e -

European Joint Programme
on Radioactive Waste Management

Deliverable 8.4:

Principles and performance of NDA systems and
Innovative detection techniques used for the
characterisation of SNF samples and assemblies

Work Package 8

Spent Fuel Characterisation and Evolution until Disposal (SFC)

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°847593.

* X

* *
* *
* *

* ok

http://www.ejp-eurad.eu/


http://www.ejp-eurad.eu/

EURAD Deliverable 8.4 — Principles and performance of NDA systems and innovative detection
techniques used for the characterisation of SNF samples and assemblies

Document information

Project Acronym EURAD
Project Title European Joint Programme on Radioactive Waste Management
Project Type European Joint Programme (EJP)

EC grant agreement No. 847593

Project starting / end date 15t June 2019 — 30™" May 2024

Work Package No. 8

Work Package Title Spent Fuel Characterisation and Evolution until Disposal

Work Package Acronym SFC

Deliverable No. 8.4

Deliverable Title Principles and performance of NDA systems and innovative

detection techniques used for the characterisation of SNF samples
and assemblies

Lead Beneficiary JRC Geel

Contractual Delivery Date 31 May 2024

Actual Delivery Date 23 May 2024

Type

Dissemination level PU

Authors Peter Schillebeeckx (EC-JRC), Gery Alaerts (EC-JRC), Alessandro

Borella (SCK CEN), Jesper Kirkegaard (Vattenfall), Stefan Kopecky
(EC-JRC), Gasper Letnar (JSI), Bent Pedersen (EC-JRC), Pablo
Romojaro (SCK CEN) Virginie Solans (UU), Stefano Vaccaro (EC-
JRC), Marc Verwerft (SCK CEN), Ruud Wynants (JRC), Gasper
Zerovnik (JSI)

To be cited as:

Schillebeeckx P., Alaerts G., Borella A., Kirkegaard J., Kopecky S., Lethar G., Pedersen B., Romojaro
P., Solans V., Vaccaro S., Verwerft M., Wynants R., Zerovnik G. (2024): Spent Fuel Characterisation
and Evolution until Disposal. Final version as of 23.05.2024 of deliverable D8.4 of the HORIZON 2020
project EURAD. EC Grant agreement no: 847593.

Disclaimer

All information in this document is provided "as is" and no guarantee or warranty is given that the
information is fit for any particular purpose. The user, therefore, uses the information at its sole risk
and liability. For the avoidance of all doubts, the European Commission or the individual Colleges of
EURAD (and their participating members) has no liability in respect of this document, which is merely
representing the authors' view.

e U D (Deliverable n° 8.4) — Principles and performance of NDA systems and innovative detection
apemismerrogamme. JUES USEd for the characterisation of SNF samples and assemblies
ivdeeietenet Dissemination level: PU
Date of issue of this report; 23/05/2024




EURAD Deliverable 8.4 — Principles and performance of NDA systems and innovative detection

techniques used for the characterisation of SNF samples and assemblies

Acknowledgement

This document is a deliverable of the European Joint Programme on Radioactive Waste Management
(EURAD). EURAD has received funding from the European Union’s Horizon 2020 research and

innovation programme under grant agreement No 847593.

Status of deliverable
By Date
Delivered (Lead Beneficiary) P. Schillebeeckx 01/05/2024
Verified (WP Leader) F. Johansson 22/05/2024
Reviewed (Reviewers) B. Pedersen 07/05/2024
V. Solans 07/05/2024
G. Zerovnik 06/05/2024
Approved (PMO) P. Carbol 23/05/2024
Submitted to EC (Coordinator) | Andra (Coordinator) 04/06/2024
e U i D (Deliverable n° 8.4) — Principles and performance of NDA systems and innovative detection

£

apemismerrogamme. JUES USEd for the characterisation of SNF samples and assemblies

on Radioactive Waste Management

Dissemination level: PU
Date of issue of this report; 23/05/2024

Page



EURAD Deliverable 8.4 — Principles and performance of NDA systems and innovative detection
techniques used for the characterisation of SNF samples and assemblies

Executive Summary

Procedures to characterise spent fuel for the main observables of interest strongly relies on theoretical
calculations using depletion codes which require two types of input data, i.e. nuclear data and design
and operational data. To validate the procedures high quality experimental data are required. In this
report the principles of methods to characterise spent nuclear fuel by non-destructive assay (NDA) are
studied. The focus is on passive NDA methods to produce experimental data for depletion code
validation and for the verification of spent fuel related input data.

In section 2 the main observables and radionuclides of interest for NDA of spent fuel without the need
of a chemical treatment are discussed. Section 3 describes two NDA methods to produce high quality
data for code validation: an absolute method to determine the neutron emission rate of a spent fuel
segment sample and calorimetric measurements using calorimeter at the Clab (“Centralt mellanlager
for anvant karnbransle”: Central Interim Storage Facility for Spent Nuclear Fuel) facility. NDA methods
to determine characteristics of spent fuel assemblies are discussed in section 4, with an emphasis on
measurements using the gamma-ray spectroscopic system installed at Clab and the use of the FORK
detector for in-pool measurements to determine the gamma-ray and neutron emission rate of an
assembly. The FORK detector is a system that is used by safeguards authorities to verify spent fuel
assemblies. It consists of a fission chamber for neutron detection and an ionisation chamber for total
gamma-ray detection.

Keywords

Burnup, Calorimetry, Cooling time, Decay heat, Depletion calculations, Fission chamber, Gamma-ray,
Initial enrichment, lonisation chamber, Neutron, Non-destructive assay, Nuclear data, Spent nuclear fuel
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1. Introduction

Characterisation of spent nuclear fuel is required for its safe, economic and ecologic handling, transport,
storage and disposal. The main characteristics of interest are neutron and y-ray emission properties,
decay heat, reactivity, long-term radiotoxicity and inventory of mobile long-lived radionuclides. Most of
them are hard to measure and depend on a complex inventory of nuclides. Therefore, a reliable
estimation of these characteristics can only be determined by calculations using validated depletion
codes [1] such as ALEPH2 [2], CASMOS5 [3][4], DARWIN [5], EVOLCODE [6], Serpent [7][8], SNF [9]
and different modules in the SCALE code system [9] [10].

Al validation of these codes based on experimental data is needed to determine safety margins and
procedures for handling, storage and disposal of spent nuclear fuel. Adequate procedures avoid too
conservative loading schemes, to avoid the production of over-engineered casks and canisters for
storage and disposal and to reduce the volume of underground galleries for geological disposal. Results
of depletion calculations strongly depend on the quality of the fuel dependent input data, i.e. design
properties and operational history. In some countries detailed information about the spent fuel
assemblies can be retrieved from a dedicated management system, e.g. the Core Management System
(CMSYS) developed at the Paul Scherrer Institut (PSI) [11][12]. Unfortunately, such a system is not
always available making available information limited. To reduce the impact of limited information and
identify possible errors in the fuel related input data, an experimental validation of the spent fuel
properties is required. Therefore, two types of experimental data are important. data to assess and
validate the performance of depletion codes and data to verify the design characteristics of the fuel and
the operational history of the irradiated fuel. In this report basic principles of passive non-destructive
assay (NDA) methods to characterise spent fuel are reviewed and the performance of available systems
that can be applied under industrial conditions is discussed.

