87 0.120 096 0.057 1.20 0.003 191 073
10832 0,0028 1.83 0.759 0.88 0.145 0.97 0.085 1.18 0.007 1.75 0.69
19038 0.0084 2.01 0.677 0.88 0.177 0.98 0121 1.14 0.017 1.33 . 064
24637 0.0127 1.99 0.630 0.88 0.191 0.99 0,142 1.15 0.024 1.10 0.6t
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The 240py uncertainty contributes a little more at higher
burnup while the uncertainties on 241?\1 and 242Py play
a negligible role.

Also other parameters {such as 23'SU depletion, 238p,
buildup, etc.) which are considered in the complete‘ex-

pression of Pu/U have no influence on the final error.

In Fig. I1.13 the experimental uncertainty on 23'8U deple -
tion is shown. A marked decrease with the burnup is evi-

denced.

Two examples of transmission of uncertainty in @-spectro-
metry measurements are reported now: in Table II, 8 the
error propagation from raw ¢%-measurements to 238Pu
buildup is shown., The first step gives the contribution to
. - . 238 239 240
the unce rtainty of net activity ratio “7"Pu/{"" "Pu + Py)
23 42
due to the subtraction of 8Pu formed from z Cm decay.
The uncertainty in this term €(Co}is of the order of 4, 0%
on average(Table {i)) but its transmissionfactor F{Co)onthe
net activity ratio Ay becomes significant only at high burn-
up, as shown in Table (ii}). ln fact, the highest weight in
the uncertainty on Ay (net activity ratio) comes from the
measured ratio Ay (.
238
In the following step the Pu percentage atoms are cal-
culated from the net activity ratio as shown in Table (iii)

with various contributions to the error from activity ratio,

decay constanty /3/, etc.

The last step in Table {iv) shows howthe errors onthe 238py

buildup are evaluated by showing up the contribution to the
uncertainty coming from P8, U8 and the two concentration
measurement errors. LThe burnup dependence is shown in

Fig. I1.14.

=]
|

€% 7% U Depletion
F-9
|

€% *'% Pu Buildup
L]

—

1

Burnup 0 Burny

|

H T 1 1 i
0 10 20 30 . 0 10 20 30
GWD/MTU GWD/MTU
Fig. 1113, ?**U depletion percentage uncer- Fig. 11.14. ***Pu buildup percentage uncer-
tainty against burnup tainty against burnup
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TABLE 11.& Evaluation of the analy tical uncertainty of the 2 Pu buildup. {Atoms % of initial heavy atoms).

258p, buildyn = (Pu] conc 28py 100
R TOT 8y 148Ng 1
.+

j=1 ' Wy vy

CONC

Schematic equation: p
Brge o 2 )
&8py

Since 2%8Py is measured by &-spectrometry, as activity ratio , the 298Py percentage atoms at shut down time are given by:

239Pu + 240PU

2%p,, = 238py, B9py . Ag +240py . po As-t
2py + 2M0py| | " As ¢

Schematic equation:
PO+ L9+P0+ L0
—_ L8t

L8

PB= A, [2]

238py

The net

————————— activity ratio is given by:
® 238 + 290p, " given by

N 238py 23Bpy 22Cm As As -t
- | — =l—-— — ———  — 2"
N[ 2pye20py | L [ 20pusMopy | | 20y e 20py | oA, S

Ap, Ag, Ag, Ay are the decay constants of 238py, 239py, 290py and 242Cm
Schematic equation:
Ay=A,~Cq : : {3]
L8 L2

where=C, =C,, .—— ¢
Q M

.t [4]

Percentage error on Co (equation 4}:
b!

+

dig |?
F{LB)—
L8

2 “Cm g2y’
€ (coth(cM)C—M- F(L2)L2] +

Table {i}
Error trangmission factors against burnup {MWD/MTU} and experimental uncertainties on CO

BURNUP dCy gz | dL8
MWD/MTU F {CM) —EM— Fi{L2) Tz F {L8) 18 €% (Coi
7694 1.00 4,00 7.00 0.08 1.00 09 4,12
10932 1.00 4.00 7.00 0.06 1.00 0.9 4.12
19039 1.00 4.00 6.25 0.06 1.00 0.9 4,11
24637 1.00 4.00 6.81 0.06 1.00 09 4.12
Percentage error on A, {equation 3}:
€' (Ay) IF(A )ﬂ,2+lm )_‘{Fgl’
N M Ay 0! Cq
Table (ii}
Error transmissions factors against burnup {(MWD/MTU) and experimental uncertainties on Ay
dA dC
BURNUP M Q
MWD MTU F (Ap) T\;’T F (CO) Co €% (AN]
7694 1.08 1.00 0.08 4,12 1.12
10932 1.13 1.00 0.13 412 1.22
: 19039 1.22 1.00 0.22 4.12 146
L 24637 1.22 1.00 0.22 4,12 148
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Table 11.8. Evaluation of the analytical uncertainty of the 2**Pu buildup. {Atoms % of initial heavy atoms). (Cont'd.)

Percentage error on P8 (equation 2):

s da |2 dpg |2 dLy | * dpo | dLo | ¥ die |
€ P8I = | FIAFZ— | *[FIPOI—— 1 +[FILBI—} + F(POI—— +{F(LO)]——{ +|F{LB—
N P9 La PQ LO L8
Table {iii}
Error transmission factors against burnup (MWD/MTU) and experimental uncertaities on PB
BURNUP |\ ) DA g 8P [ L8 | 4P g 90 Jepm S| ey pa)
MWD/MTU N TR, =) ta |FPO S5 |F Lo L8
7694 1.00 1.12 0.65 0.07 0.65 0.4 0.35 0.41 0.35 110 1.00 0.8 52
10932 1.00 1.22 0.58 0.08 | 0.58 04 041 0.42 0.41 1.10 1.00 09 1.61
19039 1.00 1.46 0.51 010 | 0.5 0.4 0.49 0.45 049 1.10 1.00 09 1.81
24637 1.00 143 0.47 0.12 | 047 0.4 053 048 | 053 1.10 1.00 0.9 1.79
Percentage error on 233PB {equation 1}:
2 dp | ? du |? dpg |2 dus | ? dz |?
e ={F[P)— 1 +]Fi{U)— +FP8)— | +{F(UB)— | +|Fi(2)—
P U P8 us r4
Table {iv)
Error transmission factors against burnup {(MWD/MTU} and experimental uncertainties on 238p, buildup
BURNUP dP du dP8 dus d
MWD/MTU F (P} P F (U) Ty F {P8) P8 F {UB}) U8 Fi2Z) 2 [ Total €%
7694 1.00 0.65 1.00 0.58 1.00 1.52 1.00 0.01 1.00 0.01B 1.75
10932 1.00 0.65 1.00 0.58 1.00 1.61 1.00 0.01 1.00 0.021 1.83
19038 1.00 0.65 1.00 0.58 1.00 1.81 1.00 0.01 1.00 0.031 2.01
24637 1.00 0.65 1.00 0.58 1.00 1.79 1.00 0.01 1.00 0.038 1.99

Note that considering the large spread of values in Figs,

II. 6 and II. 7 the uncertainty on raw data has been considered

as constant with the burnup, both for

2381:,\41 a

nd

242C.rn

The second example for the error propagation in «-spec-~

trometry measurements is given in Table II.9 and con-
242

cerns the

CM= 242Cm/(23913u + 2401%.) which gives the highest contri-

Cm buildup, from the measured activity ratio

bution to the total error. Figure II.15 gives the burnup de-

pendence of the error on 242Cm buildup.

TABLE 1.9, Evaluation of the analytical uncertainty of the ***Cm buitdup

{Atoms % of initial heavy atoms).

242 0 buildup

Schematic equation:

. Pd ocone #cm 100
Ul cone Fu L
i=1 238y vy
242CB =f_ Ez_
U us

Since 242Cm is measured by & spectrometry, as activity ratio

M20m
239p,, 4 10p,

)

the 242Cm percentage atoms at shut down time are given by:

23py . Ay + WO0PY - A, e?\; -t

242em

2420m =

Schematic equation:

C2=Cphy

L2

23py + 240py

PS.LO+PO- LO

A,

eL2-t

Xg. Mg and A, are the decay constants of 2Py, 240Py and 242Cm

(2]
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Table I1.2. Evaluation of the analytical uncertainty of the **3 Cm buildup {Atom % of initial heavy atoms}). {Cont’d.}

Percentage error on C2 {equation 2):
2

2 dL0 dLz }?
+ (FLO}——1 + {F(LZI—I
Lo L2

dpg 1?2 419 ) ? dPO
FPO)—} + ch)—] + lFtPOJ——
P9 L9 PO

dc,, |2
& |c2) = IF(CM)—M‘ +
CM

Error transmission factors against burnup (MWD/MTU) and experimental uncertainties on C2

BURNUP a4y, dP9 dL9 4P dLo dt.2
Flcy —2 = £ = L2 Py 5| e%lcs
MWD/MTU M <, F (P9} PO F {L9) ) F (PO} PO F{LO} 0 F{L2) L2 (C9}
7694 100 400 | 135 007 | 135 040 | 035 041 | 035 1.10 [ 7.00 006 4.08
10937 100 400 | 141 008 | 141 040 | 0.41 042 | 041 1.0 | 7.00 006 4.09
19039 100 400 | 149 010 | 149 040 | 049 045 | 043  1.10 | 625 006 4.10
24637 1.00 400 | 153 012 | 153 040 | 053 048 | 053 1.0 | 681  0.06 4.12
Percentage error 242Cy (equation 1}: i
dp |* du ] ? dcz |* dus |* dz |*
€= |FIP—1 + {FIO—1} + (FiCd—! + {FuB——1 + {F(2i—
P u . c2 us z
Error transrnission factors against burnup (MWD/MTU) and experimentat uncertainties on 242 0m buildup
: u dus d2
- A R A VI T o Total € %
7694 1.00 0.65 ! 1.00 058 | 1.00 408 | 100 001 | 1.00 0.018 417
10832 1.00 065 | 1.00 0.58 | 1.00 400 | 1.00 0.01 | 1.00 0.021 4,18
19039 1.00 0.65 | 1.00 058 | 1.00 410 | 1.00 0.1 | 1.00 0.031 4.19
24637 1.00 065 | 1.00 0.58 | 1.00 417 | 1.00 0.01 | 1.00 0.038 4.21

The remaining uncertainty values of the Pu isotopes bpildup -
whosel tables of error analysis are not given (Figs. IL.16 -

I1.18) are practically constant with the burnup apart from

the error on 2‘?tZPu which decreases sharply by almost a

factor 2 in the entire exposure range following the net in-

crease in its buildup.

The 241Am error value remains constant at high values a-

round 20% (Fig, IL. 19). ;

(=% & —
2 g
: oo 2 '
S 47 2 ' —go—0o00—
1 g
® w
w

5

Burnup
0 i | Burnupla 0 : [
0 10 20 30 0 10 20 30
GWD/MTU GWD/MTU )
Fig. 11.15. ?*1Cm buildup percentage uncer- Fig. 11,16, **°Py buildup percentage uncer-
tainty against burnup . tainty against burnup
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The error on 244

Cm, Fig. II.20,

rapidly decreases from

8. 6% to around 2. 7% in the range explored,

The complete set of analytical uncertainties are reported

in Table II, 10 for four different burnup levels.
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Fig. 11.17. **!Pu buildup percentage uncer-
tainty agsinst burnup
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Fig. 11.18. **' Am buildup percentage uncer-
tainty against burnup
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Fig. 11.20. *** Cm buildup percentage uncer-
tainty against burnup

TABLE i, 10. Percentage anaiy‘ucai u ertamty of' derlveg arameters at d

AT
R

DERIVED

Burnup (MWEO/MTUY

PARAMETERS

10832 19039

36y Depletion
BBy Buildup
8y Depletion

2B, Buildup
239Pu

Buildup
240py Buiidup
2A1py Buildup
242py Buildup
241 A Buildup
#20m Buildup
244 oy Buildup
Pu/U Mass ratio
148 g Burnup
3705 Burnup

1.80 1.23
1.57 1.38
343 2.29
1.83 2m
0.28 0.88
0.97 0.98
1.19 1.14
1.75 1.33
4.18 4.19
7.53 4.64
0.69 0.64
141 1.42

9N




3. Step C: Evaluation of the overall uncertainty

This step concerns the composition of analyticalal
errors with uncertainties coming from other sources (cut-
ting, material losses). A typical example of composi-

tion of the final error on Pu/U is given in Table 11.11, The
overall error at 24637 MWD/MTU is evaluated around
0.9%. Similar expressions can be derived for other Pu
isotopes. lsotopes of other than Pu element are less sen-
sitive, as previously mentioned, to the cutting uncertainty.
The global error on 239Pu buildup is shown in Table 11,12,
the overall uncertainty for pellets drawn in the outer part
of the fuel pins is around 1.1%, )

The global error on burnup is shown in Table II.13.
Typical global uncertainties on burnup and buildups at
24637 MWD/MTU derived by combining all sources of error

are summarized in Table 11.14.

TABLE 11.11. Global uncertainty (%} on Pu/U mass ratio at TABLE 11.12. Global uncertainty (%) on ** Pu buildup at
24637 MWD/MTU 24637 MWD/MTU
Cutting position (for positions in the extremities) 0.5 Cutting position (for positions in the extremities) 05
Curtting losses 0.5 Cutting losses 0.5
Chemical negligible Chemical . negligible
Arialytical: from: 238py buitdup - Analytical fram: Pu concentration 0.65
{See Table 1.7} 23py puiidup 0.55 (See Table (1.6 U concentration 0.58
240 i 299y atom % 0.12
Pu buildup 0.19
4 . p
#'py buildup 0.16 Total analytical 088  0.88
242p,; buildup -
Toral 1,13
Total analytical 061 061
Total 0.93
TABLE 11.14. Typical global percentage uncertainties a
24637 M
Analytical Cenrral pin Guter pin
Parameter uncertainty region region
from {analytical + {analytical »
Table 11110 | cutting losses} | cutting lotses. |:
cutting position}
TABLE 11,13, Global uncertainty {%) on burnup at 148
24537 MWD/MTU _ Nd Burnup 1.43 1.43 1.51
235 Depletion| 1.03 1.02 1.14
Cutting position {for pellets in extremities) 05 236y Buildup 1.24 1.24 1.34
238py Buildup 1.99 2.05 2
Cutting losses negligible 2%¥py Buildup 0.88 1.01 113
240 ;
Chemical negligibte Pu Buildup 0.99 1.1 1.22
1Py Buildup 1.15 1.25 1.35
Analytical: from: T48Nqs238Yy 1.02 242py Buildup 1.10 1 ]] 1,29
{See Table 11.3] atom ratio 241 Am Buildup | 20.00 20.00 20.00
148N fission yield 1,03 242¢m Buildup 4.21 4.21 421
7 . #4Cm Buildup 2.75 275 275
otal analytical 143 1.43 {[ PuU Massratiol 0,61 0.79 0.93
Toatal 1.51
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Surnmarizing the procédure followed for the error evaluat_*lon,
in Table 1I.l one can see the uncertainty as evaluated on

raw data. In Table I1.10 the sc-called "analytical uncertain-
ty' is presented, as derived from &, 7 and mass spectrometry
measurements and finally in Table I, 14 global uncertain-
ties which take into account also cutting losses and impre-

cisions are given,

4. Step D : Comparison with Karlsruhe data

The last step concerning the evaluation of experimental un-
certainties was the comparison between the values found by
Ispra and Karlsruhe.

As indicators of discrepancy the average percent interlabo-
ratory difference value A and the standard deviation of the

differences s, have been currently used:

d
n n
K L ,.1
- 21 Y - Z1 100X, - Xi)/xi
A - -

. 1
being Xi the values measured at Iepra, XiK the values mea-
sured at Karlsruhe and n the number of determinations.

Thus S4 is defined as:

L

2
z Al
(-4

d n-1

In Table I1,15 the comparison between the burnup values de-
rived from 14BNd is given., It can be seen that the low

average differences and the low standard deviation of the

TABLE 11.15, Intercomparison between Ispra and Karlsruhe analytical results. {**Nd burnup - MWD/MTU}.

Uncertainty evalueted at 24637 MWD/MTU

€= 143%

{*) Qutlier {see text)

Observed discrepancy

Reactor ~ Sample lspra Karlsruhe di{%}

Trina ( 15.4 14,155 14,490 + 2.37
LE.9
A1 8,895 7,814 —12.18("}
A7
Mi1.7 11,912 12,172 + 218

Trino [l EB.7

Ev1.2
E11.4
E11.7
L11.7 24,023 24,700 + 2.82

& |

o [

—1.28% with
68.26% A1.1

0.53% without
237% AN

Obrigheim E3.P4 30,890 30,940 + 0.6
G7.P1
G2.83 21,500 31,140
G14.P3(1) 38,100 36,880 -

1.14

W
X}
=3

Gundremmingen B23.83
B23.ES
C16.83
C16,E5
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differénces give confidence that no appreciable hias was
pres;ent in the measurements.

The low number of coupled samples in this case is due to the
fact that not always in Ispra or in Karlsruhe the 148Nd wa s
measured.

It should be explained at this p;oint that the purpose of the
cross check between the two laboratories was not to per-
form a generic interlaboratory comparison, but rather to
draw inferences about the possible bias in buildup or burn-
up determinations. In parallel the two laboratories ob-
viously have their individual specific channels for mini-
mising their bias. The conclusion drawn on 1‘JlsNd burnup
is that a standard deviation of the difference (sd) of about
2% on a parameter whose accuracy was evaluated around
1.4 % is quite satisfactory.

The figures just mentioned are derived from the set of
burnup data without considering the Al,1 value which
appears to be an outlier, also in Table II. 16, where the
comparison of burnup values from 137Cs is given. The
same anomaly exists for the Al, 1l sample in the entire
buildup data, so it has been omitted in the following.

The results of the analysis of the 37Cs burnup values given
in Table 11.16, again indicate a low average diifference and
standard deviation, but there is some evidence that the data
can be split into two groups: for TRINO I Karlsruhe data are
systematically lower than the Ispra ones, whilst the contrary
happens for TRINO Il and GUNDREMMINGEN data.

A detailed analysis of the uncertainty connected with the

. 37 ;
burnup determination from Cs has not been carried out.

TABLE 11.16. Intercomparison between Ispra and Karlsruhe analytical resufts {'¥7Cs burnup - MWD/MTU),

Uncertainty evaluated at 24637 MWD/MTU

€

= 1.8%

{*1 Qutlier {see text)

Ohserved discrepancy
A = -038% with
5g = 456% Al
E = + 0.67% without
sy = 2.65% Al

Reactor Sample lspra Kar{sruhe d{%)
Trina | L5.4 14.099 13.883 - 1.83
L5.9 10,478 10.444 - 032
Al 8.870 7.716 —13.01("}
Al1.7 16,146 15.740 - 2.51
Mt11.7 12.606 12,035 - 453
Trina 11 ES.7 24,693 24.683 — 0.04
EN2 20,628 21.296 « 324
E11.4 23.557 23.969 + 1.75
€117 23,953 25,095 + 4,76
L11.7 2447 24,632 + 025
Obrigheim E3.P4
G7.P1
G7.P3
G14.P3(1)
Gundremmingen B23.B3 21,690 22100 + 1,89
B23.E5 25.3580 25,900 + 2.05
£16,83 . 15.220 15.680 + 3.02
C16.E5
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To the parameter has been attributed an overall error of
1.8% arising from the combination of 1% uncertainty on fis-
sion yield and 1.5% from measurement (see section L. 6. 3).
But sorne other systematic errors arising from fission pro-
duct migratibn could affect the results, without being easily
detected in the interlaboratory comparison.

The paired evaluation of the 235U depletion is shown in Table
II.17. Once more a negligible average difference {less than
0.1%) and a s of about 2% is again quite satisfactory.

The 235U depletion has, according to Fig.~ H.10 an average
precision ranging from 2. 5% down to 1% depending upon the
burnup level.

The overall uncertainty quoted for 24637 MWD/MTU is 1.03%
according to Table Ii,14. | '

TABLE 11.17. Intercomparison between Ispra and Karlsruhe analy tical results (2> U depletion - kg/MTU},

Reactor Sample Ispra Karisruhe d (%)

Triro | L5.4 12.05 12.28 + 191

L5.8 9.64 9.84 +2.07
ALl

A17 13.85 13.67 -1.30
M11.7 12.56 12.13 -3.42

Tri . ) . -0.6
Uncertainty evaluated at 24637 MWD/MTU rino I =, 0 }g_gg 983
E114 . 18.98 18.66 —1.88
E11.7 19.04 18.87 —0.89
€ = 1.03% L11.7 1B.98 19.12 +0.74
Obrigheim E3.P4 22.52 22,16 -1.60
G7.P1 | tamm 15.60 +547
G7.P3 22.39 2250 +0.49
Observed discrepancy G14P301 23.25 23.89 +2.75
_ Gundremmingen B23.83 15.66 15.37 -1,22
A = -007% B23.E5 1B.62 18.45 -0.91
. = 212% €16.83 12.22 12.14 065
d ) C16.E5_ 14.97 14,73 -1.60

TABLE 11.18. |ntercomparison between |spra and Karlsruhe analytical results {*¥ U buildup - kg/MTUI.

Reactor Sample Ispra Karisruha d (%)

Trino | L5.4 2,24 2.22 —0.89

L59 .9 1.8% —3.14

A1

A1.7 247 2.48 + 040

M11.7 2.52 2.56 + 1.58

Trino 11 ES.7 3.56 3,53 —0.84

i \ E11.2 3.24 3.39 + 463
Uncertainty evgluated at ?4637 MWD/MTU £11.4 353 370 T 482
E11.7 3.62 3.66 + 1.10

L11.7 3.45 3.48 + 0.87

£ = 1.24%

Gundremmingen B23.R3 2.94 295 + 0.34

B23.E5 3.25 3.33 + 2.46

C16.83 2.44 2.46 + 0.82

QObserved discrepancy C16.E5 2.71 2.77 + 2.2
— Obrigheim E3.P4 3.83 3.91 + 2,09

A = + 1.02% G7.P1 2.92 2.93 + 0.34

s = 1.95% G7.P3 3.94 3.98 + 1.01

d ) G14.P3(1} 389 3.87 —0.51
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The results of the Ispra/Karisruhe comparison for 236U

buildup are given in Table II.18. The standard deviation of
the difference found is 1.95% as compared with an evaluated
global uncertainty of 1,24%.

239

The Pu buildup again shows a good agreement: A= 0,13%,

Sq T 1.86% as can be seen in Table 11,19, to be compared

with an average uncertainty of the order of 1%.

But all the Pu isotopes except 2381'-’1_1 show discrepancies and
standard deviation of differences that are always (approximate-
ly) the expected values, i.,e, the accuracy values show no evi-

dence of systernatic bias (Tables 11,20 - 11. 22).

TABLE 11.18. {ntercomparison between Ispra and Karlsruhe analytical resutts (2% Py buildup - kg/MTU).

Reactor Sample ispra Karlsruhe d{%)
Trino i 54 5.04 4.99 -0.93
. L5.9 4.07 4.16 +2.21
Al ’
Al7 4.81 4,89 +1.66
M11.7 4.65 4.52 -2.79
Trino U ES.7 5.99 5.87 . -0.33
Uncertainty evaluated at 24637 MWD/MTU ' 1 o6 593 e
- EN7 6.19 5.95 -3.87
€ = 1.01% L11.7 6.02 5.97 -0.83
Gundremmingen B23.B3 5.31 5.43 +2.26
. B23.E5 4.54 4.47 -1.54
C16.83 4.68 4.1 +«0.64
Observed discrepancy _ C16.E5 4.17 4.18 -0.48
- . Obrigheim E3.P4 4.94 49 —0.61
A = +0.13% G7.Mm 4.26 4,39 +3.05
= G7.P3 4.99 5.04 +1.00
= 1.86%
*d G14.P3(1) 4.52 460 «1.77

TABLE 1.20. intercomparison between Ispra and Karlsruhe analytical results (**°Pu buildup - kg/MTU).

Reactor Sample Ispra Karlsruhe d (%)

Trino 1 L5.4 1.12 1.12 —-0.00
59 0.72 0.7% +4.17

Al
A1.7 1.25 1.25 0.00
Mi11.7 0.72 o -1.39
Trino I ES.7 1.78 1.79 +0.56
5 52 0.00
Uncertainty svaluated at 24637 MWD/MTU Ena 122 12 Ry
Ei11.7 1.86 1.79 -3.76
L11.? 1.82 1.80 -1.10

€ = 1.11%

Obrigheim ’ E3.P4 2.22 2,24 +090
G7.P1 1.16 1.23 +6.03
G7.P3 2.27 . 2,29 +0.88
Observed discrepancy ) G14.P3(1) 2.47 252 +2.02
Gundremmingen B23.B3 1.82 1.88 +3.29
A = B23.E5 2.1 210 —0.47
4 = - o7ox C16.83 1.16 118 172
d ' C16.E5 1.44 1.44 0.00
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TABLE 11.21. Intercomparisan between Ispra and Karlsruhe analytical resutts (2! Py byildup - kg/MTU).

Reactor Sample Ispra Karlstahe d (%}
Trina | L5.4 0.59 0.61 + 3.3
L5.9 0.33 0.35 + 8.06
Al1
A7 0.68 0.68 0.00
M11.7 0.35 0.34 - 2.85
Uncertainty evaluated at 24637 MWD/MTU Trino Il €57 208 105 | 094
i / E11.2 0-88 0.89 . 113
E11.4 1.02 1.04 + 1.96
E117 1.07 1.05 —1.87
€ = 1.25% L11.7 1.05 1.06 + 0.95
_
QCbrigheim E3.P4 1.18 1.19 + 0.85
G7.A1 0.65 0.59 « 71.27
G7.M 1.20 1.21 + 0.83
Obsarved discrepancy G14,P3(1} 1.30 132 + 1.51
_— Gundremmingen B23.B3 0.87 0.89 + 2.30
4 = +1.26% B23.E5 0.91 0.90 -1.10
s = 2.58% C16.83 0.54 0.55 + 1.B5
d C16.E5 0.60 0.60 0.00
TABLE 11.22, Intercomparison between Ispra and Karlsruhe analytical-results {(**2 Py buildup - kg/MTUJ
Reactor Sampie Ispra Karlsruhe di%}
Trino | L5.4
Uncertainty eveluated at 24637 MWD/MTU 5.9
Al
€ = 121% A1.7
M11.7
(*) Qurlier Trino I} E5.7 0.255 0.253 — 0.78
£11.2 0.168 0,176 + 476
E1.4 0,240 0.247 + 292
E11.7 0.260 0.255 - 1.92
. - L11.7 0.260 0.258 - 077
Observed discrepa
crepancy Obrigheim E3.54 0.464 0.488 + 517
_ G7.P1 0.099 0.112 + 13,13(%)
A = +232% with G7.P3 0.478 0.500 + 4.60
sy = 4.38% GI.P1 G14.P3(1) 0.773 0,787 + 1.3
— . Gundremmingen 823,83 0,215 0.224 + 418
A = +1.42% without . B23.E5 0.331 0.333 + 060
5y = 3.07% G7.m C16.B3 0.087 0.088 + 115
C16.E5 0,151 0.144 ~ 463

In Table II. 23 the results are given of the comparison for

238

Pu. It is evident that the overall result contains some dis-

crepancy. The standard deviation of the difference is around

12%, whilst the estimated uncertainty is approximately 2%,

It should be noted that the TRINO Il and GUNDREMMINGEN

results are generally in agreement with the evaluated uncer-

tainty, and only the OBRIGHEIM data are strongly divergent.

On the other hand we cannot explain these inhomogeneities

by the existence of 2 bias in one of the two laboratories, be-

cause the largest discrepancies are in both senses (positive

‘ and negative) and of the same order of magnitude (25%).

In conclusion we should mention that the experimental uncer-
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tainty of about 2% evaluated for 238?\1 is considerably too
low, at least for the OBRIGHEIM campaign, and at least for
one of the two laboratories. The difficulties pointed out in
section [.6.2inthe (X-spectrum analysis, and confirmedd
by the results of the interlaboratory comparison AS-76
already referred to /39,40,41/, are certainly responsible
for the great discrepancy between evaluated uncertainty

and observed Ispra/Karlsruhe discrepancy.
241 :
For the Am data, see Table II. 24, the paired data are

too few and the experimental error is too high, to give a

clear statement,

TABLE [1.23. Intercomparison between Ispra and Karisruhe anatytical results (** Pu buildup - kg/MTU},

Aeeattor Sample Ispra Karksruhe d (%)

Trino | L5.4

L5.9

Al

A7

M11.7

Uncertainty evaluated at 24637 MWD/MTU Trino 1l EB.7 0.116 0.115 - 0.86
E11.2 0.080 0.081 + 1.25
Ell4 0.109 0.109 0.00
= E11.7 0.120 0.114 — 5.00
€ = 205% L11.7 0.118 0.114 - 339
Obrigheim E3.P4 0.125 0.103 -17.60
G7.P1 0.031 0.039 + 25,80
Qbserved discrepancy G7.P3 0.138 0.145 + 5.07
. ' G14.P3(1) 0.190 0,139 —26.80
— Gundremmingen B23.83 0.080 0.086 + 7.50
A = -o09m% B23.E5 0,097 0.099 + 2,08
sy = 1227% C16.83 0.033 0,033 0.00
C16.E5 0.041 0.041 0.00

TABLE 11,24. Intercomparison between Ispra and Karlsruhe analytical results {**' Am buildup atoms/10% i.h.a,) {x 10°%)

Reactor Sample Ispra Karlsruhe d (%)

Trino | L5.4
L5.9
Atn
A17
M11., )

Trino 11 €5.7

Uncertainty evaluated at 24637 MWD/MTU E11.2
E14
E117

€ = 2000% L1.7

Obrigheim E3.P4
G7.P1
G7.P3
Observed discrepancy G14.P3(1)

Gundremmingen B823.B3

—26.9% B23.E5 2.12 1.14 -46.23 -
20.9% C16.B3 1.00 0.94 - 6.00

C16.E5 1.43 1.02 —28.70

A
g

g



Nor is there a great deal of paired buildup data available
for the 242Cm and 244Cm (Tables II, 25 and II. 26) but pro-
bably sufficient for drawing the conclusion tha.t'the quoted
experimental uncertainties (about 4% and 3% respectively)
are coherent with the interlaboratory discrepancy if one

keeps the OBRIGHEIM data out of the comparison.

The standard deviation of the Ispra/Karls ruhe difference
244

for Cm (sq = 12.06%) is considerably higher than the quoted

uncertainty (2. 75%) but one must remember that the

2
44Cm error is decreasing rapidly with burnup and the

average burnup of the sample is lower than 24637 MWD/MTU

especially without OBRIGHEIM data. So an evaluated uncer-
tainty of around 5% might be more representative of the set

of data available,

TABLE 11.25. Intercomparison between Ispra and Karisruhe analytical data {***Cm buildup - atoms/10° ih.a.)

Uncertainty evaluated at 24637 MWD/MTU

£ = 421%
{*} Outliers
Observed discrepancy
A = +3548% with
q = 71.74% Obrigheim
A = -~ 0.24% without
3y = 4.55% Ohrigheim

Reactor Sample spra Karlsruhe d{%l
Trino | Ls4
L5.9
ATA
A17
M11.7
Trina | £5.7 243 25.1 + 3.29
E11.2 173 17.8 + 471
E11.4 23.6 24.3 + 297
E11.7 26.2 26.2 0.00
L11.7 243 242 - 01
Obrigheim E3.P4 15,01 33.17 + 120.88(")
G7.P1
G7.P3 14,79 27.15 + BIST(M
G14.P3(1} 14.54 47.03 +223.45(%)
Gundremmingen B823.B3 9,37 9.22 - 180
B823.E5 11.29 10.26 - 9,12
€16.83 3.68 3.80 + 3,26
C16.E5 5.09 4,82 — 530

TABLE 11.26. Intercomparison between Ispra and Karlsruhe analytical data. {***Cm buildup - atoms/10° ih.a.).

Uncertainty evaluated at 24637 MWD/MTU

*) Qutlier

€

L 4

= 2.75%

Observed discrepancy

A
d
A
g

nu

o

+ A487% with

27.87% G71.P1

— 2.07% without
12.06% G7.P1

Reactor Sample Ispra Karlsruhe d (%}
Trino | L5.4
: L5.9
Al
A1.7
M11.7
Trino I E5.7 997 9. + 265
E11.2 4.35 4.77 + 9.65
E11.4 9.03 8.56 - 520
E11.7 10.03 9.29 - 740
L1tz 9.79 9.20 - 6.03
Obrigheim E3.P4 2480 22.18 -10.88
Q1.1 1.04 197 +89.42("}
G?7.P3 29.73 26.73 -10.10
G14.P3i1)} 59.81 45,94 -23.19
Gundremmingen B23.B3 8.46 8.38 - 1.18
B23.E5 15.24 14.14 - .21
C16.B3 1.44 1.62 +12.50
C16.E8 2.48 2,99 + 2154
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Reported data relevant to 242Cm from OBRIGHEIM obtained
at Karlsruhe seem to be largely overestimated.as also de-

monstrated in section III, 3,

Firally, in Table 11. 27, the results of the comparison for
Pu/U values are given. Having a standard deviation of the
difference of about 2, 3% the evaluated overall uncertainty
of 0, 8% seems to be only slightly underestimated, but

still to remain within acceptable limits.

Table 11. 28 provides a summary of the results of the

Karlsruhe-Ispra interlaboratory comparison.

TABLE I11.27. Intercomparison between Ispra and Karlsruhe analytical resubts {Pu/U mass ratio)

Reactor Sample - itpra Karlsruhe d{%)

Trino | L54 6.895 6.867 -0.55

L5.9 5.179 5.316 +2.64

A1 4412 4.183 —-5.19

» A1.7 6913 7.016 +1.49

M11.7 5.601 5.657 +0.99

Uncertainty evaluated at 24637 MWD/MTU “ Trina Il E5.7 9.544 8511 -0.34
E11.2 8.668 8.679 +0.13

. E1.4 0.294 9.408 + 1.72

= o M11.7 9.834 8.480 -3.49

€ = 0J9% L11.7 9.604 9.549 ~057
Qbrigheim E3.P4 9.30 9.3 + 010

G7.P1 6.25 6.56 +4.96

G7.P3 0.47 9.50 +1.37

Observed discrepancy G14.P3(1} 9.73 9.85 +1.23
- Gundremimingen B23.B3 8.57 8.80 +268

A =+036%, B23.E5 8.28 8.20 -0.97

84 = 2.27% C16.B3 6.65 6,71 + 0,90
C16.ES 6.58 6.54. -0.61

TABLE 11,28, Summary of the Ispra- Karlsruhe intercomparison.