In the report, conventional uncertainty propagation based on normal distributions is applied. All
uncertainties are standard uncertainties quoted at a 68 % confidence level and are given in standard
compact notation. As much as possible the terminology of the International vocabulary of metrology —
Basic and general associated terms are used [13].

2. Observables for non-destructive assay

Passive NDA relies on the detection of radiation emitted by the object of interest without the use of an
external source to induce the emission. In this section the characteristics of radiation emitted by spent
fuel is discussed, with a focus on radiation that can be used to characterise spent nuclear fuel samples,
rods and assemblies by NDA without the need of a chemical treatment. This limits the discussion to
decay heat, gamma-ray and neutron emission. The study is based on depletion calculations for UO:
and MOX fuel applying irradiation conditions that are representative for a PWR. The weight fraction of
the U and Pu isotopes in the fresh UO2 and MOX fuel are specified in Table 1. The nuclide inventory is
calculated using the Serpent code. Most of the results presented in this report are derived for a total
burnup of 45 MWd/kg. Details about the fuel characteristics and irradiation conditions are given in [14].

Nuclide Weight fraction
Uo:2 MOX
234y 0.00045 0.0000092
235y 0.04794 0.0023
236y 0.00001 0
238y 0.95159 0.9176908
238py 0 0.002
239py 0 0.04376
240py 0 0.02088
241py 0 0.0076
242py 0 0.00576

Table 1 — Weight fraction of U and Pu isotopes in the fresh UO2 and MOX fuel used for the calculations
reported in this report. The weight fractions are normalised to the total amount of U and Pu.
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2.1

The decay heat rate or decay power density per unit volume emitted by spent fuel, which is denoted by
pr, Can be calculated by:

pr=2iEr iy, 1)

where E,; is the recoverable energy per decay, 4; is the decay constant and n; is the number of nuclei
per unit volume or number density of the nuclide i. The recoverable energy per decay is the energy that
is released due to the decay process and can be recovered as heat. The decay of a radionuclide by the
emission of a charged patrticle, such as an a- or g-particle, usually leaves the daughter nucleus in an
excited state. This results in the emission of y-rays and/or conversion electrons. One usually assumes
that the energy of the emitted charged particles and the secondary emission of jrays can be fully
transferred into heat. Hence, in case of a-decay the recoverable energy E,; is the total disintegration
energy or Q-value. However, in case of f-decay a fraction of the disintegration energy is transferred into
(anti)neutrino energy. This energy will not be converted into heat and the recoverable energy is
determined by the energy distribution of the emitted j-rays and electrons.

Decay heat

The decay power as a function of cooling time resulting from the irradiation of a fresh UO2 and MOX fuel
is presented in Figure 1. The contribution of a- and B-particles and y-rays in case of irradiated UO:2 fuel
is shown in Figure 2. The relative contribution of individual radionuclides is specified in Figure 3. The
total decay heat rate for SNF originating from irradiated MOX fuel is larger compared to the one
originating from irradiated UO:2 fuel. This is due to the contribution of the trans-uranium actinides (Pu,
Am, Cm) when starting with MOX fuel. The largest contribution for cooling times between 1 a and 10 a,
is due to relatively short-lived fission products chains, mainly 144Ce/#4Pr and 196Ru/1%Rh. The
contribution of actinides for such cooling times is only significant in case of MOX fuel. For MOX fuel the
contributions from 242Cm and 24“Cm exceed 10%. For cooling times between 10 a and 30 a, contributions
from the short-lived fission product chains become negligible. For UO: fuel, the decays of 90Sr/%°Y and
137Cs/13’mBa have the largest contribution to the total decay heat. In case of MOX, the largest
contribution is due to the decay of 244Cm, followed by 238Pu and 2**Am. With increasing cooling time the
contribution from 2*2Am becomes the dominant one. This is due to build-up of 2#1Am by 2*1Pu decay.
Even though the relative contribution of the 137Cs/*3"mBa decay is much smaller for MOX fuel, its absolute
value is comparable to the one for UO2 fuel. On the other hand, the contribution of the ®°Sr/°Y decay is
also smaller in absolute terms due to the lower cumulative yield of ?°Sr for neutron induced fission of
239py and 2*'Pu compared to the fission product yields for neutron induced fission of 235U. For cooling
times longer than 50 a, the decay heat for both SNF types is dominated by the contribution from the
decay of 24*Am. Other contributions are due to the decay of 238.239.240py, Contributions from light nuclides
are getting smaller and eventually become negligible for cooling times longer than about 300 a.
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Figure 1 — Decay power density as a function of
cooling time for a sample resulting from the
irradiation of UO2 and MOX fuel in a PWR up to a
burnup of 45 MWd/kg.

Figure 2 — Decay power density as a function of
cooling time for UOz2 fuel irradiated up to a burnup
of 45 MWd/kg. Contributions due to the emission
of y-rays and o- and p-particles are given.
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Recommended decay data of key radionuclides contributing to the decay heat in spent fuel are reported
in Table 2. These data, i.e. half-life and recoverable energy, are required for the calculation of the decay
power. The data are taken from the Decay Data Evaluation Project (DDEP).
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Figure 3 — Relative contribution of radionuclides to the total decay power as a function of cooling time.
The spent fuel originates from the irradiation of UO2 (left) and MOX (right) fuel in a PWR up to a
burnup of 45 MWd/kg.

Nuclide Half-life, T2 Er, / keV Ercp | keV E:/ keV

90Sy/90y 28.8 (7) a/ 2.6684 (13) d 1129.4 (14) 1129.4 (14)
106RU/1%6RN 371.5(21) d/30.1(3) s 205.1 (15) 1424.4 (58) 1629.5 (60)
134Cs 2.0644 (14) a 1554.7 (8) 163.8 (5) 17185  (9)
137Cs/137mBa  30.05 (8) a/ 2.552 (1) min 247.2 (12) 564 .6 (13) 811.8 (18)
144Ce/144Pr  284.89 (6) d / 17.29 (4) min 49.0 (6) 1286.4 (5) 1335.4  (7)
154Ey 8.601 (4) a 1246.5 (48) 269.2 (38) 1515.7 (48)
238py 87.74 (3) a 5593.20 (19) 5593.20 (19)
239py 24100 (11) a 5224.51 (21) 5224.51 (21)
240py 6561 (7) a 5255.75 (15) 5255.75 (15)
241Am 432.6 (6) a 5637.82 (12) 5637.82 (12)
242Cm 162.86 (8) d 6215.56 (8) 6215.56 (8)
244Cm 18.11 (3) a 5901.74 (5) 5901.74 (5)

Table 2 — Decay data required to calculate the decay power produced by radionuclides present in spent
fuel. The half-life (T12) and recoverable y-ray (Ery) and total charged particle energy (Ercp) are given
together with the total recoverable energy (Er). Data are taken from DDEP [15].
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2.2 Gamma-ray emission

As mentioned in section 2.1, gamma-rays are emitted during the decay process. The gamma-ray
emission rate spectrum per unit volume, denoted by s, (E), can be obtained from the nuclide inventory

by:
SY(E) = Zi,j Pylja(E — Eyij)lini , (2)

where P;; is the emission probability of a photon with energy E,;; per decay of the nuclide i and §(x) is
the Dirac delta distribution. The photon emission rate energy density ¢, (E) is defined as:

Pqy(E) = s, (E)E . 3)
The total j-ray emission rate energy density becomes:

@y = J, s(E)E dEy: . (4)

The decay of fission products is the main contributor to the gamma-ray emission of spent nuclear fuel.
Figure 4 shows the energy dependence of the jyray emission rate energy density ¢, (E) for SNF
originating from fresh UO:zfuel. Only the contribution of j~rays with an energy E, > 400 keV is presented.
The total j-ray emission rate energy density is plotted as a function of cooling time in Figure 5. For
cooling times < 10 a, the jyray spectrum is dominated by y -rays originating from the decay of relatively
short-lived fission products, i.e. the decay of °5Zr, °®*Nb, 19Ru/1%Rh and 144Ce/*4*Pr. There is also a
contribution of 511 keV j-rays due to electron-positron annihilation following 8* decays. For cooling times
between 10 a and 30 a, the most prominent j-rays originate from the decay of 134Cs, 137Cs/13""Ba and
154Eu. For cooling times between 30 a and 200 a, the 661 keV y-ray due to the 37Cs/1¥’"Ba decay
dominates. For cooling times > 400 a there is practically only a contribution of y-rays with an energy <
400 keV due to the decay of 2**Am, as illustrated in Figure 5. They will be absorbed by the fuel and
cannot be detected by a gamma-ray detector. However, they will contribute to the decay heat. The
discussion of the data in Figure 4 and Figure 5 reveal that the y-ray spectra for cooling times < 100 a
are dominated by the decay of fission products. Therefore, y-ray spectra emitted by spent fuel originating
from MOX fuel are very similar as those from UO: fuel. Some differences occur due to differences in
fission product yields for neutron induced fission of 235U and 239241py,

Evidently, gamma-rays following the decay of activation products such as ¢°Co due to their production
within the cladding or structural materials will also contribute to the gamma-ray emission. For the main
radionuclides of interest the half-life and j-ray energies and emission probabilities of the most intense
gamma-rays as recommended by DDEP [15] are given in Table 3.
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Figure 4 — Energy dependence of the y-ray | Figure 5 — Total y-ray emission rate energy
emission rate energy density ¢4, (E) by a fuel | density and the contributions of some
sample originating from the irradiation of UO. fuel | radionuclides as a function of cooling time of
in a PWR fuel up to a burnup of 45 MWd/kg. spent fuel originating from the irradiation of UO:2
in a PWR up to a burnup of 45 MWd/kg.
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Nuclide Half-life, T E, / keV Iy
80Co 5.2711 (8) a 1173.228 (3) 0.9985 (3)
1332.492 (4) 0.999826 (6)
95Zr 64.032 (6) d 724193 (3) 0.4427 (22)
756.729 (12) 0.5438 (22)
9Nb 34.991 (6) d 765.803 (6) 0.99808 (7)
106Ry / 196Rh 371.5(221)d/30.1(3)s 621.900 (40) 0.0987 (15)
1050.390 (30) 0.01490 (25)
134Cs 2.0644 (14) a 563.246 (3) 0.08342 (15)

569.330  (2) 0.15368 21)
604.720 (3) 0.9763 (8)
795.860 (10) 0.8547 (9)
801.950 (6) 0.08694 (16)

137Cs /137mBa  30.05 (8) a/ 2.552 (1) min 661.657 (3)  0.8501 (20)

14Ce [ 144pr  284.89 (6) d / 17.29 (4) min 696.505 (4)  0.0141 (7)
1489.148 (3) 0.00286 (3)
2185.645 (5) 0.0073 (1)

154Ey 8.601 (4) a 123.0706 (9) 0.4040 (50)
723.3014 (22) 0.2005 (21)
873.1834 (23) 0.1217 (12)
1274.429  (4) 0.3490 (30)

Table 3 — Half-life (T12) and y-ray energy (E,) and number of y-rays per decay (I,) of the most intense y-
rays for strong y-ray emitting radionuclides in spent fuel. All mentioned nuclides are fission products,
except 6°Co that is produced by neutron activation of Co impurities in the fuel, cladding and structural
materials of the fuel assemblies. Data are taken from DDEP [15].

2.3 Neutron emission

The total neutron emission rate density s, is the sum of contributions due to spontaneous fission (SF)
and (a,n) reactions:

Sp = Xi(Sspi + Sgi) M - %)

The specific neutron emission rate per nucleus due to SF and (a,n) reactions following the decay of
nuclide i are denoted by ssr; and s,;, respectively. The specific SF neutron emission rate is given by:

SsFi = (V)i/lSF,i ) (6)

where (v); is the average total number of neutrons emitted per SF and A ; is the decay constant for SF
of the nuclide i. The production of neutrons by (a,n) reactions is mostly treated under the assumption of
an infinitely thick target, i.e. the thickness is sufficient to stop a-particles. The specific neutron emission
rate due to a-decay of nuclide i becomes:

Sai = ﬂa,iZleP(Eak)Yl(Eak) ’ (7)

where 4,; is the decay constant for o-decay of nuclide i, P(E,,) the probability that an o-particle is
emitted with an energy E,;. by nuclide i and Y;(E ) is the neutron yield for an a-particle with an energy
E.- The latter is the number of neutrons produced per incident a-particle interacting with a material with
number density n;. The neutron yield Y; can be expressed as:

Eq oy(a,n)
Yi(Ey) = [, “ ez dE, , ®)
dx

where o;(a,n) is the neutron production cross section for target nucleus ! and dE/dx is the linear
stopping power of the target material.
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Neutron emission by spent fuel is predominantly due to spontaneous fission of heavy nuclides, in
particular 22Cm and 2*Cm, and (a,n) reactions due to the presence of oxygen. The total neutron
emission rate together with the contributions due to SF and (a,n) reactions as a function of cooling time
are shown in Figure 6. The neutron emission rate originating from irradiated MOX fuel is about one order
of magnitude larger compared to the one from irradiated UO: fuel. For irradiated MOX fuel SF neutrons
are the dominating neutron source even for long cooling times. For irradiated UO2 fuel the neutron
production for cooling times <100 a is fully dominated by SF neutrons. For cooling times between 100
a and 500 a there is a relatively strong contribution from neutrons produced by (o,n) reactions.
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Figure 6 — Neutron emission rate density as a function of cooling time for irradiated UO:2 (left) and
MOX (right) fuel. The irradiation is in a PWR to a total burnup of 45 MWd/kg. The contribution due to
SF and (a,n) neutrons is shown.