Parameter N Sq4% €% Ispra-Karlsruhe
Ispra-Karisrube | Observed | Evaluated Agreemaent

“8Nd Burnup — 128 2.37 143 | GOOD
137¢s Burnup - 038 265 180 | GOOD
2By Depletion — 0.07 2.12 1.03 | GooD
236y)  Buijidup + 102 1.95 1.24 | GooD
B8py Buitdup - 0482 12.27 205 | €%UNDERESTIMATED
23p, Buildup + 013 1.86 101 | GOOD
240py Buijldup + 0.79 2.25 1.11 | GOOD
Mpy Buildup + 1.26 2.58 125 | GOOD
2425y Buildup + 142 3.07 121 | REASONABLE
241 Am Buildup -269 202 20.00 | TOO FEW POINTS
220m Buildup - 0.24 455 42t | GOOD
2% cm Buildup - 207 12.06 275 | €%UNDERESTIMATED
Pu/U  Mass ratio + 036 2,27 0.79 | REASONABLE
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5. Conclusions

In order to summarize the content of this section dedicated to
the assessment of an overall uncertainty of BM data, the ‘

following conclusions can be drawn:

1} The uncertainties in the analytical methodologies are not
the only ones present in the rather complex process of des-
tructive assays. We have identified and assessed at least
two other possible error sources in the sample cutting posi-
tion and in the loss of material. These sources can partially
affect some of the samplés, while some other samples may
not be influenced. .

This leads to the obvious conclusion that every experimental
process should be studied step-by-step in detail in order to
evaluate the overall uncertainty connected with the process.
Although this conclusion may be obvious, the experimental

process modelling may not be so simple.

A further complication, following the modelling, is the statis- -

tical treatment of the error data, The additive model used
here for simplicity might sometimes be only an approxima-
tion of the reality. .

Finally, to. express the overall uncertainty with only one
number without a study of the possible correlations of the
error components is as well a simplification of the system.
An effort should be rnade to assess the correlation compo-
nents. At present under study is the possibility of expressing
the urncertainty by a standard deviation and a correlation ma-
trix, following the suggestions made in /46/.

The sensitivity of the uncertainty of the parameter investi-
gated {burnup and buildup) has been studied and reported
throughout this chapter. It is summarized here individually
with the aid of TableII, 29, In this table the contribution
of the uncertainty of the raw data on final parameters is in-
dicated as a product of EiFi' or in other words the product
of the raw error times its transmission factor. The table

refers only to analytical errors.

Burnup from 148Nd

148
Two equal components oferrorare summedup from Nd de-
1 . : '
terrmination and from 48Nd fission yield, The burnup de-
pendence of the error on burnup is weak. The interlabora-

tory comparison was good.
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Depletion of 235U

.

The initial and final 23E’U percent content have not the same
transmission factor. Initial content must be known with a
better accuracy than the final one. The burnup dependence
of the error is marked., The interlaboratory comparison

was good.

Buildup of 236U

-

236
Only the error on U determination is of any importance.
The burnup dependence is sensitive, The interlaboratory

comparison was good.

Buildup of 238 Pu

The most important parameters with respect to buildup error
are:

the 238.‘F‘u ratio measurement
. the decay constant of 238Pu knowledge

the 242CM/(239Pu + 240?\1) ratio measurement
. tfle U and Pu concentration determination.
_The burnup dependence is weak: considering the large spread
of the original errors (see Figs.H.6,II.7)and considering
also that the dependence on the final error is mainly due to
raw data, it has been considered unreasonable to give a

2
burnup dependence on the 38Pu error.

The interlaboratory comparison gave questionable results for
Obrigheim data, probably due to a difficult spectrum ana-

lysis mainly at high burnups.

239

Buildup of Pu

The Pu and U concentration errors only play a nearly ba-
lanced role in the final error. The burnup dependence is

weak. The interlaboratory comparison was good.

242
Buildups of 220py, 2*'py, #%%py

Forallthese isotopes the uncertainty in buildup is similar:
the significant error components are three of approxi-
mately the same weight: the U and Pu concentration de-
termination and the mass spectrometric determination of
the isotope itself.

The burnup dependence is significant only for 242Pu.

The interlaboratory comparison was good for all of them.
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1

Buildup of 24 Am

Only one error component is significant, i.e, uncertainty
. 238 241 239 240
on the measurement of ("7 Py + Am)/(""7Pu + Pu).

Too few paired data were available to give a statement on

the lspra-Karlsruhe intercomparison.

Buildup of 244Cm

The only one significant error component is that on
244Crx-l/(2391:’*u + 2‘“)Pu) determination,

The burnup dependence was sensible., The interlabora-
tory comparison showed that the evaluated error of 2, 75%

was probably underestimated,



3. Description and Use of the Inverse
Code Theory

As said in the introduction one of the aims of the BM pro-
gram was to provide data for the testing of nuclear codes
and collapsed cross-section sets.

However, reactor codes, cross-section libraries and mea-
sured isotopic compositions form a '"system' whose handling
is often particularly complicated. Both the experimental
data and collapsed cross-section libraries may contain sys-
tematic errors which are frequently not easily detectable,
The approach of one-group cross-section ratios followed
here and proposed by R. P, Matsen /47/ aimed to help ma-
nage the above-mentioned ”system",‘ to detect systematic
errors in measured data sets and to help in the adjustment
of collapsed few-group cross-section libraries /48/.

1t was obviously not the aim of this approach to prepare new
cross-section sets, or to give values for the cross-section
ratios, For this task more refined tools are available to
cross-section evaluators, to reactor physicists and to reac-
tor operators. It is also geﬁerally agreed that the
cross-section sets generated and evaluated in the main
files available (ENDF/B or similar for instance} contain
approximations that are largely acceptable (at least for U
and Pu isotopes) for reactor physics purposes.

The problem can arise when from these original files each
laboratory or plant derives its collapsed cross-section sets,
using different codes, originally derived essentially by the
same algorithms, but modified according to particular cri-
teria, such as for instance computing capacity, experimen-
tal data availability, etc. In addition to those considerations
some of the physical complexities already mentioned, such
as for instance variation of the group X-sections with spec-
trum and with burnup, can make the job of preparing sui-

table X-section sets really complex., The operator has only
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the experimental results (e.g. the Bench Mark data) available
to verify his codes and X-section sets. .

In the event of disagreement between calculated and experi-
mental data, however, it is not always simple or straight-
forward to discover the reasons for the disagreement, since
the nuclear chain itself and the models which describe it
are quite complex., In these circumstances 2 tool like the
one described here can be useful by interpreting the experi-
mental data directly through a data fitting in terms of
average X-section ratios. In the event of a discrepancy be-
tween the expected and evaluated X-section ratios it is ob-
viously compulsory as a first step to re-check the experi-
mental data in order to see whether some bias affecting
them could explain the discrepancy, Ohly in a few cases one

could take into consideration the possibility that some
spectral parameter could have been poorly evaluated by the

burnup codes used., And in any case the algorithm described
here should always be used in parallel with conventional re-

actor burnup codes.

1. General theory

Assuming one-group (effective) cross section ratios, constant
with burnup the transmutation equations are of the following

general form:

il - Cainie do

~i-1
a

Ny o)

o+
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=

The first term on the right hand side gives the number of atoms
of nuclide i which disappear because of neutron absorption

(6‘: is the effective absorption cross-section of nuclide i and

g is the total neutron flux at the time t).

The second term gives the atoms of nuclide i, formed by neu-
tron capture in the nuclide (i-1). )\iNi(t) gives the nuclide i

atoms which disappear by natural decay, and RjN.j(t) gives

the number of nuclide i atoms formed through natural decay

from other nuclides {f and & decay).
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To eliminate the integrated neutron flux Ef(t) the equation for

the nuclide i is divided by the transmutation equation for 235U
giving:
: A i L] *
ant 9 it E_i+°_al.ﬁl_ /2/
= = TA ’ A
dN25 aazs NZS o 25 NZS

with obvious notations, With n fuel samples for which we have
measured the final {sotopic composition, we had a set of n
equations.
A least square-fit analysis of the approximated transmu-
: . . . Ain 25

t_at1on equations gave the cross-section ratios Uaﬁa
which can then be compared with those used in theoretical
calculations.

A 40 , . .
Only the o cross-section was treated differently since in
LWRs in the exposure range from 0 to 33 GWD/MTU it has
a much higher variation than other cross-sections, Therefore
the corresponding ratio derived by the code fitted an empiri-
cal curve, which approximates the expected behaviour of the

ratio versus burnup:

oa N25
25 - atb /% 73/
o, No

The code THEORY /49/ written at Ispra, solved the set of

equations, having in input:

a} measured isotopic atomic ratios of uranium and plutonium
nuclides versus 235U atoms, at different burnup levels;

b) measured ratios of final to initial 235U content in the samples;

c) half lives of various isctopes;

d)} operation data of the reactor and date of measurements.

The output data were:

. the cross-gection ratios;

2
. the ratios of initial isotopic content to initial 35'U {e. z.
N026/N025);
the fitting curves of measured isotopic ratios of heavy ele-
235
ments to U;

the burnup values calculated from the evaluated composition

of heavy elements.

The uncertainties of the output data were evaluated, using a
Monte Carlo procedure. These uncertainties represent the
transmission of the error on input data to the output, not the
systematic error introduced by the algorithm and the approxi-

mations applied in the analysis.
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2, Application

The two sets of experimental results obtained in TRINO 1
and TRINOQ II campaigns have been analysed by means of the
MATSEN algorithm, applying to them the code THEORY.
The cross-section ratios as compu-ted with the code arel
compared in Table II.30 with the corresponding values used
by ENEL for TRINO 1 and TRINQ II data. The discrepancies

242py and 236U) are relatively

{apart from the two isotopes
small and determined by both experirmental uncertainties

and spectrum perturbations,

The two isotopes whose X-section ratios show considerable
discrepancies with respect to the ones used by ENEL namely
23'6U and 242Pu are the last isotopes in the nuclear chains
implemented, They are therefore not linked to following iso-
topes in the fitting and iterative procedure, This fact makes
the corresponding cross-section ratios very sensitive to in-
put or model errors as shown in /47/.

Also given in Table 11,30 are the ratios NOZG’/NES computed
by THEORY. The code THEORY gives an appreciable initial
content of 236U, in disagreement with the input zero value.
Further evaluation of "fresh' fuel compositions lead to the
conclusion that the values produced by THEORY are reaso-
nable ones. Indeed "fresh" fuel frequently contains a small

amount of 236U /56/.

TABLE [1.30. TRING | and TRING 1} - Comparison between the cross-section ratios used by
ENEL and those computed with THEQRY, ’
lerrors are given as one standard deviation, the number of independent measurements is 14}

Cross Section Ratios of Cross Section Ratios of
Trino | (2.719 wi%) Trino 1 (3.13 wi%)
Theory-Engl Theory-Enel
Theory Enel Enel Theory Enel Enel
(%) (%)
528,625 | o184 | o010 | -3 0204 0207 | - 15
£0.0006
828/6% | omeo | 00172 | -7 o180 | 0183 | - 15
£0.0004
849528 | 2m 295 -8 2.646 | 2.385 -8
0.14
3%/625 1 1188 | 105 + 55 1.184 1.092 + 8
£0.014
5317625 | aoo 2.751 N 3032 | 2732 . 1
£0.23
a41/6%° | o748 | 0701 . 85 775 | 0701 . 10
+0.019
§42,6% | 1013 | 102 -1 1.398 1.110 . 25
2 +0.640
a%5/62%| o019 | 0190 . 3 209 | 0195 N
+0.004 (193)" (-1
a2%/62% | o290 | 0160 | 80 24 | 0170 + 70
£0.054
NZE/NZ3 | oo10 | 00 0007 | 00
+0.004
*  values obtained with reduced ***U content.
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A quite large discrepancy in the value of 3:5/6:5 (Table 11.30)
for the TRINO Il case has been found. There is apparently a
tendency for the ENEL computed values to underestimate the
236U buildup.

This conclusion is suggested by the underevaluation of TRINO
and OBRIGHEIM 23E’U measured data recalculated by RIBOT
and could be due to a poor evaluation of the spectrum averaged
235y value {fission to absorption X-section ratio). The argu-
ment will be taken up and expanded at the next section.
Another obvious explanation might be a bias in 236U experi-
mental data. -

An attempt has then been made to recalculate X-section ratios
with THEORY, having artificially reduced by 7% the 236y
amount of input for TRINO II, The results are shown also in
Table I1.30 and the agreement is now quite satisfactory.

In Tables I1.31 and II.32 the experimental burnup values from
14844 for TRINO I and TRINO Il samples are compared with
the THEORY computed ones, by means of heavy isotope sample
content. There is an indication of a slight systematic under-
evaluation of the burnup by THEORY, at least for TRINO II,
which is in any case not dramatically outside the limits of

combined errors.

TABLE 11,31, TRINO t1{2.719 wt%) - Comparison between expe-
rimental end THEQRY evaluated burnup values

Burnljlp (MWD/MTU) Theory-Experimental
Sample | Experimerital Theory " Experimental
{from 148Nd} | (heevy Isotopes)

L5 4 14,080 13,515 —-53 %
-9 10,070 10,150 +08 %
J8 1 8,970 8,778 -21 %
4 14,570 15,280 +49 %
7 14,980 15,290 +2.0 %
9 11,000 11,420 +38 %
Al 1 8,230 8,410 +22%
7 15,290 15,907 + 4.0 %
9 11,900 11,907 + 0.06%

TABLE 11.32. TRINO I1 (3,13 wt%) - Comparison between expe-
rimental and THEQORY evaluated burnup values

Burnup (MWD/MTU) Theory-Experimental
Sample | Experimentel Theory Experimental
(from 148Nd) | (heavy isotopes}

ES 7 24,220 23,280 =-3.9%
9 19,100 18,612 —2.6%

E11 2 20,380 19,447 —4.6%
4 23,450 ' 22,775 —-2.9%

5 23,730 23,179 —2.3%

7 24.010 23,038 —4.0%

8 23,150 22,623 —2.7%

. 8 19.050 18,480 _3.0%
L1 7 24,070 23,204 -3.6%
Ja 7 24,950 24,189 ) -3.1%
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Figures 11. 21, 11.22 and 1I. 23 show some of the least-square
fitted curves of the relations /2/ together with the measured
points, for the TRINQ I case.

The experimental points for rod 2 and rod 3, both neara
large amount of water and thus in a softer spectrum, do ;10t
show a neutron spectrum difference within experimental
errors, There is some indication that the neutron spectrum
of red 1 is harder. For the ratios N‘{H/N25 two curves could
be drawn; one through the points of rod 1 and one through

the points of rod 2 and 3. More 2391:’11 is formed systematically
for rod 1. The same effect is strongly expressed for the

N41 /N'ZS ratios, but much less for the Nflo/st and N42/N25
ratios.

The explanation of these effects is immediate:
of 23c‘al:‘u and 24l

Pu is determined by capture cross-sections
which have important epithermal resonance contributions. This

the - production
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determines a strong spectrum sensitivity in the buildup of the
two isotopes. Sco in the asymptotic position of rod 1| where the
spectrum is harder, more Pu is found and detected by the fit.
This will be even more evident when the use of isotopic cor-
relation techniques on JRC data is illustrated,

In conclusion, the methed developed by Matsen and taken up
and revised at the JRC Ispra for the evaluation of cross-sec-
tion ratics from experimental values certainly suffered from
some limitations. For instance to consider the effective cross-
section ratios constant with burnup (except 8:0/355) intro-
dutes a systematic error which is more or less sizeable
according to the different nuclides.

Future development of the code should involve a treatment of
at least the 3:9/5;5 ratio, with attention to its variation

with burnup.
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Furthermore, the parameters of the last isotopes in the nu-
clear chains are difficult to handle if they are not linked to

a fixed value. This modification should also be carried out,
But the code is certainly useful for the detection of errors

in the input data as was the case of the evaluation of N;’é for
the two experimental sets of TRINO or the systematic discre-
pancy detected in the N?'6 data for TRINO II,

Another advantage is that this method can be applied success-
fully to a large range of fuel enrichment (uranium or pluto-
nium fuelling) and reactor spectra, ensuring that the samples
analysed have been irradiated in the same spectrum.
Otherwise, when irradiated in different spectra, the samples
should be fitted separately, giving different effective X-
section ratios.

Moreover the code could help to set up collapsed cross-sec-
tion libraries., 1f this were introduced as routine in larger
codes one could evaluate collapsed cross-sections and check
them on experimental values with the help of the code THECORY,

as explained in the introduction to this section /48/



4, Isotopic Correlations

As already mentioned in the introduction the lsotopic Correla-
tion Technique {ICT) may play a fundamental role in the future
of Safeguards.
. The necessary requirements for this technique to be imple-
mented are:
development of a certain number of correlations giving accu-
rate answers to certain safeguards questions {burnup, cooling
time determination, isotope content, etc.); -
‘careful assessment of uncertainty levels of the technique;

limits to its validity.

To answer these points:
first verified computational methods have to be employed
in order to develope usable and rigorous correlations
answering to the different questions posed by Safeguards.
Thus a selected use of ICT has to be made and a careful
choice of correlations has to be performed, following the
parameters to be investigated. As we will see in'the fol- -
lowing it is possible to use correlations which are sensitive
to spectrum, or initial fuel enrichment, or fuel cooling
time, etc.;

The second step is to determine always through computa-
tional tools the application range of the developed correla-
tions with respect to the parameters to be investigated;

. The third step is to verify the validity of the application
through careful comparisons between computed and ex-
perimental correlations.