Figure 7 shows the relative contribution of specific radionuclides to the neutron emission originating from
spontaneous fission as a function of cooling time. Due to its relatively short half-life, i.e. Ti2 = 0.446 a,
242Cm is only important for short cooling times. The dominant contributor to the SF neutron emission
rate for cooling times up to about 100 a is 2**Cm. For cooling times between 100 a and 1000 a, the most
important contributor is 246Cm, followed by 2*°Pu and 2?*?Pu. For irradiated MOX fuel, the contribution of
246Cm relative to 240.242py is higher compared to the its contribution in irradiated UO: fuel, due to the
much higher build-up of 246Cm.
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Figure 7 — Relative contribution to the total number of spontaneous fission neutrons emitted by
240,242py and 242244246Cm as a function of cooling time. The results are shown for irradiated UO2 (left)
and MOX (right) fuel. The irradiation is in a PWR to a total burnup of 45 MWd/kg.
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The contributions to the neutron emission rate by (a,n) reactions are mainly due to the a-decay of
238.239.240py, 241Am and 242244Cm. Their relative contributions to the neutron emission by (o,n) reactions
are plotted as a function of cooling time in Figure 8. The contribution of 22Cm to the neutron emission
by (a,n) reactions is only important for short cooling times when the total (o,n) contribution to the total
emission rate is very small. For cooling times between 2 a and 30 a, the most important contribution to
the (a,n) neutrons comes from the a-decay of 238Pu and 24°Pu followed by the decay of 241Am. For even
longer cooling time the relative contribution of 24LAm increases. For cooling times > 300 a, contributions
from 239.240py become relatively more important.
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Figure 8 — Relative contribution to the total number of (a,n) neutrons emitted by 238.239.240py  241Am
and 242244Cm as a function of cooling time. The results are shown for irradiated UO2 (left) and MOX
(right) fuel. The irradiation is in a PWR to a total burnup of 45 MWd/kg.

Nuclear data needed to calculate the emission rate of spontaneous fission neutrons and neutrons
produced by (a,n) reactions in spent fuel are specified in Table 4. The half-life and the branching fraction
for spontaneous fission are taken from DDEP [15]. The average number of prompt fission neutrons are
from the evaluation of Santi and Miller [16]. The specific neutron production rate per mass of nuclide by
(a,n) reactions in UO2 (Y.) were obtained with the SOURCES code [17][18].

Nuclide Half-life, T2 Bst <v > Yol (stg?)
238py 87.74(3)a 1.85 (5)107 2.190 (70) 1.63 10*
239py 24100 (11) a 4.52 10t
240py 6561 (7)a 5.70 (20) 10 2.154 (5) 1.72 103
242py 3.73(3)10°a 5.50 (9)10°® 2.149 (8)

241Am 432.6 (6) a 3.29 103
242Cm 162.86 (8) d  6.36 (14) 108 2.540 (20) 4.45 108
244Cm 18.11(3)a 1.36 (1) 10% 2.710 (10) 9.23 10*
246Cm 4723 (27)a 2.615 (7) 10+ 2.930 (30)

Table 4 — Data required to calculate the neutron emission rate by spent nuclear fuel. The half-life (T112)
and the branching fraction for spontaneous fission (Bsf) are taken from DDEP [15]. The average number
of prompt fission neutrons (<v>) are from the evaluation of Santi and Miller [16]. The specific neutron
production neutron emission rate per mass of nuclide by (a,n) reactions in UO2 (Y.) are obtained with
the sources code [17][18].
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For the development of an NDA system that relies on the detection of neutrons emitted by irradiated
fuel the energy distribution of the emitted neutrons is important. The distribution for prompt fission
neutrons following spontaneous fission of 244Cm and (o,n) neutrons produced in the fuel are compared
in Figure 9. The experimental data reported by Boykov et al. [19] are compared with distributions
resulting from a parameterisation using a Maxwellian and Watt distribution. The parameters for the
parameterisation, which are given in Table 5, were derived from a fit to the data of Boykov et al. [19].
The energy distribution of (o, n) neutrons was parameterised by an analytical function proposed in [20],
with the parameters specified in Table 5. The result of the analytical expression is compared with the
spectrum for (o, n) neutrons calculated with the SOURCES 4C code developed at LANL.

0.6
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Figure 9 — Energy distribution of prompt fission neutrons from 244Cm(sf) and (¢, n) neutrons produced
in spent fuel. For 2**Cm(sf) the experimental distribution of Boykov et al. [19] is compared with the
results of a parameterisation using a Watt and Maxwellian distribution. The analytical expression for
the distribution of (e, n) neutrons proposed in [20] is compared with results of calculations using the
SOURCES code (version 4C) [17][18].

244Cm(sf) (e, n) in UO2 spent fuel
Energy region Distribution
Maxwellian (kT = 1.39 MeV) E < 0.8MeV 0.2207(E/Ey)%* with E, = 1 MeV
Watt 08MeV < E < 2.4MeV —0.3746 + 0.6448E/E, — 0.138(E/E,)?
a=0.620 MeV, b = 0.952 MeV
E > 2.4MeV 0.3803 exp[—0.77 (E/E, — 2.31)2]

Table 5 —Parameters for a parameterisation of the energy distribution of prompt fission neutrons from
244Cm(sf) by a Maxwellian and Watt distribution. The parameters are derived from a fit to the data of
Boykov et al. [19]. The analytical expression describing the energy distribution of neutrons produced by
(a,n) in spent UO:2 fuel is taken from [20].
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2.4 Key radionuclides for NDA of spent fuel

From the discussion in Section 2 radionuclides that are important for the characterisation of spent
nuclear fuel by NDA are identified and listed in Table 6. The table includes the half-life and the
observable of interest for NDA of spent fuel. Evidently, these nuclides are also important to evaluate the
neutron and gamma-ray emission properties of spent fuel assemblies as part of any safety analysis for
transport, storage and disposal of spent fuel [21][22].

Radionuclide Half-life, T2 decay heat neutron y-ray
emission emission
80Co 5.2711 (8) a X
90Sr/0Y 28.8 (7) a/2.6684 (13) d X
95Zr 64.032 (6) d X
9Nb 34.991 (6) d X
106Ru / 106Rh 371.5(21)d/30.1(3) s X X
134Cs 2.0644 (14) a X X
187Cs | 13"mBa 30.05 (8) a/ 2.552 (1) min X X
144Ce | 144Pr 284.89 (6) d / 17.29 (4) min X X
154Eu 8.601 (4) a X X
238py 87.74 (3) a X X
239py 24100 (11) a X
240py 6561 (7) a X
242py 3.73(3) 10%a
241Am 432.6 (6) a X X
242Cm 162.86 (8) d X
244Cm 18.11(3) a X
246Cm 4723 (27) a X

Table 6 — Radionuclides that have a substantial contribution to the decay heat, gamma-ray and neutron
emission by spent fuel. The half-life (T12) is taken from DDEP [15].
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3. NDA measurements for code validation

At present the validation of depletion codes strongly relies on nuclide inventory data that result from
destructive chemical and radiochemical analysis of spent fuel rod segments, also referred to as Post
Irradiation Examination (PIE) [23][24]. Experimental data resulting from NDA that is used to validate
depletion codes is rather scarce. In this paragraph NDA methods that can be used to validate codes are
discussed. The discussion includes results of improved analysis procedures for the calorimeter installed
at Clab and an innovative method to characterise a spent fuel segment sample, both resulting from
activities performed within Task 2 of WP8.