This last step was one of the main objectives of the BM
activity. It is, in fact, clear that only with certified, accu-
rate and traceable {(easy to calculate} data, an exercise of
comparison with ICs and of implementation of ICs can be
performed. It was not the aim of the BM to cover the two

preliminary steps: i.e., identification and range of validity
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of certain ICs. This task was pursued in another sector of
our Institute /51, 52/. But it is evident that, together with
the use of ICs for checking the data, the 1Cs themselves
were in a certain sense conversely ''checked" by -BM data.
It is also worthwhile mentioning that all BM values referred
to pellets and this could be a limitation of our data sets:

it is in fact sometimes difficult to transfer pellet results

to batches (constituted by one or more fuel elements).
"Anyway also in tﬁis case the fundamental role of BM data

in the assessment of methods remains evident.

The structure of this section will be as follows:
1) use of ICT for a data consistency check:
2} choice of different isotopic correlations for investiga-

tions of physical parameters.

1. Data consistency check

The consistency check of the BM data was performed simply
by plotting the data on curves representing correlations be-
tween experimental values. When the data belonged to the
same fuel element and represented the same spectrumn, this
analysis made it pessible to identify points fitting poorly
with the remaining c;nes of the set.

When the samples were from different fuel elements or
different reactors, they frequently had to be plotted on sepa-
rated curves, functions of their initial enrichments, mode-
rating ratios (i.e. spectrum), reactor type, etc. Examples
of this first level of interpretation are given in Figs.

II.24 - II. 26, where the correlations between different heavy

elements or fission product ratios are shown,
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Fig. 11.24, Carrelation between Pu/U mass ratio and D for all PWR
samples analised at JRC




In Fig. 11,24 the Pu/U mass ratio is plotted vs the 2350 de-

pletion Dg, (D5 = (Wo- WS)/W:) respectively for TRINO
VERCELLESE and OBRIGHEIM fuel samples.

The different enrichments are put clearly in evidence by the
curves and only a few perturbed points are badly correlated.
In Fig. II,25 the correlation between 235U/238U and
240Pu/239pu is shown again for TRINO and OBRIGHEIM
samples. It is obvious how the different spectrum in the two
reactors affects the data., There is in fact a tendency to in-
crease the slope with increasing initial enrichment, but the
OBRIGHEIM data are systematically lower than those fn;m
TRINO, due to the lower moderation ratio of this second
reactor (harder spectrum).

In Fig., II.26 for the same two batches of samples the cor-

235U/238U

relation between vs D5 is shown.
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Fig. 11.25, Correlation between ¥ U/2**U and 240 py, /239 py atomic
ratios for all PWR samples analised at JRC
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2. Physical parameters investigation

Spectrum

The above elaborati;)n method has been mostly used for PWRs
because the ex;.perimental data of FWRs normally refer to
samples coming from asymptotic or weakly perturbed posi-
tions in the fuel assembly.

The situation with BWRs is slightly different The discussion
of the analytical data of BWR samples is sometimnes quite
difficult due to the complex spectrum structure within the
assembly,

Axial and radial spectrum. variations determine the fact

that the samples of BWR assemblies are normally quite he-
terogeneous. A few of them have been actually irradiated

in the same spectrum (i.e. the effective neutron cross-sec-
tions vary from group to group of samples according to
their radial and axial position in the bundle).

Both independent and dependent spectrum correlations could
then serve to interpret and discuss the experimental data
and to obtain information on the physical behaviour of cell
pararneters.

In Fig. II.27 the Pu/U mass ratio measured on samples of
GUNDREMMINGEN BWR fuel element is plotted against the

235U depletion. The different slopes of the curves follow
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Fig. 11.27. Correlation betwaen Pu/U mass ratio and ** U depietion
for Gundremmingen BWR samples



the different Pu production rates of the fuel rods according
to the spectrum hardening towards inner cluster zones.
The sample correlate coherently with their position in the
fuel element apart from sample B4 which should perhaps
have been closer to the B3 line.

The considerable dispersion of the lines is due to the poor
correlation between the 2391’-‘u quantity {around 65% of the
total Pu) which is a 238U resonance capture product, and

the parameter Dg, linked to the absorption cross-section of

2 .
35U which is less dependent upon the spectrum structure.

These facts determine the strong dependence of the correla-
tion Pu/U vs Dy from the spectrum structure in the channel.
The spectrum sensitivity of the correlation Pu/U vs Dg can
be applied to show up also minor perturbations due to irra-
diation in non-asymptotic positions of PWR samples. This is
the case of TRINO I and 1I sarnples, as shown in Figs. II. 28
and 1lI. 29 where the two sample batches have been correlated,

keeping asymptotic and perturbed samples separated.

The same consideration can be applied to GARIGLIANO BWR
fuel samples, In Fig, Il, 30 the Pu/U results of the first

campaign are plotted in correlation with D¢, showing the

Pu/U O Asymptotic LS
Mass ratio (x 107} A Perturbed Al, J8

// TRINO 1st CORE
// 2718wt % 2351
h —T } T ]
0.2 0.4 0.6 04
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Fig. 11.28. Correlation between Pu/U mass ratio and Dy for asymp-
totic and perturbed TRINO || samples
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Fig. 11.30. Correlation between Pu/t mass ratio and **% U depletion
for Garigliano | samples .

sarﬁe radial structure as before indicated for GUND-

REMMINGEN data due to the radial spectrum variation,

Figure 11,31 gives Pu/U axial data from the second
GARIGLIANO campaign and the structure of the different

lines is now coherent with the axial spectrum variations

following increasing void fractions.

In Fig. II.32 the ratio

236U/Z:J'ESU vs Dg is presented for

GUNDREMMINGEN and GARIGLIANQ, This correlation

appears to be less spectrum-dependent than the previous one.

In fact the experimental points aggregate on the curve and

it is practically impossible to separate them according to
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their radial position.

Another correlation which appears to be bad spectrum indica-

tor (i,e. weakly spectrum-dependent) is shown in Figs, II,33
' A 23

and 11, 34 where the ratio ~ °Pu/*??Pu for GUNDREMMIN-

GEN and GARIGLIANO samples is plotted versus the ratio
235U/238U.

Burnup

One of the most important parameters to be evaluated for

Safeguards purposes is the burnup of spent fuel. Even though
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the burnup is not directly required, it is of fundamental im-

portance for the evaluation of strategic parameters such as

Pu content or Pu/U ratios.

It must be stressed once again that concerning the Safeguards-

aspects of ICT only a few points will be dealt with here, singe

it was not the direct task of the BM to assess ICT as a Safe-

guard tool, We were only concerned with this matter indi-
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rectly and the purpose of the following discussion is to out-
line some possible uses and the importance of the BM data
in the ICT assessment.

The problem of destructive determination of the burnup of
well-identified fuel batches (samples or fuel elements) is in
principle almost solved without major uncertainty. From the

148 .
Nd determination, for instance, burnup values with error

limits of 1 - 1.5% are attainable (see section 11. 2), The diffi-
culties arise in the practical aspects. Lengthy sampling and
measuring times leading to results that are available only
weeks or months after sampling, and the loss of identity of
the fuel elements after dissolution with the resulting need to
re-evaluate the average burnup.

The use of ICs for non-destructive evaluation'of burnup is
therefore an interesting study to pursue. The moat promi-
sing correlations for the determination of burnup are those
which make use of fission product activities. Berg et al. /3/

have calculated the dependence of the correlations 134Cs/lg’-{'Cs
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Fig. 11.35. Correlation between 1**Cs/!?7Cs activity ratio and burn-
up tor Dbrigheim samples
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> Eu/l37Eu vs burnup with different

ratio vs burnup and
parameters such as moderation ratio (i.e. spectrum) spe-
cific power, initial enrichment ratio.

It is obvious (Fig. 8 of the report quoted) that the spectrum

1
34Cs/l 37Cs ratio.

variations strongly influence the
A marked departure from linearity at high burnups is alse
evident. Experimental evidence for these effects is found in
Figs, 11,35 - 11, 38. In Fig. II. 35 the correlation is presented
for OBRIGHEIM PWR fuel elements, The marked difference
in initial enrichments can be seen ¢learly,

The departure from linearity is not so evident but it can be
recognised in Figs. II, 36 and II. 37 where all JRC data rela-

ting to PWRs and BWRs are presented separately.
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Fig. 11.37. Correlation between the activity ratio '**Cs/'*?Cs and
burnup for all BWR fuel samples analysed at the JRC
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the samples is indicated {see fig. [.7.)
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The spectrum sensitivity of the correlation is also illustrated
in Fig. II. 38 where the axial values of a GARIGLIANO rod
are plotted. The important epithermal structure of the 133C5
capture cross-section makes in effect the l34(35 production
sensitive to spectral conditions.

Less sensitive to spectrum, power density, or power history

1
54Eu/l?’?Cs vs burnup, as Foggi calculated

is the correlation
and as shown in Fig, II, 39 by experimental data.

Very good correlation is also found between burnups derived
from 148Nd and 13?Cs, as shown in Fig. I1.40, where

all the JRC data are plotted. A slope of 1,003 is found and

an intercept of 0. 03 which demonstrate an excellent corre-
lation and linearity of the curve over the entire burnup range.
The 137Cs data were destructive data produced atJRC on the
same pellets used for all the analysis, Some problems

arise in the application of the non-destructive determination
of 13TCs due to the absence of normalization terms, to

Cs migration, to y-attenuation, etc.

Recent studies /13, 15, 16/ have been devoted to correlate
passive neutron emission of spent fuels with their burnup.
As a contribution to these studies the measured uranium,
plutonium, curium and americium isotopes Sgildups reported
at reactor shut-down for the fuel pellets analysed were
elaborated in order to obtain the spontaneous neutron emis-

sion from each isotope at different cooling tirmes.
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Table I1.33 gives the values of specific spontaneous neutron

emission from UO; fuel, adopted in this work /53/.

ln Fig. 11. 41 the passive-neutron emission after one year of

cooling is shown for all the samples analysed at JRC.

A careful analysis of the results showed up some problems

still to be solved before the technique could be applied with

great accuracy:

the correlation is noticeably non-linear over the entire
burnup range, due to the isotope evolutivn during irradia-
tion, which is not at all linear. This conclusion is valid

both at low and high burnup, where different isotopes are
responsible for the main neutron emission, necessitating
the use of interpolation curves of different orders /14-1 6, 54/;
the spectral conditions also influence to some extent the
correlation, as shown by the difference between BWR

and PWR results;

the fuel irradiation history also affects the correlation at
least at short (1 -2 years) cooling times, where the emissiza
is dominated by 242C-m. This fact is demonstrated in Figs.
11. 42 and 11, 43, where for two different burnups the sharing
of neutron emission amongst the various isotopes is shown

as.a function of cooling times.

-1n spite of the drawbacks presented by this technique,

passive neutron detection for spent fuel burnup evaluation
remains particularly attractive in view of the various ad-
vantages it presents with respect to y-detection technigues.

This was already pointed out in the general introduction.

TABLE 1133, Specific spontaneous neutron emission in U0,, Pu0,

Source o Neutrons/ g. sec
and §F ngp "a,n Not.

235, 5.12 x 1077 11 x10? 1.62 x 107
238, 1.14 x 102 1.33x 10 115 % 107
238p 251 x 102 1.84 x 107 2.09 x 10*
239p,, 2.20 x 107 4.00 x 10 4.02 110
240p, .14 x 10 201 x 10° 1.1 x 10°
2415, 196 1.96
22, 168 x1Q° 2.87 1.68 %107
242 0 1.50 x 107

41, 597 x 10" 364 x 10° 3.64 x 107
24240 2.13x 107 475 x 10° 260 %107
M0 1.11x 107 1.03 % 10° 1.12 x 107

Nge  Neuuans from spontaneous figsions

My i

neutrons fram (&, n) reactions
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ble 11.33.



Initial enrichment

Some of the correlations used are sensitive to initial enrich-
ment and can give information on this parameter. The cor-
relation between Pu/U and D5 already mentioned as a good
spectrum indicator is also sensitive to initial enrichment.

In Fig. II. 24 the experimental results for three TRINO and
two OBRIGHEIM enrichments are shown. The increasing slope
of ‘the straight line with increasing initial enrichment {see al-
so ref. 51) has already been pointed out.

Another correlation directly linked with the initial enrich-
ment is 235U/238U vs 240Pu/239Pu (Fig. II. 25) which ex-
trapolated to zero burnup, should give the initial 235U/
238U ratio supposed known. The curves interpreted as
straight lines give an intercept systematically lower (be-
tween 5 and 10%) than the declared ones; the conclusion

is that, at least for values covering large burnup ranges,
the correlation should possibly be interpreted by higher or-
der curves, For very low burnup batches the curve can be

interpreted as a straight line but in any case the extrapo-

lation uncertainty is likely to be higher than acceptable.

Correlations involving Pu and/or U isotopes

Many correlations involving total Pu and/or total U or some
of their isotopes have been studied. Some have already been
discussed as Pu/U vs burnup or 2:“"r’U/Z:mU vs 2‘;Lol:‘u/Z:.)gPu.
A few words may also be written on other possible correla-
tions. In Fig,II.26 the 235U/238

all PWR data and the correlation indicates a low spectrum

U vs D5 plot is shown for

sensitivity but a marked sensitivity to the initial enrich-
ments.

An extrapolation of this correlation should give the initial
amount of 235U but the same uncertainties could be introdu-
ced as in the case of the 235U/ZBBU Vs 239Pu/zzmpu.
éxtrapolation.

Nevertheless an attempt to derive the 235U amount for
TRINQ II batches for extrapolation purposes gave reason-

ably similar values than those calculated by the code

THEORY previously mentioned.
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5. Comparison with Calculated Values

Again, in order to characterize at least the Bench Mark data,
during the final period of the activity, a comparison between
measured and calculated heavy isotope vectors was carried
out. The activity was performed jointly with the project of
Assessment of Nuclear Transmutation of Actinides /55, 56/
using the codes adopted for this activity to recalculate the BM
experimental data.
The codes used were:
. LASER: one dimension, multigroup, burnup, transport

cell code /44/; .

RIBOT: a zero adimension multigroup diffusion?burnup code

/51/.
The comparison exercise will not be described here in detail
nor will the characteristics of the two codes ve given: ex-
tensive information on these aspects can be found in /56, 58/.
The aim of this chapter is simply to show how the experimen-
tal BM values fit with the calculated ones.
The reactors chosen for this exercise were TRINO VER-
CELLESE and OBRIGHEIM. The fuel elements analysed are

shown in the following table,

Fuel Average 238y
Reactor A uebl Burnup Enrichment
ssembly (MWD/MTU) {wt %)
9-048 12,400 2.719
TRINO 50
VERCELLESE 509-032 14,200 3.13
R
(PWR) 509-069 21,700 3.13
OBRIGHEIM BE 210 30,700 2.83
(PWR) BE 124 29,000 3.0




isatropic
scartering
ring moderator

Fig. M.44, LASER cell geomertry

1. LASER resulis

The LASER version available at Ispra contained only acfinide
up to 242P’u. The burnup calculation was very accurate con-
sidering small burnup steps (2-3 GWD/MTU each steph

the energy group description in the code is detailed, having
50 groups in the fast and epithermal zone with a MUFT for-
mat, while in the thermal zone a THERMOS calculation is
performed with a structure of 35 groups. LASER calculates
accurately th‘e; spectrurm variation with the burnup and

takes into account non-linear eff:acts due to exposure.

The spatial descripfion considers a cell with a maximum
number of 14 annular rings, with 5 rings in the fuel region.
The LASER cell geometry is given in Fig. II, 44.

Some typical results of the comparison are given in Figs.
11,45 and II, 46 for TRINO VERCELLESE samples. The
239Pu buildup {Fig. Il.45) is correctly calculated and minor
discrepancies are due to the spectrum perturbation suffered
by sorne samples and it has already been shown how 239pu
isotope is sensitive to spectrum shifts,

The Pu/U correlation is also shown in Fig. 11.46 and again

the agreement is excellent taking into account the spectrum
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Fig. 11,45, Trino Vercellese - 7™ Pu buildup as a function of ** U depletion.
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Fig. 11.46. Trino Vercellese - Pu/U as a function of ¥ U depletion.

perturbation. It is worthwhile mentioning here that all the
calculations (LASER and RIBOT as well) were performed for
the unperturbed c¢ell and not for individual pellets.

So slight discrepancies introduced by the spectrum pertur-

bations, mainly in Pu isotopes, are quite acceptable.

2. RIBOT results

The energy description in RIBOT is much less detailed: ma-
croscopic parameters are calculated in 5 groups and a first
order variation with burnup is achieved. An extensive series
of comparisons has been performed with RIBOT, They are
summarized in the following .

Figures 11,47 to I1.6]1 show the comparison between Bench
Mark results and calculations performed an TRINO and
OBRIGHEIM samples with respect to isotope huildup as a

. 235 235,235
function of Dg (Dg = ( U.- u)/ Uo).



Surnup (GWD/MTU) e

Fig. 11.47. Comparison between calculated and experimental results

Burnup vs D5 (Fig. 11.47)

Based upon results obtained for all fuel elemen;:s either burn-
up or D5 may be used for comparison purposes. D5 was
¢chosen because RIBCT-5A was, under the circumstances
described here, expected to be better in calculating the

23‘5U depletion than in calculating burnup,

Although the calculation of D¢ is assumed correct, a slight
inaccuracy in the U fission cross-section cannot be ruled
out {see also paragraph 3 of this chapter where the THEORY
calculations also suggested a possibly incorrect value of the

235 . . s
U fission to capture cross-section ratio).