3.1 Rod scanning by gamma-spectrometry

Every PIE starts with a selection of representative segment samples used for further destructive
chemical and radiochemical analysis. The selection of a representative sample is mostly performed by
gamma-ray spectroscopic scanning measurements of the fuel rod to determine the axial activity
distribution of specific radionuclides such as 134137Cs and 15*Eu. The system consists of a gamma-ray
detector, mostly a High Purity Germanium (HPGe) detector, with a gamma-ray collimation system
placed between the rod and the detector. Gamma-rays emitted by the spent fuel rod pass through the
slit of the collimator. The dimensions of the collimator are optimised with respect to the required spatial
resolution. Based on the results of a rod scan the positions of the fuel pellets can be identified and a
proper sampling strategy can be defined [23] [26]. When aiming for a complete inventory analysis, the
inhomogeneity of the spent fuel has to be taken into account. Therefore, a large enough sample should
be taken that includes pellets as well as pellet gaps by cutting from mid-pellet to mid-pellet, including
that way a full inter-pellet area. The corresponding equivalent of one full pellet is the minimum sample
size for a complete inventory analysis, though two or three pellets (thus including two or three inter-
pellet areas) might even be preferred.

An example of such a gamma-ray scanning profile is shown in Figure 10. This profile was obtained at
the Laboratory for High and Medium level Activity (LHMA) of SCK CEN (BE). The measurements were
carried out to determine the burnup profile of the fuel rod D05, which was taken from a 15 x 15 assembly
that was irradiated in the Tihange 1 PWR. The study of this rod is part of the Rod-Extremity and
Gadolinia AnaLysis (REGAL) program coordinated by the SCK CEN [27]. Details of the fuel composition
and geometry and irradiation history are given in [28].
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The regular peaking pattern observed in the high burnup region of the rod, between 750 mm and 3250
mm, is due to local migration of Cs to the pellet-pellet interfaces. Grid positions are clearly distinguished
every 700 mm. The D05 rod was used to select samples taken for different types of investigations. The
sampling in the axial region between 1750 mm and 2100 mm is represented in Figure 11. Leaching
samples were used to investigate instant release of fission products under repository conditions [29]
[30]. The results of microstructural analyses using a sample that was taken from the region between
1843 mm and 1854 mm are reported in [31]. A sample to determine the nuclide inventory by
radiochemical analysis was taken from the region between 1819 mm and 1842 mm. The results included
the inventory of 137Cs, 143+144N(, 145+146N(d, 148N d and '°°Nd to be used as burnup indicators [27].

A sample, taken from the region between 2056 mm and 2104 mm, was used to develop and
demonstrate within WP8 an absolute NDA method to determine the neutron production rate of a spent
fuel segment sample [32] [33]. The average count rates resulting from the gamma-ray scan for the
sample for the neutron measurements (red) was 2337 (7) s* and for the sample that was analysed by
radiochemical analysis (green) was 2341 (14) s. The difference of 0.17% is a factor 3 less than the
combined uncertainty due to counting statistics. The characteristics of the segment sample are given in
Table 7. The main uncertainty of the net weight of the fuel material is due to the uncertainty on the state
of the cladding material: uncertainty of the wall thickness, degree of oxidation and presence of deposits.
Details about the neutron measurements are given in section 3.2.

Parameter

Length 52.01 (4) mm
Segment weight 42.616 (1) g
Cladding weight 6.71(4) g
Net fuel weight 35914 g

Table 7 — Characteristics of the SNF segment sample that was used for the neutron measurements at
the LHMA facilities of SCK CEN.

Similar rod scanning measurements were carried out to select representative samples for radiochemical
analysis to study the performance of depletion codes [34]. The results of the scanning measurements
were used to determine the burnup profile of a rod from which 8 samples were sampled. The samples
were analysed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS), including isotope dilution
analysis, to determine the burnup and inventory of 60 nuclides covering 21 elements. The ICP-MS
measurements were performed after separation by High Performance Liquid Chromatography (HPLC).
These data were used within WP8 to verify the performance of CASMO5 and the Polaris module of
SCALE [35].
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3.2 Neutron emission measurements of a segment sample

An innovative NDA method was developed within WP8 to determine the neutron emission rate of a spent
fuel segment sample avoiding any reference to a representative spent nuclear fuel sample to calibrate
the detection system. Special procedures were defined to perform the measurements under standard
controlled area conditions using a transportable neutron well counter that is routinely used for nuclear
safeguards verification measurements. The procedures were adapted to the hot cell facility at the
Laboratory for High and Medium level Activity (LHMA) of SCK CEN in Belgium. The procedure can be
applied to any neutron counter that is optimised for neutron correlation measurements. The method and
experimental and analysis procedures are described in [32][33].

The method relies on a transfer procedure that is adapted to the hot cell facilities at the LHMA facility of
the SCK CEN (BE). A neutron correlation counter was used to separate the contribution of spontaneous
fission and (a,n) neutrons. It is a transportable neutron well counter that is routinely used for nuclear
safeguards verification measurements [36] [37]. The detector consists of 42 3He proportional counters
embedded in polyethylene that is used as neutron moderator. The counters are divided into six groups.
Each group is connected to one Amptek A-111 hybrid preamplifier, discriminator and pulse shaper
board. The logic output of each board is sent to an OR gate. The output of this OR gate is used as an
input for a JSR-12 shift register [38][39], which is used to register the total number of detected events
and the number of events that are detected in two time windows that are opened (triggered) by each
neutron detection event. The first window is opened a short time (or pre-delay) t, = 4.5 us after each
trigger event. The accumulated content, referred to as ‘Reals + Accidentals’ or ‘R+A’, is due to a
contribution of real coincident events and accidental coincident events. The second gate is opened at a
very long time delay after the first gate. Its content provides a direct measure of the accidental coincident
events. From the counts in these two windows the recorded totals and reals rate are derived, which are
denoted by T and R, respectively.

Experiments with 252Cf(sf) sources were carried out at JRC Ispra to determine the main characteristics
of the detector: parameters for an empirical dead time correction, gate fraction and detection efficiency.
The sources were certified for the neutron production rate and isotopic composition. The point model
proposed by Hage and Cifarelli [40] was applied to determine the production rate of prompt fission
neutrons from spontaneous fission and the a-ratio between the production rate of neutrons produced by
(a,n) reactions. Assuming that all neutrons follow a similar energy distribution, the contribution due to
delayed neutrons can be neglected and neutrons are only absorbed by neutron induced fission, the
relation between the expected totals T and reals rate R and the sample properties are [40]:

T=¢eSgM[1+ a] . (9)
R= g f SyM? |=S@ 4 PY@ (94 o). (10)
Vsf(1) 1-pva)

with:
- Sstis the production rate of spontaneous fission neutrons in the sample,
- o is the ratio of the production rate of spontaneous fission neutrons and neutrons produced by
(a,n) reactions in the sample,
- the detection efficiency for a fission neutron,
- fthe gate fraction,
- M the neutron multiplication,
- pthe probability to produce a neutron induced fission event by a fission neutron,
- Vs and vgepythe first and second order normalised factorial moments of the neutron
multiplicity distribution for prompt fission neutrons from spontaneous fission,
- Vv and v, the first and second order normalised factorial moments of the neutron multiplicity
distribution for neutron induced fission by prompt fission neutrons from induced fission.
For the analysis a multiplication of M = 1.006 was assumed. This multiplication, which was derived by
Monte Carlo simulations [41], is consistent with the one derived in [42].
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Measurements to determine the neutron production rate of a spent fuel segment were performed at the
LHMA facility. The procedure to prepare the sample together with its characteristics were discussed in
section 3.1. The neutron production rate of this REGAL sample due to spontaneous fission derived from
the measurements is Sst = 680 (15) s'g™. A detailed uncertainty evaluation was performed and the
results are summarised in Table 8. This table specifies the contribution of the uncertainty due to the
counting statistics, detection efficiency, gate fraction, first and second order factorial moments for
244Cm(sf) and multiplicity. The main contribution of the uncertainty of the spontaneous fission rate is due
to the second order factorial moment, detection efficiency and gate fraction. The a-ratio o = 0.035 (18)
is determined with an uncertainty of about 50%. Therefore, this value cannot be used to validate codes.
The uncertainties of the neutron production rate from spontaneous fission and a-ratio can be reduced
by optimising the detector design, i.e. increase detection efficiency, reduce dead time, improve the die-
away time, and by reducing the uncertainty on the nuclear data, in particular the one of the second order
factorial moment.

Uncertainty component, x; Ux; Usgy.j Ua,j
Xj ussf Uy
Totals rate, T 0.0008 <0.01 0.05
Reals rate, R 0.0027 0.15 0.17
Detection efficiency, est 0.0055 0.60 0.35
Gate fraction, f 0.0071 0.40 0.45
First order factorial moment, vz, 0.0037 0.20 0.25
Second order factorial moment, vy (1) 0.0120 0.67 0.80
Multiplication, M 0.0020 0.01 <0.01

Table 8 — Contribution of the counting statistics, the detection efficiency, gate fraction, first and second
order factorial moments for 244Cm(sf) and neutron multiplication to the uncertainty of the derived neutron
production rate due to spontaneous fission and the a-ratio.

The value derived from the direct neutron measurements is within uncertainties in agreement with the
one derived from the nuclide inventory of the adjacent sample, which is Sst = 699 (28) s1g1. This results
in a weighted average of Sst = 684 (11) sgl. Note that the uncertainty of the direct neutron
measurement is more than a factor 2 smaller. Hence, this NDA method is a valuable radiometric method
to complement radiochemical analysis techniques for depletion code validation. It does not require
chemical treatments such as dissolution of the spent fuel sample including the cladding and further
dilution and/or chemical separation processes. Evidently, this reduces the impact of systematic effects
due to sample preparation and allows for the production of a reference sample that is not lost due to
chemical processes. The results of the neutron emission rate measurements with the REGAL sample
together with the data book, containing the design properties and irradiation history of the assembly,
were used within WP8 to assess the performance of ALEPH2 [2], the TRITON/KENO-V.a module of
SCALE [10] and Serpent 2 [7][8]. The results of that study are part of the EURAD deliverable 8.6 and
are reported in [33].

After the successful completion of the first campaign an optimised detection system was designed and
constructed. It will be used for new measurements of the same sample at LHMA to reduce the
uncertainty of the neutron emission rate of the REGAL sample. The new system opens up for the
possibility to measure high neutron emitting samples from irradiated MOX fuel and samples with a low
neutron emission rate and relatively high y-ray emission rate, such as the segments from the bottom
and top part of a fuel rod. Unfortunately, these measurements will start after the end of the EURAD
project.
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3.3 Decay heat measurements of spent fuel assemblies at Clab

Calorimetry is a method that can be applied to determine the decay heat that is produced by spent fuel
[43][44][45][46]. At present the only calorimeter in operation to determine the decay heat rate of a spent
nuclear fuel assembly is installed at the Clab facility in Sweden [46][47]. The design of the calorimeter,
shown in Figure 12, is based on the one that was used at GE Morris Operations [48]. It can
accommodate BWR and PWR-types of assemblies. The device is about 4.9 m long with an external
diameter of 0.45 m. The inner cylinder with an inner diameter of 0.33 m is used as the measurement
chamber. A fixed insert is installed to keep the PWR assemblies centered and vertical. To place and
center BWR assemblies and the electrical heater a removable insert is used.

This calorimeter is extensively used to validate the potential of depletion codes to predict the decay
power of irradiated assemblies [49][50][51][52][53][54][55][56][57][58]. To improve the use of the data
produced by the Clab calorimeter, a detailed study of the measurement principle of the calorimeter was
performed within WP8. Optimised analysis procedures were defined. The procedures including a include
criteria to select high quality experimental data and a statistical analysis to assess the measurement
uncertainties and derive realistic confidence limits. A paper describing the full details of this study
including a full uncertainty evaluation is in progress. The main results are discussed in this report. The
design of the calorimeter is schematically represented in Figure 12.
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Figure 12 — Schematic representation of the calorimeter that is installed at the Clab facility.

The calorimeter at Clab is a semi-isothermal heat conduction calorimeter. The heat released within the
vessel or measurement chamber flows to the pool. The pool, which is supposed to be at a constant
temperature, acts as a surrounding heat sink. The temperature increase method is applied to establish
the decay power of a spent fuel assembly. After the assembly or electrical heater is placed in the
calorimeter, the lid is closed. To ensure that the calorimeter is completely filled with water, water is
pumped into the calorimeter with the measurement flow pump until water flows out of the outlet.
Deionised water is pumped into the calorimeter to bring the temperature of the water in the calorimeter
below the pool temperature. Once the water in the calorimeter is well below the temperature of the pool
water circulation of cooling water is stopped and the temperature will start to increase. The centrifugal
circulation pump is started to maintain a homogeneous temperature within the calorimeter. The
temperature sensors installed at different locations in the measurement chamber and the pool are
recorded at regular time intervals.

The difference of the temperature in the measurement chamber and the pool (AT) is determined as a
function of time. The gradient of the temperature increase as a function of time is used to derive the
thermal power produced in the calorimeter. The gradient is calculated at the time that the temperature
difference between the measurement chamber and the pool is zero, i.e. AT = 0. The gradient is
determined by parameterising the temperature difference with an analytical function. The parameters of
this function are derived by a fit to the data. An example of such a parameterisation to determine the
temperature gradient G = dAT/dt at the time for which AT = 0 is shown in Figure 13. The translation of
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the rate of temperature increase to decay power is based on calibration measurements using an
electrical heater, which simulates an irradiated fuel assembly. An example of such a calibration curve
based on a linear relationship between the gradient and power of the electrical heater is shown in Figure
14. Once this calibration curve is established, the temperature gradient measured with an assembly in
the calorimeter can be translated into a measured decay power (Pm). To derive the full recoverable
energy or decay power (P) produced by a spent fuel assembly from the measured decay power, two
corrections are required: a correction factor (K) for the difference in heat transfer properties between
measurements with the electrical heater and the assembly and a correction (Pe) for the heat loss due to
gamma-rays escaping from the calorimeter. The full decay power produced by the assembly becomes:

P =P, + KPy, (11).
08| _-'. P=a, +a, dAT/dt
- - 1000 | a,=89.90 (50)
_." a, = 1727800 (3400)

4T - p(a,a,) = -0.90
o I " = 3
= 00 Il =
b I .-"f § 500 [

04}

0.8 "

1 1 1

2000 3000 4000 5000 6000 o(.)oooo 00002 00004 0.0006
Time, t/s (dAT/dt) / (°Cls)

Figure 13 — Difference between the temperature | Figure 14 — The power delivered by the electrical
of the water in the calorimeter and in the pool as | heater as a function of the temperature gradient
a function of time. The line in red is a polynomial | derived from the temperature difference
fit to the data to derive the gradient G = dAT/dt at | measurements. The red line is the result of a fit to
the time that AT = 0. the data using a linear relation.

To derive the correction factor to account for the difference in heat transfer properties between the
electrical heater and assembly it is assumed that the electrical heater or assembly, the water in the
measurement chamber and the structure of the calorimeter are in thermal equilibrium. Under these
conditions a one component heat transfer model can be applied and the relation between the
temperature gradient and heat rate production within the measurement chamber becomes [59][60]:

P, =C (dj—:) +KAT, (12),

with Pm the power generated in the calorimeter, C the heat capacity of the material of the calorimeter
that is in thermal equilibrium, AT the difference in temperature in the calorimeter and the pool and k the
thermal conductivity between the calorimeter and the pool. Since the gradient G = dAT/dt is derived at
the time that the temperature difference is zero, i.e. AT = 0, the relation becomes:

P =C () (13).

Based on this model the correction factor K in Eq. 11 is the ratio between the heat capacity with the fuel
assembly in the calorimeter and the one with the electrical heater in the calorimeter. Since the total heat
capacity in the calorimeter is dominated by the water, this correction factor is mainly determined by the
ratio of the water volume with an assembly and with the heater present in the calorimeter. An evaluation
for this correction factor together with its uncertainty is reported in the R-05-62 report of Clab [46]. The
correction factors for BWR and PWR assemblies that are stored at Clab are about Kewr ~ 0.964 and
Kpwr =~ 0.915, respectively, with an uncertainty of about 0.7%. This uncertainty is derived based on a
conservative 10% uncertainty of the assembly volume [46].
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Part of the gamma-rays emitted by spent fuel assemblies will escape from the calorimeter into the pool
without depositing their energy in the calorimeter. Therefore, a fraction of the recoverable energy will
not contribute to the measured power. In report R-05-62 this fraction is derived from measurements with
gamma-ray dosimeters placed outside the calorimeter combined with analytical expressions
establishing a relation between the escape power and the results of the dose-rate measurements. Within
WPS8 a different approach based on gamma-ray transport calculations was defined. In a first step, the
energy of a mono-energetic gamma-ray that escapes from the calorimeter is calculated, supposing that
this gamma-ray originates from a radionuclide that is homogeneously distributed in the assembly. This
results in a correction factor as a function of gamma-ray energy. The correction factors for PWR
assemblies measured at Clab are shown in Figure 15. In the second step, the nuclide inventory is
calculated using a depletion code and the gamma-ray emission spectrum is derived based on the
gamma-ray emission probabilities recommended by DDEP and the contribution of Bremsstrahlung. The
latter is derived using the energy distribution of electrons in DDEP as an input to MCNP. The final
correction is obtained by applying the correction factor as a function of gamma-ray energy to the gamma-
ray emission spectrum derived from the depletion calculations. For the data presented in this report the
gamma-ray transport and depletion calculations were both derived from calculations with Serpent.
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Figure 15 — Correction factor as a function of gamma-ray energy to account for energy that is lost
due to gamma-rays escaping from the calorimeter. The correction factor is for PWR assemblies
stored at Clab and is obtained by gamma-ray transport calculations with Serpent.

In parallel to the work done within WP8, SKB and Vattenfall AB as part of an Electric Power Research
Institute (EPRI) project performed a fully independent study. The two independent procedures were
used to re-analyse the results of the calorimetric measurements reported by Jansson et al. [58]. In
Erreur ! Source du renvoi introuvable. the decay heat rate together with the correction for gamma-
rays heat loss derived by the two independent procedures are compared with those of [58]. This
comparison reveals that the independent procedures from EURAD and EPRI produce fully consistent
results. However, they suggest that the results of Jansson et al. [58] suffer from a systematic error and
are overestimated by about 2%. The analysis procedures defined within the EURAD and EPRI projects
were applied to derive the decay power of PWR and BWR assemblies which were part of the SKB-50
campaign. The results of these data were used to prepare the deliverable 8.6.

In addition, all calibration data performed at Clab were reviewed applying the procedures developed
within WP8. This review revealed that the calibration applied in the R-05-62 report [46] could introduce
a systematic error. The procedure in the R-05-62 report [46] uses two different calibration curves for
decay power below 350 W and for a decay power between 250 W and 950 W. The review demonstrates
that such a separation is not justified and is not consistent with the measurement method and principle,
in particular the assumptions made to apply Egs. 12 and 13. Unfortunately, the results of PWR and BWR
fuel measurements were not available in time to verify the impact of the difference in calibration of the
assembly data before the end of the EURAD project. Based on these findings and the extensive use of
the calorimetric data of the Clab calorimeter for code validation, it is recommended that the results of
the measurements reported in the R-05-62 report [46] are revised using the procedures obtained within
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the EURAD project. The results of such an analysis is in progress and will be included in the paper that

is in preparation. It is expected that the results of this study will strengthen the idea to include calorimetric
data into the SFCOMPO database [24].

ID Jansson et al.[58] WP8 — EURAD SKB/Vattenfall - EPRI
Pe/W Pm/W P/W Pe/W Pm/W P/W Pe/W Pn/W P/W
BTO1 58 1546 1604 49.4 1535 1584 49.2 1531 1580
BTO02 30 1008 1038 25.3 998 1023 24.7 994 1019
BTO3 21 853 874 20.6 839 860 20.3 837 857
BT04 15 738 753 15.0 726 741 13.8 725 739
BTO05 12 639 651 12.8 627 640 11.5 628 639

Table 9 — Decay powers (P, Pm and Pe) resulting from measurements at the Clab facility reported in [58].
Results of an independent analysis within WP8 and EPRI are compared with the original data reported
by Jansson et al. [58].
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4. NDA measurements to verify assembly characteristics

Most of the NDA systems used for the characterisation of spent fuel assemblies have been developed
to verify the amount of fissile material for nuclear safeguards applications [61][62][63] or to verify the
burnup for nuclear criticality safety applications applying a BurnUp Credit (BUC) approach [64][65][66].
The Next Generation Safeguards Initiative — Spent Fuel (NGSI-SF) established by the Department Of
Energy (DOE) of the United States of America triggered the development and testing of new NDA
techniques to characterise spent nuclear fuel assemblies [67][68]. A total of 14 promising detection
techniques, covering passive and active measurements including both y-ray and neutron detection, were
identified within NGSI-SF. A review of these systems is given in [69]. Most of the results obtained within
the NGSI-SF were based on results of simulations and only a few systems were tested under industrial
conditions. In this section passive NDA systems that are routinely used or that have been tested under
industrial conditions for the characterisation of spent fuel assemblies are discussed in more detail. This
includes the gamma-ray spectroscopic system at Clab, the FORK detector and the Differential Die-Away
Self-Interrogation (DDSI) and Passive Neutron Albedo Reactivity (PNAR) devices, which were both
developed as part of the NGSI-SF.