236

U buildup

A systematic underestimation is shown in Fig. II.48, and con-
firmed for all fuel elements, possibly due to an insufficiently

well defined 236U capture cross-section. However, the iso-

2
topic buildup of 36U is also dependent upon the
23

23'5U fission

5y e . ‘
cross-section /59/ and, as noted before, the U fission .
cross-section could be slightly incorrect,

2385, buildup

As can be seen from Figs, II.49 and II, 50 there was a con-
siderable discrepancy between calculated and measured re-

sults, for both reactors. ‘
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Fig. 11.48. Comparison between calculated and experimental results
for the Trino Vercellese reactor
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for the Trino Vercellese reactor

Fig. 11.50. Comparison between calculated and experimental results
for the Obrigheim reactor

A new value found in recent literature /60/ for 237Np cap-
ture cross-section slightly improved the situation: the dis-
crepancy from a factor 2 as shown in Figs, 11.49 and I1, 50
went down to a factor 1.5, leaving other parameters essen-

tially unchanged.

239 240 241 242

Py, Py, Pu, Pu buildup

For all calculations performed (Figs. II. 51 - II, 54) the

agreement was very good.

241
Am buildup

For all calculations performed the agreement was reasonable
also remembering the high experimental error connected with
the experimental points.

Mass spectrometry was employed specifically because of the
difficulty in employing @-spectrometry for “Am
Nevertheless a large experimental uncertainty is associated
with the points, shown in Fig. Il. 55, making accurate compa-
rison difficult.

See also chapterIl,2 where an analysis of the experimental
error was performed, and the discussion of the results in

section III where this point is taken up again,
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242m, ) puildup

For all calculations performed the agreement was poor
(Fig. I11. 56), and the considerable experimental uncertainty
associated with the spectrometry measurements performed

makes an accurate comparison difficult,
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Fig. 11.65. Comparison between calculated and experimental results
for the Qbrigheim reactor
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2
4 3Am buildup

For all calculations performed (see Figs., II. 57 and II. 58] the
agreement was reasonable. The isotopic buildup of 43Am is
directly associated with 242Pu and thus unaffected by the un-
certainties associated with the other Am isotopes,

242Cm buildup

For all calculations performed the agreement (Fig. II. 59) with
o -spectrometry measurements performed at lspra (I} was
good. The two results performed by Karlsruhe (K), at least
with respect to the RIBOT-5A calculations, would appear to
be incorrect.

The same conclusion was drawn in paragraph4  of this sec-

tion dealing with the Ispra-Karlsruhe interlaboratory compa-

rison.

24

4Cm buildup

For all calculations performed &ee Figs. 11, 60 and 1I. 61.)
agreement was reasonable. For all fuel elements studied
RIBOT-5A overestimated the buildup of 244Cm with respect
to the a-gpectrometry measurernents performed both in Is-

pra and in Karlsruhe.
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1. Results

The purpose of this section is to present most of the results
obtained during the development of the BM activity and to
draw some general conclusions.

Since the data have been extensively discussed in the pre-
ceding chapters, this section will present the tables and the
fipures considered essential for data recalculation. Some
drawings that are not really essential to this purpose (such
as radial and axial burnup evolution in the fuel bundles)

will also be presented to provide an immediate picture of
the physical behaviour of the burnup and buildups in tHe fuel.
The non-classified information on the reactors and fuel
elements have already been given in section I.

The U and Py isotopic composition, the buildup (or depletion)
of heavy isotopes and the burnup of each analysed sample

are presented in six sets of tables as follows:

T;:tle Reactor Fuel Element
A GARIGLIANOQ A106
B GARIGLIANO SA13
C TRINO VERCELLESE 509-049; 508-032;509-104
D TRINQ VERCELLESE 509-069
E OBRIGHEIM BE124, BE210Q
F GUNDREMMINGEN B23;C16

Eight tables for each set have been established in the following

sequence:
: . 238
Table 1 U isotopes referred to final U atoms
23
Table 2 Py isotopes referred to final 8U atoms
7 2
Table.3 148Nd and lBHrCs atoms referred to final 38U
atoms
. . 238
Table 4 Am and Cm isotopes referred to final )
atoms

137



Table 5 buildup and depletion of U isotopes (Kg/MTU)
Table 6 buildup of Pu isotopes (Kg/MTU) .

Table 7 buildup of Am and Cm isotopes {Kg/MTU)
Table 8 burnup values in percentage {Fp%) and

MWD/MTU

The tables presentedare the same as already published

in the Bench Mark reports/1,2/. Some data are lacking through-
out the set of results because in the issueing of BM reports we
left out those data which were not completely certified and
traceable.

The reader interested in having all the data can refer to the
single reports /21 - 26/,

One last comment: during the preparation of BM reports all
the results were reviewed and recalculated from raw data
using updated-nuclear constants and performing new correc-
tions (to the burnup for 147Nd capture, for instance). This
fact explains why some results are slightly different in BM

reports with respect to those reported in the original works.

Nuclear data used in the course of the various analytical
¢ampaigns can be found in references 1, 2,21,22, 23, 24, 25, 26,
In Tables III.1 and IIL.Z2 we have only reported the half-
lives of Pu, Am and Cm isotopes /3/ and the average values
of 1*8Nd ana 137cs fissionyield and MeV/fission employed,
evaluated by the use of suitable nuclear data /43, 61/ and

fission fractions /62/

TABLE 1.7, Half lives of Pu, Am and Cm isotopes

Isotopes Half Life {years}
Bpy B7.8+08
239p,. §2.41 £ 0.01) x 107
A0py {655 %007} x 10°
2ip, 14.7£04
242p,, {3.87 £ 0.05) x 10°
M am 432+ 4
WM am 1527
M3am 7370 £ 40
20 0.446 £ 0.0003

L 2em | sarzo0

TABLE 14.2. Average values of YBNd and 137 Cs fission yields
and of MeVffission used for the differeni reactors

Average Fission
Yield Average
Reactor o
MeV/fission
18Ny s

Garigtiano - 1,733-10°% | 6.358-107 204.0

Trino Vercellese 1,733102 | 6.359.1p7 204.0

Obrigheim 1.734.10 | £.376.107 207.7
Gundremmingen:

C16 Assembly 1.747.10* | 6.450.107 206.8

B23 Assembly 1.763.107 | 6512107 206.8
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For most of the fuel elements analysed a set of figures is
here also presented, including the axial and/or radial beha-
viour of some important pararmeters (burnup, 239Py buildup)
and some particular isotopic compositions with the aim of
illustrating singularities. A limited discussion on the expe-
rimental data is included when conasidered necessary to a
better understanding of the data.

Numerous references are made to the preliminary sections

of this report and to the literature.

1. Garigliano BWR (Garigliano ! and Garigliano 11}

The standard tables Al to A8 contain the BM results for the
first charge of GARIGLIANO (fuel element A-106).

In Fig. 1II,1 therradial behaviour (along the diagonal)of the
burnup is plotted showing a clear asymmetry due to the in-

sertion of control rod F4 for some periods (see ref. 1, Fig.2}.

It is also pointed out in the same figure that the burnup of
two low enriched corner pellets is not fitted by the same
curve as the high enrichment points.

In Fig. 1II. 2 the 239Pu radial dependence is shown where no

evidence of asymmetry is present, in spite of the radial

burrnup (i.e. integrated flux) shift.

TABLE A1. U isotopes referred to final

238 atorns TABLE A2. Pu isatopes reférred ta fina! 238U atoms
39 240 21 242
Fuel 235 | 238 Fuel Bpy | 238py Pu Py Py
Element | "' {ix 10%) | tx 10%) Element | S P'® )1 10%) | x 10%)] [x 10%)| (x 10°)] (x 10°)
= =
g &
2w A 1|0798 | 0.165 E8 | A 1| 189|382 1.146 | 4.494 | 8335
oy 9 | 0571 | 0.189 o 9| 282 | 3.537 | 1.461 | 5.556 | 16.98
o= w3
=Zx B 1| 0.874 | 0.148 SZ e B 1| 192 | 3960 1.037 | 4134 | 6.9
<uE J 10649 | 0.185 <L% (4 1| 299 | 3766 | 1361 | 5.688 | 1446
e 9 | 0.557 | 0.197 e 9| 348 | 3.844| 1612 | 6.510 | 19.91
= E
2 z
A 312751 0.193 A 3| 1.80 | 4.047 | 0957 | 3.887 | 5.667
5| 1222 | 0.178 5| 168 | 4.101 | 0965 | 3.950 | 5741
E B 2| 1.270 | 0.195 - 8 2| 181 3977|0907 | 3.606 | 5092
o 8| 1.083 | 0.205 & 8| 209 | 3801 | 1.097 | 4.136 | 7.603
i8 c 1] 1265|0194 Z@ (¢ 1| 188 | 4054 0948 | 3.874 | 5.797
ey 3| 1390 | 0172 gy 3] 133 | 4277 | 0832 | 3.444 | 3978
=Z% | D 213380178 $z> | D 2| 151 |4153] 0834 | 3.487 | 4237
<% 2l 1973|0177 2z 3.;5 4] 175'| 4300 | 0787 | 3.401| 3.750
g E 1] 1243 |0.196 = E t| 1.84 | 4.188 | 0.964 [ 4031 | 5779
=hh 5| 1376 | 0,169 L 5| 179 | 4354 | 0.793 | 3.503 | 3.693
z G 7| 1.237 | 0.189 5 G 7| 191 | 4298|0971 4008, 5589
H 2| 1.131 | 0.20% = H 2| 200 ] 3942 | 1061 | 4263 | 7.135
8 | 1.066 | 0.203 g| 216 | 398a ] 1.169 | 4.493 | 8558
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TABLE A3. Atom ratios of 148 Nd and

1374 referred to final 232U

148 137
Fuet! Semple Ng Cs4
Element {x10°)| [x 10*)
'_
i
£8 A 1| 196 | 692
o5 8| 261 | 5.04
SZ. [B 1] 181 | 629
<wg |J 1238 | 842
z@ 9| 270 | 9.18
E ~—
2
A 3| 196 | 6.85
5| 197 | 707
E B 2| 191 | 659
i 8| 226 | 791
£8 |c 1| 198 ] 6em
w2 3| 170 | 591
2%e |D 2| 176 | 615
qug 4! 1684 | 582
== |E 1| 201 | 691
bl 5| 1.66 | 5.B2
z G 7| 196 | 666
H 2| 222 | 785
8| 237 | 7.97

TABLE AS. Buildup and depletion of U isotopes

TABLE A4. Am and Cm isotopes referred o final *** U atoms

(kg/MTU|nirial)
Euel 235 236, 238y
Element Sample {a) la)

[

&

Z8 A 1| 832] 189 | 976
983 9| 1051 | 1.82 | 1163
Ze B 1| 758 | 141 | 944
qTu g J 1| 938 178 | 1147

2@ 9 | 1060 | 1.89 | 1263

E -

z

A 3)| 879 | 185 | 938
s| 929 1.71 | 887

g 8 2| 883 187 | 896

s 81062 1987 | 832

Io cC 1| 888| 1.86 | 9.47
w3 3| 768 | 165 | B89
°Zx D 2| 817 | 171 | 886
<Ly 4| 784| 170 | 847

- E 1| 9.10| 1.88 | 956

bl 5| 7.81 ] 162 8.55

2 G 7| 915/ 181 | 827

H 21017 | 1.93 | 9.62
81079 | 195 @ 999
{a} Depletion

140

Fuel Sample M am | 2824 | 2%3am | 2420, | 2440m
Element x 10%} | ix 107)| (x 10%) | [x 10%)] {x 10%)
-
g
£8 A 1| 200 |- 533 | 1.29
09D 9| 162 | 121 | 651 | 6.80 | 2.89
SEZx B 1] 009 | 142 | 0.73 | 341 | 092
Tu g J 1] os3 350 | 520 | 2.3
ae ‘9| 0.20 730 | 347
E ~—
2
A 3/ 168 295 | 1.12
- 5] 290 | 246 | 236 | 341 | 072
= B 2 135 | 1.28 | 1.47 | 276 | 1.11
S0 8| 271 325 | 119
T3 C 1| 076 252 | 690
82> 3| 197 2.14 | 048
Tz g D 2| 160 | 094 | 116 | 285 | 0.84
w3 4| 2.45 164 | 2.37 | 098
5 E 1] 169 278 | 057
= 6| 163 } 110 | t22 | 202 | 1.60
Zz G 7[ 151 282 | 0.74
H 2| 228 | 141 | 261 | 3986 | 1.37
B | 2.85 332 | 229
TABLE A6. Buildup of Pu isotopes (kg/MTUlm-tial)
Fuel Sample | 2¥Pu | 2Py 240p, | 2a7p,, 242p,
Element {x 10%) {x 10%) | x 107}
L
- |
&
£8 A 1| 183 | 374 | 112 | 443 | B74
093 9| 274 | 345 | 143 | 556 | 187
=y B 1| 1.87 | 387 | 1.01 | 407 | 688
<uwy J 1| 281 | 367 | 1.33 | 558 | 143
3@ 8| 338 | 374 | 1.567 | 640 | 1986
': -
z
A 3 174 | 384 | 093 | 381 | 558
| 163 | 399 | 094 | 388 | 566
L~ 'B 2| 175 | 387 | 088 | 354 | 502
o 8| 203 | 370 | 1.07 | 406 | 749
g c 1| 182 | 394 | 082 | 380 | 571
) 3| 120 | 416 | 081 | 3.38 392
SC e D 2} 146 | 404 | 081 | 342 | 417
quwy 4| 170 | 419 | 077 | 334 | a70
- E 1| 178 | 407 | 084 395 | 569
=" s| 174 | 423 | 077 | 344 | 364
z G 7| 185 | 418 | 094 | 393 | 550
{ H 2| 194 | 383 | 103 | 418 | 7.03
8| 210 | 387 | 1.14 | 440 | 8.43




TABLE A7. Buildup of Am and Cm isotapes {(kg/MTU| ...} TABLE A8. Burrup vajues Fp %and MWD/MTU obrained
from 1*®Nd and ! *7Cs

Fusl | Sample | 247Am | 22Am | 263am | 2220 | 2440y, Fuel Fr% MWD/MTU
Element {x 10 )| {x 10} /{x 10°) |ux 10%) | ¢ Y Sampla
! W 10%) | (x 10°) Element 1a8Ng | ¥ | VBN | VG
£ 5
"'s" " w Lol
I8 A 11 206 528 | 1.29 Z 8 A 11 110 1.06 | 10,590 10,180
g2 =) 9| 159 | 027 | 15.04 | 672 | 2.B8 0o D 9 | 1.46~-138 |14,040( 13,260
-z R B 1| 008 0.76 3.95 { 3.37 0.92 25* g 1 1.02°1+ 0.96 9,800 ( 9,250
<wy J 1] 052 1125 | 5.14 | 212 <Ly J 1] 133, 128 |12,830] 12,350
] 9| 020 7.21 | 3.46 ° gl 151 | 1.40 | 14480) 13,460
E = "‘”
z z
A 3 184 290 | 111 A 3| 109 | 104 |10510(10,020
- 51 285 0.53 515 [ 337 0.71 5| "1.10 1.07 |[10,5701 10,350
z B 2, 133 0.35 402 272 1.10 5 8 2! 1.07 1.00 | 10,280 | 9,650
l-ls-f @ 8| 266 3.21 1.18 w @ 81 1.26 1.20 | 12,150 | 11,560
% g C 1 0.75 2.88 0.90 £ aQ c 1 1.1 1,05 | 10,660 | 10,7100
823 3| 193 2.11 | 0.04 w23 3| 0.95 | 090 | 9,140 8,700
4 D 2( 157 | 0.28 | 324 | 251 | 083 S D 2| 0s8 | 093 | 9440| 9,000
<y 4| 2.4 332 | 234 | 097 <Gy 41 092 | 088 | 8850| 8,500
< ; E 1 1.85 2.72 0.57 &‘ - E 1 1.12 1.05 | 10,800 10,700
E 5| 1.60 0.31 3.47 1.99 1.59 = N 5| 093 0.88 8,930 | 9,730
z G 7| 148 2.78 0.73 = G 7 1.10 1.01 | 10,540 | 9,730
H 2| 221 033 6.24 3.80 1.36 - H 2 1.24 1.15 | 11,920 | 11,050
8| 280 3,27 2.28 8 1.32 1.21 {12,700 11,650
Buildup (*** Na) 3% py pyildup
GWD/MTU kg/MTU o)
15 } .
[ - ﬁ
J9 Cladding {2.03 mm)
® 18wy
6 - 0 2.1 wek *¥y
104 A 5
Cladding (2.03 mm}—] c3 D4 €5 E?Z s
4 ar B8 9
. [
’—Cladding {2.03 mm) i 3
1 1. —|
5~ T
1 2 |
» 6 wE Y - Cladding {2.03 mm)—
021w By 1
0 T T T T T T T T g T T T T T T T T
11 35 60 85 109 158 183 207 1 35 60 85 109 158 183 207
Distance {(mm]) fram the corner Distance {mm) from the corner
Fig. H1.1. Garigliano | - Radial burnup distribution in function of the Fig. 111.2. Garigliano ! - Radiat **? Pu buildup distribution in function
rod (centre} distance fram the corner of the assembly of the rod {centre) distance from the corner of the assembly

An explanation may be found in the fact that the effect of
flux depression on 23‘:”15’1_1 formation was compensated by an
239Pu overproduction due to the radial spectrum hardening
as a conseqguence of the control rod insertion. This conclu-
sion is supported by the results shown in Fig. L 3 where

the 239

Pu/Pu total is plotted showing a net asymmetry, and
that the isotopic composition of plutonium is modified along

the diagonal.
240 . . .
Fig. 1II.4 in which the radial Pu buildup is shown, gives

evidence of the same asymmetric behaviour.
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In the second standard table set (table Bl to B8} referring to

CGARIGLIANO I, some isotopes coming from @-measurement

are omitted. This is due to the fact that the low burnup and

the long cooling time {

10 years) lowered the emission to

such a point that it was impossible to detect a meaningful

signal,

In Fig.III, 5 the axial behaviour of the burnup {in GWD/MTU)

is given for the S5A-13 Eé pin, A certain anomaly,

beyond experimental error and shown up by points 7 and 10,

is possibly due to spectrum perturbation of the zone in which

the phase change occured. Forqualitative comparison, Fig.

II1. 6 shows an ENEL evaluation of the normalized axial

power distribution averaged over the irradiation cycle 2 of

fuel assemblies 5A-13, SA-21 and SA-41.

139 py atom% q ] FFL
80 149 py Buiidup ] nE
. xg/MTU H
70+
Al H8 8 1.86wi% My
604 ™ 2.1 135
Cladding (2,03 mm) 021w U
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40+ r—Cladding (2.03 mm}
30 BN
20J w- 215
@ 16wh Cuy .
10 o 2.1 :t%zas u Cladding {2.03 mm)
ol 7 T T 1 T =T LS T T T T 1 T
1 35 60 85 108 152 183 207 11 35 60 85 108 158 183 207

Distance {mm) from the corner

Fig. 111.3. Garigliano | - Radial 2*°Pu (at%) distribution in function
of the rod (centre} distance fram the carner of the assembly
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Fig. 111.5. Gartgliana Il - Axial burnup behaviour versus distance from
the bottom
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Fig. 111.4. Garigliana | - Radiat **®Pu buildup distribution in function
of the rod (centre} distance from the corner of the assembly
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TAELE B1, U isotopes referred to final

2784 atoms
Fue! Sample /Y | 23y
Element P {x 10%) | {x 10°)
-
S, |E6 11856 | 1365
8 3| 1.721 | 1851
053 5| 1.688 | 1.649
4z 7| 1.680 | 1.650
“z3 10( 1.680 | 1.578
i 16| 1.882 | 1.438
3 13| 1.944 | 1.236
E 11| 2.054 | 0970
Z
TABLE B3. Atomn ratios of ' #® Nd and
137¢5 referred to final 28U
Fual Sample 143“.!1d TZTC:
Element (x10%) |(x 10°)
[
z E6 1] 1.122 | 3.442
=8 3| 1.544 | 4.634
&N &) 1.6156 | 5.871
CEa 7| 1.557 | 5.514 |
2% 10| 1.001 | 5126
wu 3 16| 1.241 | 4.561
= 13| 1.039 | 3.801
gn 11| 0.782 | 2.862
z

TABLE B5, Buildup and depletion of U isotopes
{kg/MTUInitial)

Fuet Sample 2|y | 238y | 2B/Y
Element {a} la) .
= ,
g E6 1| 829 | 1.31 | 4.38
=8 3] 764 | 158 | 7.56
sq 5| B.16 | 158 | 799
CE2 7| 80z | 158 | 7.43
<2 3 10/ 8.02 | 1.57 | 6.75
wwz 16| 6.08 | 1.38 | 7.08
< 13 546 | 1.19 | 5.39
gn 11| 438 | 093 | 377
z
{a) Depletion

TABLE B7. Buildup of Am and Cm
isotopes [kngTUmitiaI)

Fuel Sample |24 am | 2%Cm
Element Ix 10°) | tx 10}
[
z E6 1] 276 | 1.44
58 31079 | 7.8
ok 5[ 21.96 | 12.21
eE2 7| 145 | 9.96
g2z: 10| 5.50 | 6.67
w“uw ¥ 16| 306 | 6.56
= 13| 467 | 2.42
g 11 0.67
2

TABLE B2, Pu isotopes referred to final ??® U atoms

Fuel 23p,, | 240p, | 291py | 242p,
m

Element Sample {x107) | x10%)} tx 10%)] ix 108,
=

z E6 1] 2.438 | 3.278 | 0.946 | 6.397
58 3| 3.483 | 5.806 | 1.895 | 16.183
ug 5} 3578 | 6.170 | 2.194 | 19.743
CEZe 7| 3442 | 5944 | 2.148 | 22973
423 10 3.303 | 5804 | 2.013 |18.512
“waZ 16| 3.352 | 4525 | 1.624 | 11.086
v 13| 3.052 | 3579 | 1.182 | B.701
" 11| 2.461 | 2.281 | 0.613 | 2.566
2

TABLE B4. Am and Cm isotopes re-
ferred to final 2*® U atoms

Fuel Sample 241y | 2840
Element .(x 10%) | {x 10%)
-
Z E6 1| 2.81] 144
=l 3| 110t | 7.24
Lo 5| 22.41 | 12.31
ez 7| 1482 | 1003
$2% 10| 561 6.72
ww 2 16| 31.20 | 6.61
< 13 476 243
oA 11 - 0.67
2
TABLE B6. Buildup of Pu isotopes (kg/MTU, ..}
Fuel Sample | 23¥py | 240py | 241py | 242py,
Element
[
= E6 1| 2.37 | 032 | 0.093 |0.0063
=8 3| 338 | 057 | 0.18 |0.018
SN § 348 | 060 | 0.21 |0.019
oEa 7] 335 | 058 | 0.21 |0.023
<2 10| 3.21 | 057 | 0.20 | 0.018
ww 2 16| 3.26 | 0.44 | 0.159 | 0.011
2= 13| 297 | 035 | 0.116 | 0.0066
o 11! 240 | 0.22 | 0.060 | 0.0025
£
TABLE BB. Burnup values FT % and MWD/MTU obtained
from "*¥Nd and 127 Cs
Fuel Same Fr% MWD/MTU
Element W8Ng | 177y | 148Ng | 177y
-
Z £6 1| 063 | 053 | 6,038 | 5073
=9 3| o8s | 071 | 8,260 | 6809
5a 5| 0.90 | 0.89 | 8,640 | B,60]
oz 7| 0.87 | 084 | 8325 8,094
azE 10| 0.85 | 0.79 | 8.143 | 7,525
wuw 2 16| 069 | 0.70 | 6,644 | 6,688
I 13| 058 | 058 | 5,578 | 5,583
[ 11| 044 | 044 | 4201 | 4211
F
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The perturbation appears even more clearly in Fig. III. 7

where the

c"Pu buildup is shown since the praduction of that

isotope is much: more sensitive to spectrum perturbations.

The Pu/U mass ratio vs the axial position is reported in Fig.

III. 8 sheowing the same trend in the region between points 7
and 10,

1p, Buildup
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e
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Fig. I1i.7. Gariglianc |l - Behaviour of the *? Pu buildup in function of
the axial position of the samples
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Fig. 111.8. Garigliano Il - Behaviour of the Pu/U mass ratio in function



2. Trino Vercellese PWR (Trino | and Trino 1Y)

Forthe results of the campaigns on TRINOVERCELLESE there

aTe no particular problems to be mentioned and they are given

in the standard tables (Cl to C8, D1 to D8),

Only the axial

and radial distributions of burnup and radial distribution of

239

Figs. II1. 9 and II1, 10,

Py buildup for TRINO II samples are presented in

Burnup {'*8 Nd}
GWD/MTU
8 -7
20 BURNUZ (1“8 Nd) 139,
P (x 10°
30 BUILDUP [x 107)
?1>-—d = -’
Ry al T— L g
1 Al ES Ln ‘
20 s
0.6 mm cladding —|

10— T - 4

0.6 mm cladding t
HReteH |3

HErER Ry [
T 1L
THHHHPE, |- !
} ! 1 O T T T 0
0 1000 2000 3000 mm 12 85 159 196
Distance from the bottom Distance (mm) from the corner

Fig. 111.9. TRINQ Il - Rod E11, axial burnup distribution versus Fig. 111.10. TRINO |l - Radial buraup distribution at level 7 (814 mm

distance from the bottom

TABLEC1, U isoiopes referred to final

238 atoms
_ Fuel /Yy | 238y
Element Sample {x 10?)| ix 10%)
c Ls 12068 0.170
i 4% 1.585 | 0.255
£ 94 1.833 | 0.217
20> |yg 11945 0.186
s 4| 1.486 | 0.263
25k 7 | 1483 | 0.270
w o 1.748 | 0.224
I A1 18 1976 | 0183
= 780 1.418 | 0.281
< 9| 1.698 | 0.233
[
Z ET1 1| 2451 | 0.171
=8 4| 1.831 | 0.299
5 7| 1760 | 0.289
6n=° 92129 | 0.263
> &
gzt Hg 4| 1773 | 0.315
auwz 7 | 1730 | 0.320
T= 9 | 2.020 | 0.255
" Q15 7 | 1.593 | 0.328
z
rw
ol
gL> M11 74| 2.834 | 0.290
Y% |A1z1 3700 0124
2 EE. 7 | 3.270 | 0.204
=3
Zes

4 Values obtained by averaging analytical
results from the Ispra and Karlsruhe
Laboratories

from the bottom) of burrup and ?° Pu buildup

TABLE ©2. Pu isotopes referred to final 3B aroms

Fuel 2Bp,, | 2W¥py, | 2a0py | 241p, | 242p
Sample u u u
Element {(x 10%}| (x 10°) (x 10%) [{x 10%} { {x 107}
; L5 1 3737 | 531t 2.077 | 1.809
4 44| 3.16 | 5183 |11.75 | 6.166 | 9.168
iR g8 185 | 4319 | 7.714 ) 3.257 | 3.716
@o> |J8 1 3738 | 5.779 | 2.334 | 1.980
S rl 4974 [12.05 | 6.288 | 10.49
92 % 7 | 3.2¢ [ 5140 |12.42 | 6.477 | 10.94
[y g9 | 1.60 | 4373 | 8.446 [ 3.844 | 4.503
L A1 18] 088 | 3.552 | 5371} 2029 | 1.599
e 78| 367 | 5.106 |13.04 | 6.947 | 13.63
z 9 4304 | B.690 | 4.038 | 4.951
’_
z £11 1 3622 | 4.582) 1.764 | 1.229
<8 4 5516 |11.66 | 6338 | 8939
Ry 7 5484 |11.86 | 6.374 | 9.816
9F> 9 4610 | 8.054 { 3814 ; 3920
$2% (M9 4| 259 | 5423 [1264 [ 6917 1111
& 7 6.488 | 13.01 | 7.106 | 11,46
< 9 4608 | 8605/ 4175 | 4.810
'E'” Qis 7 5213 11355 | 7.193 | 13.39
TWw
of
g I3 A
SZ |M1174 281 | 4759 | 7.440| 3567 | 3.186
g [A121 1.528 | 0.963 0.147 | 0.046
B2 7 2641 | 3.048; 0.383 | 0.474
=32
e

4 Values obrained by averaging analytical results from the lspra and
Kartsruhe Laborataries
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TABLE C3. Atom ratios of '*® Nd and TABLE C4. Am and Cm isotapes refsrred to final *3% U
137¢s referred to final 232U

Fuel 148ng | 1376, Fuel M5 (292 a4m | M3am | 2420 | 240m
Sample Sampl m m m m
Element AP |1x 104) {x 10%) Element AP 11k 10%) | 1x 107} | (x 10%)] 1x 10¢3| {x 105}
= Ls 1 5.55 = Ls 1
Za 4% 265 | 976 U 44 198 | 460 | 887 | 321 | 213
=8 | 9 189 | 726 28 gA 043 | 191 | 239 | 234 | 060
oGS |3 1] 168 | 575 285 |
Sz 4| 274 | 1019 gg= 4
ag3 74 282 ) 1007 2L 7| 2902 | 39 | 1153 | 618 | 1.80
BYa 9| 208 | 7.47 “Ie 9! 1.7 324 | 196 | 078
<5 lat 18 154 | 574 SN |A1 18 158 | 168 | 091 | 056 | 0.20
Ew 74 288 | 1114 £ 78| 065 | 449 | 11.42 | 391 | 263
z 9] 223 824 £ 9
E £ B
& E11 1) 135 | 514 ] E11 1
=8 4| 287 | 1068 =4 4
aGo 7| 296 | 10.82 52 7
= o 215 | 7.81 n=> 9
2Z% |Ho 4 309 | 1094 2% W 4
& o 7| 325 | 1195 B 7
<< 8| 230 | 850 T 9
E Q157 ) 335 | 12.38 E? 57
z =
Im ;
Al h
gz M:; 79 22 g~49 3%; Mi174 331 | 1.99 | 291 448 | 167
& o A121 | 085 .57 = 1
gz 7| 143 | 58 gz: (M%)
s& £8
(3] -
= Z
A Values obtained by averaging analytical A Values abtained by averaging analytical results from the Ispra and
results frorn the Ispra and Karlsruhe Karlsruhe Laboratories
Laborataries
TABLE C5. Buildup and depletion of U isotopes TABLE C6. Buildup of Pu isotopes (kg/MTU Initia'.)
tka/MTU)ritiat)
Fuel Sample >y 238 238 Fue! Sample 23p, 239p, | 240p,, | 241py 242p,,
Element {a) {a) Element
E L5 1| 746 | 163 | 6.45° - L5 1 3.63.| 0.51 | 0.205 |0.015
Wig 41226 | 2.42 | 1203 z 44 0.030 | 500 | 1.15 | 0.612 |0.089
=8 94 982 | 204 | 8.10 < § g4 0.015 | 4.18 | 075 | 0.349 | 0.036
282 |48 1| 864 | 178 | 661 'YEREC 363 | 0.56 | 0.230 |0.019
ST 4 1327 | 250 | 1117 Iz 4 480 | 117 { 0,622 |0.103
2u3 711331 | 257 | 11.92 G2% 7 1 0.031 | 496 | 120 | 0.643 |0.107
“42 91055} 214 | 861 e 90015 | 423 | 082 | 0381 |0.044
Ea |A1 14 795 173 | 6.09 IR | A1 140006 | 345 | 0.52 | 0.201 |0.016
= 74 13.64 ; 267 | 12.10 Ew 74 0.035 | 492 | 1.26 | 0691 |0.133
= 9 11.03| 223 | an z g 4.6 | 084 | 0.398 [ 0.049
B
=
— k=
& o E11 1| 788 | 164 5.28 z E11 1 350 ! 044 | 0173 [0.012
=0 41400 | 2.84 | 11.84 = 4 530 | 1.12 | 0.623 !0.087
NG 7| 1467 | 274 | 1162 I 7 627 | 1.14 | 0,627 |0.095
=gt 9| 1112 | 250 | 893 S E =1 9 444 | 077 | 0.375 |0.038
9Z% |Ho 4| 1456 | 298 | 1282 ©2¥  |Hg 40024 | 520 | 1.22 | 0.682 |0.108
D e 71498 | 3.03 | 1338 [u = 7 526 | 1.25 | 0.698 |0.111
< 9| 1215 | 242 | 8.718 a2 9 444 | 083 | 0411 [0.045
% 0157 | 1625 | 3.11 | 12.56 o Q15 7 500 | 131 | 0708 | 0.130
- =
I :
oq o8
€5 T o
SZ |Mi174 1208 | 275 | 896 22 |M1174 0026 | 455 | 071 | 0348 [0.030
oo % |A121| 385, 117 | 237 $% A2 1 1.47 | 0.09 | 0.014 |0.0004
L 7| 809 193 | 469 2<s 7 254 | 029 | 0.081 |0.004
ES E&
Zc e
& Values gbtained by averaging analytical results & Values obtained by averaging analytical results from the Ispra and
frorn the Ispra and Karlsruhe Labaratories Karlsruhe Laboratories
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TABLE C7. Buildup ot Am and Cm isotopes (kg/MTUInma,) TABLE C8. Burnup values FT % and MWD/MTU obtained
from **®¥Nd and "2 7 Cs

Fuel 24 242 243. 242 244
Sample Am Am Am Cm Cm Fuel FT% MwD/MTU
2 4 ] Sample
Element | x 107 (x 10%) (x 10%)| (x 10%) | {x 10°) Element 18y | 137, | “ong | 197G
-
L5 1 S
= = 0.84' | 8,080
La! 2 e 1 y
£8 o o3| 3aT | 8% 383 120 Sy a8l (148 )| 1.47,:434,080 | 14,140
oB w1l ‘ . : : 28 94 1. 1.10 [ 10,070 | 10,550
Ix e 4 202 Jg 1| 0483 | o087 | Bg70| 8370
2zt 7| 284 | 385 | 1122 | 603 | 177 9% 41152 1 154 114570 14,770
e sl 138 3161 192 | 07 ag: 71 156 | 1.52 [14,980 | 14,580
SR a1 1 1ss | 1es | 090|055 | o6 "3e o M4 113 111,000 10,350
o AR : - : - I~ a3 14 085 | 087 ! 8230| 8,370
Z ; 0.64 436 | 11.11 | 3.823 | 2,59 EN 728 150 | (168 | 15,2907 16,120
E= g | 1.24 | 124 [11,900| 11,960
= .
Z E111 =
Yo 4 & E11 1| 074 | 077 | 7,180 7,460
I8 7 =8 4] 158 | 160 | 1517015390
NOS g NG9 7! 1.63 | 1.82 |15600] 15600
QL w0 SE 9 | 1.18 | 1.17 | 11,400 11,300
@z HY 4 P E
Swk 7 @Z% |Ho 4| 170 | 164 |16,320]15770
- =m w2 71 179 | 179 |17,180]17,210
< 9
£ o a < 9| 127 | 1.28 | 12,220 12,280
S 157 E Qi57 | 1.85 | 1.85 | 17,730 17,860
T .
o8 28
+ED " ) '
gzF (A2 $a% |m21| 035 | 038 [ 3420| 3710
w= fg,‘; ] E; 7] 078 | 0.77 | 7,550| 7,440
Z0 23
& v/alues obtained by averaging analytical results from the Ispra and & Values obtained by averaging analytical results from the
Karlsruhe Laboratories |spra and Karlsruhe Laboratories
TABLE D1. U isotopes referred to final TABLE D2, Pu isctopes referred to final 238 aroms
238 atoms :
Fuel Sample Ziﬁuz 236 Fuel Sample 238p,, | 239p; | 240p, | 297p, | 292py
Element {(x 10%)| (x 10%) Element (x 10%) [ tx 1073 (x 10%Y] [x 10%)§ Ix 10%)
E5 4| 1,376 | 0.374 Es 4 | 1.23 |6.297 { 1.855 | 1.114 | 2.502
74 1.304 | 0.377 74 1.24 | 6.413 | 1.909 | 1.134 | 2,689
9 | 1.609 | 0.346 9| 066 15544 | 1.303 | 0.776 | 1.405
L5 4 | 1.384 | 0.389 L5 4| 1.15 | 6401 | 1.888 | 1.151 | 2,551
5 7 | 1.317 | 0.380 I~ 7| 120 | 6316 | 1.889 | 1121 | 2619
W, E11 1 | 2,055 | 0.258 i E11 1 | 0.25 | 4.789 | 0.879 | 0.424 | 0.477
=a 24 1529 | 0.352 £5 28] 0.86 |6.135 | 1.616 | 0944 | 1.813
2805 44 1331 | 0.384 P 48 118 | 6312 | 1.866 | 1.097 | 2.583
SE . 5| 1.309 | 0.384 Sk 5] 1.23 | 6.340 | 1.884 | 1.098 | 2524
28% 74 1.317 | 0.386 2% 78 124 | 6502 | 1934 | 1.134 | 2756
B 8 | 1,345 | 0.381 B, . 8 | 1.10 | 6383 | 1.856 | 1.109 | 2.470
<% 9 | 1.589 | 0.343 a4 9 | 069 |6.050 | 1.511 | 0.840 | 1.567
e L11 4 | 1.369 | 0.399 E™ L tt14 14 (6303 | 1.907 | 1.428 | 2618
2 74 1308 | 0.369 2 72 1.25 | 6.417 | 1929 | 1.133 | 2.760
A1l 1| 1.844 | 0.289 Al 1 | 035 | 4892 |1.069 | 0.540 | 0.752
7| 1.106 | 0.389 7 | 1.45 6085 |2.063 | 1.242 | 3645
J9 4| 1.283 ) 0.387 J9 4 |+1.26 |6.153 | 1.917 | 1.134 | 2.8
7| 1.254 | 0.392 7 | 1.31 | 6333 | 1993 | 1.169 | 3.034
& Values obtained by averaging analytical & Values obtained by averaging analytical results from the Ispra and
results from the Ispra and Karlsruhe Karlsruhe Laboratories

Laboratories
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TABLE D3. Atom ratios of '** Nd and
Y3906 referred to final 274U

Fuel Sample 148Mg | 1370y
Element {x 107} {x 10*}
E6 4 4.49 16.64
74 461 | 17.35
9 3.62 13.45
L 4 4,55 16.84
- 7 17.07
E E1l 1 8.92
12 24 387 | 1468
o35S a8 4.47 | 16.69
e = 2 5 4.71 17.09
o3 ¥ 7A 457 | 17.22
QuE 8| 441 | 1669
&‘ o 9| 361 14.08
rel) Lit 4 | 451 | 16.87
> 7Y 458 | 172.21
= Al 1 10.56
7| 5.06 15.42
Jg 4 17.46
7 4,75 17.78
o
& \alues obtained by averaging analyticat C
results fram the Ispra and Karjsruhe P >
Laboratories ~ KF\
61 .
T 7. /u LI
TABLE DS. Buitdup and depletion of U isotopes
lkg/MTU nitiat)
Fuet Sample ZEU/ 2361 233y
Element (a) {a)
. g 5.7 7
Es 4 [ 1839 | 3.63 19.13
700 19,23 | 3.54 19.96
9 [ 16.16 3.27 15.11
L5 4 | 1833 | 348 | 19.64
[ 7 | 18589 357 | 21.09
G, | E111]118¢ | 245 | 961
§ i 20, 1694 | 3.32 | 16.40
ags 44 1BB2 | 361 | 18.94
= 5| 1903 362 | 19.58
gﬁ ’; 780 18.96 364 19.12
[ 8 | 1868 | 3.59 18.55
< 5 | 1633 | 3.24 14.50
E™ | L1114 | 1848 | 376 | 18.90
Z 780 19.02 | 3.47 | 20.10
A1 Y| 13.87 2.74 11.88
7 | 10858 3.75 | 20.16
8 4] 1929 3.64 | 20.36
7 19.55"| 3.69 19.85

A Values obtained by averaging analytical resuit
from the Ispra and Karlsruhe Laboratories

{a} Deptetion
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TABLE D4. A and Cm isotopes referred to final ?3% U atoms

Fuel Sample 24 Am ZQAT 2¢3A|;1 zucm ZMCT
Elemant {x 10*)] {x 10°}| {x 10%) | (x 10%}| {x 10%)
E5 4 | 0.82 238 | 9.09

7580 103 | 226 | 469 | 262 | 9.66

9 | 062 1.43 | 257

15 4| 098 268 | 9.75

- 7| 181 257 | 897
&, |[Ev11]030 052 | 0.10
%g 2480 0.57 1.44 | 2.44 1.87 476
adS 45l 074 | 189 | 397 | 258 | 9.23
ST 5| 174 | 292 | 566 | 267 | 1012
22% 75 162 | 284 | 566 | 279 | 10.19
B s g i 257 |7 7.83
< g 179 | amn
E™ L1714 286 | 9.23
2 72 062 | 2.02 | 394 | 262 | 10.03
A1 1] 0.14 079 | 089

7 3.18 | 14.16

B 4 D.69 269 | 10.89

7 300 | 994

A Values obtained by averaging analytical results from the Ispra
and Karlsruhe Laboratories

- LS
S A

TABLE D6. Buildup of Pu isotopes (kg/MTU‘nma‘)

Fual Sampie 238p,, | 239py | 240p, | 291p, | 242py
Element :

E5 4 | 0117 | 595 | 1.76 | 1.05 | 0.240

78/ 0116 | 598 | 1.78 | 1.08 | 0.254

9 {0063 527 | 133 | 073 | 0.135

15 40110 606 | 1.77 | 1.06 | 0.244

- 7010114 | 597 | 179 | 1.06 | 0.250

§, |E111]0025| 458 | 084 | 0.40 | 0.046

22 26/ 0O8Y | 575 | 152 | 0.88 | 0.172

239 45 0109 | 589 | 175 | 1.03 | 0.244

Sz 510117 ] 601 | 1.79 | 1.04 | D.240
gzl 781 0117 | 6.07 | 1.83 | 1.06 | 0257 |

Bz 8 ,0.119 | 581 | 1.72 | 1.03 | 0.232

<= 9 | 0068 | 563 | 141 | 0.78 | 0.147

=" 1114|016 606 | 179 | 1.05 | 0.247

2 70 0116 | 6.00 | 1.81 | 1.05 | 0.259

A1 110035 | 467 | 1.02 | a51 | 0.073

7 (0132 | 556 | 1.89 | 1.14 | 0.338

)9 4|0120]| 582 | 1.81 | 1.07 | 0270

710134 | 583 | 184 | 1.08 | 0282

& Values obtained by averaging analytical resuls from the Ispra and
Karlsruhe Laboratories




TABLE D7. Buildup of Am and Cm isotopes (kg/MTU )

TABLE DB. Burnup vatues F %and MWD/MTU abtained
from "4 4 Nd and 37 Cs

Fuel MU pm (282 243 242 2040, |
Sampl mn Am Am Cm Cm F+ % MWD/MTU
Element P ix 10%) | {x 10%] | (x 107)] (x 107} | ix 10%) Fuel Sample s
Eiement 1y | 1370y | 188Ng | 10
E5 4 8.22 2.31 8.96 ES 4| 24 2 23,81
780 1031 | 2.16 | 4.49 | 251 | 9.42 > ;sjg’) gfgg 23'328 24'213
" 3 3.56 1.39 2.54 9 199 | 2.01 |19,100]19,330
10.18 252 9.52 15 4 2.49 2.51 23,900 |24,080
- 7| 15.79 248 | 8.78 - 7 254 | 24420
2 Elq 1A 3.18 0.51 n.10 z E111 1.3 12,890
=8 ZA.I 576 | 1.41 2.39 1.76 4.67 =1 2 212 2.19 | 20,380 21'060
- 5 o 48 728 | 1.83 | 384 | 2.43 9.01 o 44 244 249 | 23,450 |23.890
Sz = 5 117.056 | 2.81 5.45 2.57 9.91 225 5] 258 2-55 23'730 24'440
< 74 1686 | 2.73 | 543 | 266 | 9.90 SZ= ; . ' Y
8 E : : . . . 2- 7. @ 2% 4 250 2.56 24,010 24,620
Uz R 45 .58 2 ﬂ z B| 2.4 2.49 23,1501 23,890
3; 14 ;;g 363 z= 9 1.98 2.10 | 19,050 (20,210
e . .15 [ L11 4| 2.46 2,51 |23,650]24,120
z 74 832 2.00 3.80 2.46 9.73 ‘ ‘; A 2,51 256 24:070 24:510
Al 1 1.63 0.75 0.88 Al 1 1.59 15,260
7 2,99 13.53 70 2377 2.89 126,550 27,730
J9 4 6.92 2,55 10.69 9 4 2,60 24,970
7 2.84 9.66 71 260 2.85 )24,95025,420
A Values obtained by averaging analytical resuits from the tspra and A Vfalues obtained Dy averaging analytical results from the

Karlsruhe Laboratories

Ispra and Karlsruhe Laboratories

3. Obrigheim PWR

Standardtables for OBRIGHEIM results are presented (Tables
El ta E8). Onsome OBRIGHEIM data hardly any remarksare
required. The burnup value of sample G7 Pl obtained at
Karlsruhe was about 30% higher than the one from lspra, as
was also pointed out in section Il. 2, where the paired compari=
son Ispra-Karlsruhe was presented.

A calculation made on the asymptotic G7 Pl samples with
RIBOT (see section II. 5} also indicated the presence of a pos-
sible error of approximately 25% in the burnup of the G7 Pl
sample analysed at Karlsruhe. For this reason in Tables E we
have only given the values obtained at Ispra for the G7 Pl
sample. In Fig. 111, 1} the axial distribution of burnup and
23919“ buildup for rod G7 are reported. The 241Am and
24ZCm buildup values also presented a rather complex situa-
tion. An accurate analysis of the experimental 241Am led to
the conclusion that the values could be divided into two sets,
A and B. In order to give an idea of the different distribu-
tion and of the discrepancy between the A and B sets of data,
the 241Am buildup values have been plotted against the burn-
up and presented in Fig. IIL. 12,

The first set {A) includes mass spectrometry data obtained
at ispra and @-spectrometry data obtained at Karlsruhe.

The second set (B) is composed only of the &-spectrometry

data obtained at Ispra.
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Considering that the values belonging to A are obtained by

two laboratories with differing experimental techniques, a

greater degree of confidence may be placed in these values.

This indication is also supported by the results obtained

with the RIBOT code previously mentioned {see section II, 5,

Fig. 11, 55:

Conclusions on

241A

m).

TABLE E1. U isotopes referred to firal 238U atoms

Fuel 235y 236y
Element Sample {x 10%} {x 10%)
D1 P 1.438 0.3
P2 0.998 0.396
P3 0.742 0.431
E3 M 1,337 0.297
L P2 0.897 0.400
i P3 0.653 0.441
z 0 P4 0.814 0.410
<03 P5 1.258 0.383
Ty G7  P1 1.807 0.308
w§ P2 1.146 0.408
e P38 0.804 0.420
LS P4 1.077 0430
= PS5 1.084 0.378
=z M14  P1 1.639 0.283
P3 0.936 0.405
P4 1.088 0.377
-
=
=w Gi4  P3ML 0.507 0.414
ol o P4(1) 0.529 0.422
oF g Ps(1) 0.667 0.388
wd § P5{2} 0947 0.353
Q. K14 P1 1.066 0.341
<% P3(1) 0.521 0.413
E P4(1) 0.541 0.408
=

&Values obtained by averaging anaiytical results from the lspra

and Karlsruhe Laboratories

TABLE E2. Pu isotopes referred to final 2 *? 1 atoms

ElFuel Sample zaﬁl‘,}‘J 239?;: ZMPE 241 P? zast,E
ement (x 10%) {(x107) (x 10°) (x 107} {x 10%)
D1 Pi 0.373 4544 1,373 0.645 1.324
P2 0.968 4876 1.972 1.065 3.346
P3 1,658 5.292 2.480 1.344 5.872
g E3 P 0.431 4.450 1408 | 0.643 1423
& P2 1.105 4.879 2.097 1.064 3970
2 ﬁ P3 1.724 5035 2537 1.324 6.560
e Paa | 1208 5.178 2.337 1.235 4841
T P5 0.649 4 858 1.688 0.874 2.173
w g G7 P 0.327 4.424 1.204 0.568 1.020
48 #2 0.830 4922 1.889 0976 2.881
<5 P3a | 1408 5276 2.3 1.260 5.077
= P4 1.119 533t 2135 1.152 3.784
= P5 0.838 5.326 2.031 1.088 3.325
M14 P 0.275 4127 1.076 0.475 0.771
P3 1.124 5.268 2.180 1,170 3.983
P4 0.804 5.188 1.939 1.042 3.095
-
=
5w G14 P3{1la] 1750 | 4815 2626 1371 8.139
I Paj1) | 1.684 4.650 2494 1.262 7.0M
=2 P5[1) 1.197 4570 2.198 1.136 5.110
~Z £ P5(2) | 0.6B2 4445 1.786 0.893 2932
aw ® K14 P1 0686 | 4807 | 1807 | 0936 | 2722
@ P3{1) | 1789 4.944 2504 1.362 7.680
s Pa{1} | 1.326 4741 2482 1.2686 6.832
=

A Walues obrtained by averaging analytical results from the lspra and Karlsruhe Laboratoties,
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TABLE E3. Atom ratios of 1 *38ld and *?7Cy referred to final 222U

Fuel 148 ot ¥
Element Sample {x 10%) (x 10%)
D1 P1 401
) .88
- P3 6.46 2.33
z E3 P1 3.81 135
2n P2 6.73
Ta P3 6.96 2.48
52> P44 5.90 2.15
- nzc £ P5 4.34 2.36
Hw 2 G7 P1 3.23 1.77
8 P2 4.91 2.50
g P34 5.99 3.28
5 P4 5.29 2.86
= PS5 491
Mi4 P1 2.94
P3 5.60 3.0
P4 4.73
=
=
‘gg G14 P3{1)a 7.20 394
In P4{1) 6.82 3.70
B3 P5{1)’ 5.74 3.20
N 2 P5{2) 4,59 2.55
w
s Kid4 Pt 4,83 2.39
8 P3(1) 7.03 3.75
; o~ P‘u” 6.28
z

& Values obtained by averaging analytical results from the Ispra and
Karlsruhe Lahoratories

TABLE E4. Am and Cm isotopes retfered to final® *# L atoms

Fuel Sample 0y | 202pn | M35, | Mcm | MCm
Element (x10%) | {x10%) | 010} [ Dx10%} | (x10°)
D1 P1K 2.27 A 0.76 0.23
P2 |
#3 | 6.36 B 1.63 3.51
E3 P11 3023 0.46 0.21
. P2 K 1.30
z P31 8978 1.76 432
] P4 | 7618 "1.56 2.55
< gy P4 K 5648 345 2.29
NEn PS5 | 2458 0.73 0.53
wd ¥ G7 P 1.46 A 0.28 0.85 0.30 0.11
-8 PT K
g P2 | 258 A 0.49 386 0.89 0.97
= P31 18.34 B 154 3.08
2 P3K
P4 | 1456 3 1.23 1.70
P5 K 2.02 1.10
M14 PTK 0.69 A 0.1
P31 9788 117 1.85
P4 K 145 0.9
=
o Gia  P3{(1)1 | 430A 0.72 15.24 152 6.19
=8 P3(1) K 491 475
o Pa(l) 1 | 421 A 1.91 13.68 1.49 4.87
Ty p5(111 | 5758 1.19 416 1.21 2.26
s % P5(2 | 2.86 A 0.60 3.59 0.79 0.71
-0 Kta P1 || 2Bta 0.84 0.67
e P3(1)1 | 7848 0.75 13.86 1.85 5.41
|=.:' P4{1) K 344 326

| — samples analysed at lspra
K = samples analysed at Karlsrune
A — values obtained by mass spectrometry (Isprajand
o spectrametry (Karlsruhe)
B — values obtained by cspectrometry [lspra)
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TABLE ES. Buildup and depletion of U isotopes tkg/MTU ...

Fuel . 2EY 238y 238y
Element Sample (2) {a)
D1 P1 16.31 2.99 15.95
P2
P3 23.07 4.06 25.32
= E3 P! 17.25 2.82 12.88
& P2 21.56 377 | 21.85
= P3 23.91 4.42 27.01
<5 P4 22.34 3.87 23.03
NT 2 P5 18.15 3.62 16.59
wZ % G7 P 14.79 292 11.97
g P2 19.24 3.85 19.21
<2 P3 22.45 3.96 23.63
= P4 19.81 4.05 21.62 .
F P5 19.91 3.60 19.80 «
M14 P1 14,31 2,73 1091 -
P3 21,22 3.81 2173«
P4 19.67 3.60 18.85 -
-
&
=9 G1a P3(1) | 2357 388 29.08
e P4(1} | 2335 3.95 26.36 .
a=2 P5(1) | 22.03 3.66 20.99
wzs P5(2) | 1936 | 333 | 1625
el K14 P1 18.27 3.22 1B.86
<« P3(1) | 23.44 3.86 27.76
=" Palt) | 23.26 3.82 24.55
4

& Values obtained by averaging analytical results from the lspra and

Karlsruhe Laboratories

(a) Depletion

TABLE E6. Buildup of Pu isctopes (kg/MTU| i)

Fuel sample 238py, 23%py 240p 241py, 242p,
Element
DL P 0.036 4.35 1.32 0.62 0.128
P2
P3 0.156 5.02 2.36 1.28 0.564
= E3 M 0.041 4.28 1.36 0.62 0.138
™) P2 0.104 4.62 1.89 1.02 0.380
=8 P3 0.165 477 2.41 1.26 0.629
«QO P4L 0.114 493 2.23 1.19 0.476
fEge P5 0.062 4.65 1.62 0.84 0.21
i &t 67 P 0.031 4.26 116 0.55 0.099
42 P2 0.078 4.70 1.81 0.94 0279
L P34 0.141 5.02 2.28 1.20 0.489
e P4 0.106 5.08 2.04 1.11 0.366
Z P5 0.079 5.08 1.95 1.05 0.320
Mia Pl 0.026 3.98 1.04 0.46 0.075
P3 0.107 5.02 2.08 1.12 0.384
P4 0.076 4.96 1.86 1.00 0.29%
=
w G14  P3{1)4 | 0.165 4.56 249 1.3 0.780
=48 Pa(1) 0.159 4.41 2.38 1.21 0.680
PR P5(1) 0.114 4.36 2.11 1.09 0.494
nE R P5{2} 0.065 4.27 1.72 0.86 0.285
wZE |k Pt
-0 P1 0.065 4.60 1.74 0.90 0.264
N P3{1) 0.169 4.69 247 1.30 0.735
*_:: Pa{1) 0.126 4.51 2.37 1.21 0.658

& Yalues obtained by averaging analytical results from the lspra and Karlsruhe Laboratories.
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TABLE E7. Buildup of Am and Cm isotopes {kg/MTU )

Fuel Samp|e 24 Am 242 Am 243 Am 242 cm 2qu
Element (x10%) | (x10%) | (x10%) | (x10°} | (x 107}
D1 PIK 219 A 7.40 222
P24
P31 6088 15.65 33.97
~ E3 P1 L: 2938 450 2.04
P2 12.58
& P3| 9.008 1479 | 4162
g 8 P4 I 7.308 15.01 2480
<8 PaK 5418 3347 22.18
Sz P51 2278 7.10 5.13
y Z% G?7 P! 140 A 2.88 0.86 284 1.04
aD P1 K
< P21 248 A 4.94 3.90 8.58 §.49
= Pal 17588 14.79 2973
F P3 K 27.15 26.73
P4 | 13988 11.88 16.52
P5 K 19.58 10.68
M4 P1K 067 A 1.04
P3! 9398 11.30 1799
P4 K 14.07 8
'._
=
w G4 P31 410A 7.29 154 1554 59.81
£m P3(1) K 47.03 4594
o83 Pal1} 1| 403A | 19.30 138 14.36 47.15
RER P5{1)1| 5.538B 12.07 4.20 $1.70 22.07
gﬁ ¥ P52} 1| 2774 7.10 3.62 7.56 6.95
29 K4 P1 1| 252A 8.13 6.53
E:\i P31} 1| 7.498B 7.57 14.00 17.75 52.59
£ Pa(t) K 33.10 31.68

| —~samples analysed at Ispra

K — samples analysed at Karlsruhe

A — values obtained by mass spectrametry {lspra) and
« spectrometry (Karlsruhe)}

B — values obtained by o¢spectrometry (lspra)

TABLE EB, Burnup values F1 % and MWD/MTU obtained from

IdﬂNdand 13'.'c:s

e Fr% AMWDMTY
ue
Element Sample 1484 | 1370, { 18pg ¢ 1370
D1 P1 22055 21,170
P2 ]
P3 | 3.517] 3.45 |33,750]33,160
s E3 P1 2.10-%72.03 |20,180 | 19,540
W P2 36545 35,100
£ P3 3.77:4 3.66 | 36,260/ 35,220
iy pas | 3225319 |30920) 30,640
s < ¥ P5 238 | 2.35 | 22,860 22,570
Wi G7 P1 178440 1.76 | 17,130 16,970
=g P2 268117259 (2583024880
2o P34 | 3.26.1 3.27 |31,320 31,400
= P4 28852 2.85 |27.710!127 420
Z PS5 2.684/¢ 25,810
M14 P1 1.62 /|5¢ 15,600
P3 3.05:K 2.99 | 29,360 | 28,800
P4 2.59 1] / 24,900
'_
& %)
=4 G4 PA8| 3.90 | 392 |37,490 | 37,720
5o Pa{1} | 3.714} 3.69 | 35,640 | 35,480
c=2 P5{1} | 3.14-5 3.19 30,160 | 30,660
Nz *235 PS{2) 1 2.52.432.54 |24,22024,400
ot 2 K14 £1 2.6511¢2.38 | 25,450 | 22,900
T ™ P3(1) | 3.81+|C3.74 |36,670 | 35,930
=5 Pa{1) | 3.423), 32,900
=

A Values obtained by averaging analytical results from the lspra
and Karlsruhe Laboratories
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8Burnup Buildup (x 107}
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Fig. 11111, Obrigheim - Rod G7, axial distribution versus distance from the
of burnup and ?3%Pu buildup
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Fig. 111.12. Obrigheim - **! Am buildup platted against burnup
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242
As far as 4 Cm is concerned the data obtained at Karlsruhe
are systematically higher than those obtained af Ispra (sece
Fig. I1I.13). The comparison with the RIBOT code indicates
the possible presence of a systematic error in Karlsruhe
242
Cm).

Contrary to the procedure in all the standard tables,

determinations {section 1I.5: Conclusions on

Tables E4 and E7 show the results obtained at Ispra and Karls-
ruhe separately so that a critical evaluation of the data can be
made, This is because of the indications which emerged from

the above-mentioned interlaboratory comparison (see section
11. 2},

gnd  QISPRA g0  OISPRA
[1KARLSRUHE 3 KARLSAUHE
50 - / _ 50-
] )
T 404 4, apd
= x
= v
= -
£ £ :
2 2 cfj
5 30 / & 304
9 o 3 b
= 5 (L
o o
E §
g 20 Z § 20+ gs
D
\0 ' ]0—1
- -
g T T T T 0 T T T Y
0 W 20 3| 40 0 10 0 3 40

BURNUP (GWD/MTU)

Fig. 111.13. Obrigheim - Cm isatope buiidup plotted against burnup

4. Gundremmingen BWR

The results of CGUNDREMMINGEN fuel were alsoextensively
dealt with in references 2 and 21 and in the earlier sections
of this report. Since there are no particular remarks to

make, only the standard tables are presented (tables Fi to F8).
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TABLE F1. U isotopes referred to final

238} atoms
Fuel /Yy | By
Element Sample {(x10%)| {x10%}|
£
Y | Al 10676 [ 0.346
T 8 2] 0.727 | 0.349
oo B 34 1.039 | 0.311
N2 B;S 4 | 0,980 | 0.319
M C 5| 0.905 | 0.332
za E ;J 0.814 | 0.331
E 0.716 | 0.348
=
[
=
Yo
TR | A1 10916 0323
R 2 | 1.048 | 0.305
nZ¥ B 34 1.378 | 0.257
5 2 C 5| 1.306 | 0.262
g E SA 1.009 | 0.288
=
2

4 Values obtained by averaging analytical
results from the lspra and Karlsruhe
‘Laboratories

TABLE F3. Atom ratios of 1 *® Nd and
13704 referred 1o final 28U

Fuel BNG | 137y
Element | S2™P!® [y 10%) | x 10°)

—

=

Yo [A1 1] 488 | 212

EQ_ 2| 522 | 187

=3 B 340 403 | 1.54
() H
3% 4| a22 | 157

w2 | cs |4, | 178

I € 3|45 | 15

= sa 492 | 1.3

Z

=

2

w

=8

TS A1 1| 380 | 146
023D 2| 372 | 154
cZE B 34 273 | 107

w® ! cs| 29 | 1.2

<3 E 54 333 | 1.22

o

2

A Values obtained by averaging analytical

resufts from the Ispra and Karlsruhe
Laboratories

TABLE FZ. Pu isotopes referred to final 2?8 U atoms
Fuel 1¥p, | 239 240 2a1p, | 242p,
Sampl u Pu Pu u u
Element [ >TP | (0 10%) | 1x 10%)| (x 10°} | {x 10°) | (x 10%)
)
Sw A1 1) 071 3892 1881 | 0818 | 3.402
IR 2 113 | 4888 | 2.264 ; 1.185 | 4.641
- B 34 087 | 5802 | 1921 ) 0911 | 2.292
325‘; 4| 0a7 | 5235|1928 | 0899 | 2.433
o C 5| 083 ;5143 | 2.042 | 0920 | 2.757
-
Tin E 3| 089 | 65018 1915 | 0.884 | 2,532
-
= 5Al 103 | 4699 | 1.189 | 0.838 | 2.478
=
[,
=
l""I-l.'.l
28 | A1 1| 039 |3765 | 1523 | 0628 | 1.864
023 2| 049 | 4551 | 1,587 | 0.788 | 2.081
;§§ B 34 035 | 4858 | 1.205 | 0.560 | 0.908
w® | c5| 036 4592 1278 | 0558 | 1.02)
= E 54 043 | 4307 | 1482 | 0617 | 1.520
= .
Z

A Values obtained by averaging analytical resufts from the lspra
and Karlsruhe Laboratories

TABLE F4. Am and Cm isotopes referred to final 232U atoms

Fuel Sample | 221 Am | 2424 | 243am | 2€20m 248Cm
Element (x 10%}] {x 105} {x 10°} |ix 10°} | ix 10°)

&

S |A1 1! 039 104 | 9.04

I 2| 069 150 | 20.25
o2 B 34 020 | 048 | 212 | 099 | 825
S2E 4 0.96 | 958

w e C5| 011 | 058 | 331 | 109 | 978

2 E 3| 0723 099 | 9.38

[ 54 016 | 054 | 438 | 1.16 | 1455

Z

b

-

2w

IN a1 1029 054 | 2.66
- 2 028 0.70 | 456
;%E 8 348 0.09 085 | 042 | 152

Y cC5| 01 084 | 045 | 1.77

1 E 54/ 0.12 0.56 | 2.66

j

Z

A Values obtained by averaging analytical results from the Ispra
and Karlsruhe Laboratories




TABLE FS. Buildup and depletion of U isotopes
Uea/MTU oot}

Fuel 3\ | Wy | 2W\/Y
Element Sample {a} {a}

-

-4

U, |A11|1899] 326 | 1828

-3 21855 | 328 | 2241
) B 34 1547 | 295 | 1949
wgaé 411635 293 | 18.39
i 3 C5 1674 | 3.15 | 19.24

<0 E 3 {1668 | 3.13 | 19.69

g 54/ 1854 | 3.28 | 20.24

z

[

Z

u‘lﬂ

26 (A1 11671 | 305 | 1363
e 2| 1549 | 2.89 | 15.23
~Z% 8 34 12,18 | 245 | 12.23
"‘2:‘; c 51288 | 250 | 12809

<@ E 54 1485 [ 274 | 13.10

— N

]

Z

4 Values obtained by averaging analytical
results from the Ispra and Karlstuhe
Laboratories

{a) Depletion

TABLE F?7. Buildup of Am and Cm isotopes lkg/MTUl“ma[J

Fuel Samale Wam | 242pm (430 |2 R0m |24
Element |22 (x 107) | (x 10%)] (x 10%}] (x 107} {x 10°}

-

-

S | A1 1] 378 1009 | BE7

Y 2| 663 14.56 | 19.77
2D B 34 314 | 467 | 207 | 945 B8.52
aER a 932 | 9.39
@ = E B .

Y e C 5| 105 { 566 | 323 | 10.07 | 10.85

< £ 3] 222 862 | 9.17

= 54 165 | 521 | 4.27 | 10.96 | 15.06

Z

-

i

=8

T2 | A1 1] 280 526 | 261
) 2} 267 687 | 4.48
;§3§ B 3% 088 838 | 380| 157

Y C 5] 032 848 | 382 194

L0 E 54 1.24 504 | 279

=

£

4 Values obtained by averaging analytical results from the Ispra
and Karlsruhe Laboratories

TABLE F6. Buildup of Pu isotopes {kg/MTU ..}

Fuel zmpu 239Pu 140py, 2w Pu 22p,,
Efernent | S2MP'e
-
-4
Yo |A1 1 /0088|374 | 182 | 079 | 0.330
8 2 (0108 | 480 | 237 | 1.14 | 0.449
oz B 34/ 0083 | 537 | 1985 | 0.88 | 0.223
azE 4]0092| 503 | 1.86 | 0.87 | 0.236
W2 | c5io083| 493 | 197 | 089 |0.267
E € 3/0084| 482 | 1.85 | 085 |0.246
E 54l 098 | 451 | 210 | 0.90 | 0.337
Z
=
Z
w 5 ]
£EQ | A11|0036| 364 | 147 | 061 | 0182
o2 210048 | 442 | 153 | 0.77 |0.201
'-§=§ 8 34 0033 | 469 | 117 | 055 | 0.089
Qw2 | c5 003 | 444 | 124 | 054 |0.100
€0 E 54 0,041 | 4968 | 144 | 060 | 0.150
[
z

A Values obtained by averaging analytical results from the Ispra
and Karisruhe Laboratories

TABLE F8. Burnup vaiues Fy % gnd MWD/MTU obrained
from '®Nd and **7Cs

Fr% MWD /MTU

Fue! ‘. .
Element | 18Ng | 197¢a | 148Ng | 197Cs

[

4 -7

Lo [A1 1127871 3.26 125730)30,120

=5 2 | 29659 2558 |27.400 23,830
2D 8 34 230:F 2.37 |21,240|21,890
~ R 4| 24137 242 |22,250 (22,400
Pz | ¢ 5| 2487274 | 2297025330

=L € 3| 254uf 2.39 |23,510]22,130

g" 54 272 | 2.77 | 25,190 25,640

E [

-

-4

g T2 ~{ple

I& | A1 1| 2197 228 |20,300 21,120
022 2| 215} 2.62 | 19,850 | 24,230
I B 38 156 L 1.67 |14390 15450
[ ] 2 = v

Y. c 5| 1.71;]¢1987 [15840 18,200

<2 £ 54 189 | 180 |17490 17,600

= LY

Z

A Values obtained by averaging analytical results
from the Ispra and Karlsruhe Laboratories
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2. Conclusions

We want to summarize in this chapter the main characteristics

of the set of Bench Mark data that are here reported:

. wide range of burnup: the samples measured in the different {
campaigns covered a burnup range from 3.4 to 37.5
MWD/MTU; '
wide range of LWR types with several enrichments;

. different elaboration procedures or algorithms were employed
for the data analysis., The data set in fact was characterized
through a careful assessment of the experimental uncertain-
ties, through the comparison with the results obtained by the
aid of nuclear codes. '"Ad hoc'" algorithms such as Isotopic
Correlation Technique gqnd the inverse code THEORY were as

well employed for the characterisation of the data set.

In some cases a discrepancy found with one method was con-

firmed and/or explained by other methods. (See for instance

the buildup of some heavy isotopes like 241Arn and 242Cm.)

. together with analytical results all pertinent mechanical,
historical, physico-chemical data are given as well as
descriptions of reactors, fuel bundles, fuel pins, control
rods, etc. necessary to correctly recalculate the set of

Bench Mark data.

The Bench Mark set of spent fuel analytical data is thus consi-
dered to be sufficiently wide and characterized to be really use-
ful for recalculation purpose. Consequently, it might serve as
a reference for testing nuclear codes and cross-section libra-
ries and for improving Safeguards tools, as pointed out in the

introduction.
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This report collects and illustrates the work performed over the past 12 years
at the JRC in the fie!d of post-irradiation examinations on light water reactor
fuels.

The work was carried cut on Garigliano, Trino Vercellese, Obrigheim and
Gundremmingen fuel, under the heading “Benchmark Experiments".

The aim of this report is to review the results obtained, to indicate the fields of
application for these results, and to provide general information that will make
them simple and straightforward to use.

As the aim of the "Benchmark Experiments” activity was to prepare a set of
"clean reference data, the maximum attention was paid to the characterisa-
tion, quality and traceability of the data. As the report shows many different
tools were used 1o check the analytical data, and much complementary infor-
mation was distributed through ad hoc reports to make the recalculation and
-proper use of the data possible.

The princi;ﬁle users of the Benchmark data should be:
reactor operators, nuclear waste operators and safeguards aulhorities.

The structure of the report is as foliows:

In section | the experimental activity is described in detail.

In section I all the techniques used to certify the analytical dala are presen-
ted, together with discussicns on the evaluated random and systematic un-
certainties.

Section It presents the results.

in practice the complete sets of results referring to all JRC measurements are
given.