4.1 Gamma-rays spectroscopy

Gamma-ray spectroscopy is a powerful tool to verify characteristics of spent fuel as demonstrated for
spent fuel elements of research reactors [70][71][72] and assemblies of power reactors [73][74]. It is
well known that independent information such as initial enrichment, burnup and cooling time can be
derived by combining absolute and relative activity ratios of some key radionuclides such as 13*Cs, 1¥’Cs
and 54Eu [75][76][77][78][79]. This is due to difference in production process and half-life of these
radionuclides [75][77]. Evidently, the information that can be retrieved depends on the cooling time.

Most of the gamma-ray spectroscopic systems rely on the use of High Purity Germanium (HPGe)
detectors. The potential of Cadmium Zinc Telluride (CZT) semiconductor detectors operating at ambient
temperature for the characterisation of spent nuclear fuel is discussed in [80]. CZT detectors also offer
the possibility to perform gamma-ray spectroscopic measurements and separate the contribution from
134Cs, 187Cs and 15*Eu. Detection systems using CZT detectors to verify spent fuel assemblies in storage
ponds have been developed and are used for routine safeguards inspections [81][82]. The use of
scintillations detectors for gamma-ray spectroscopy has been limited by their reduced energy resolution.
In recent years, the introduction of lanthanum bromide (LaBrs3) scintillation detectors feature higher
energy resolution than traditional sodium iodide (Nal) detectors and the ability to work at high count
rates. The impact of the resolution of different gamma-ray detectors is illustrated in Figure 16 that
compares spectra of a 2°’Bi source taken with a HPGe, CZT, LaBrs3, CeBrs and BGO detector.
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Figure 16 — Comparison of spectra obtained from measurements with different
detectors (HPGe, CZT, LaBrs, CeBrs and BGO) using a 2°7Bi radionuclide source.
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At Clab a gamma-ray spectroscopic scanning system using an HPGe detector is installed [79] [83]. A
schematic representation of the system is shown in Figure 17 — Schematic representation of the
experimental set-up for gamma-ray spectroscopic measurements at the Clab facility. Figure taken from
[79]. It includes a mechanical scanning system installed in the pool that can move the assembly vertically
and rotate it around its central axis. A 1.9 m thick concrete wall separates the pool from the location
where the detector is placed. The detector is located at about 2.5 m from the centre of the assembly.
Within the concrete wall there is an air-filled collimator with a horizontal width such that the full assembly
in the horizontal plane is viewed and with a vertical width of 5 mm to arrive at an axial resolution of about
15 mm. A steel plate separates the pool and the collimator. Attenuation plates can be inserted at the
end of the collimator to reduce the impact of the gamma-ray on the dead time of the detection system.
Experiments are mostly carried out with one corner facing the detector as illustrated in Figure 18.

—Assembly

——+— Water/pool

Collimator
Concrete wall

Attenuation plates

Figure 17 — Schematic representation of the | Figure 18 — Schematic representation of the

experimental set-up for gamma-ray | measurement configuration at the gamma-
spectroscopic measurements at the Clab facility. | spectroscopic system at Clab with the one corner
Figure taken from [79]. of the assembly facing the opening of the

collimator. Note that the dimensions are not to
scale, as the collimator is longer than the side of
an assembly. Figure taken from [85].

Several measurement campaigns using this system have been carried out [74][77][79][83][84]. Results
obtained from part of these measurements were used by Solans et al. [85] to test an intrinsic self-
calibration method to determine the relative abundances of radionuclides and to perform an uncertainty
evaluation. This work was part of WP8. Such a self-calibration method, which is routinely used in nuclear
safeguards to determine the isotopic composition of nuclear materials (see e.g. [86]), relies on the use
of multiple full-energy peaks in the gamma-ray spectrum to account for the energy dependence of the
overall detection efficiency combining the gamma-ray attenuation in the sample, solid angle and intrinsic
detection efficiency. In case of spent fuel the method can be used to derive the activity ratio of 13*Cs and
154Eu relative to the one of 137Cs, as already demonstrated in [87]. Evidently, due to the relatively short
half-life of 134Cs and '>Eu the method is not applicable for long cooling times. The results obtained by
Solans et al. [85] illustrate that the activity ratios 134Cs/*¥7Cs and >*Eu/'3"Cs obtained from two different
measurement campaigns with different measurement conditions are in better agreement when applying
a self-calibration method. In addition, it is shown that for a given assembly type and experimental
configuration the variation of the energy dependence of the overall detection efficiency does not strongly
vary from one assembly to another. The horizontal positioning of the assembly with respect to the
opening of the collimator has a strong impact due to heterogeneous radial distributions of the
radionuclides in the assembly. The impact of heterogeneous distributions is reduced by combining
results of measurements with each of the four edges of the assembly facing the detector. Another
systematic effect is the position of the assembly, in particular, the distance between assembly and
collimator which will have an influence on the gamma-ray attenuation in the water. A change of 1 cmin
distance changes the count rate with 10%. This will not affect activity ratios in case a self-calibration is
applied, however, it will have an impact on the determination of the absolute activity of 137Cs.
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An attempt was made by Solans et al. [85] to verify the consistency of the detector response obtained
from different measurement campaigns by comparing directly the net peak areas of observed full energy
peaks. Such a comparison requires a detailed knowledge of the measurement conditions, in particular
the attenuation plates that were used and the detector position. Unfortunately, this information was not
available. Therefore, only a relative consistency verification can be done. The net peak areas of the 661
keV full energy peak derived from two different measurement campaigns were compared. The pooled
standard deviation of the ratio resulting from measurements is 2.2% and 3.9% for BWR and PWR
assemblies, respectively. A similar consistency check is shown in Figure 19, which plots the ratio of net
peak areas for the 661 keV full energy peak derived by Solans et al. [85] and the one of Vaccaro et al.
[79] as a function of burnup for a set of PWR and BWR assemblies. The net peak areas obtained in by
Vaccaro et al. [79] and Solans et al. [85] result from an analysis by two different persons using results
of different experiments with different attenuation plates and a different analysis codes. In addition, the
data of Solans et al. [85] are derived from a spectrum that is the results of an integration over the axial
length of the assembly. The integration limits correspond approximately to the boundaries of the burnup
plateau. The spectra analysed by Vaccaro et al. [79] are obtained from measurements corresponding
to the burnup plateau. For the PWR assemblies the ratio is rather constant and there is no obvious
dependence with assembly type. The relative standard deviation of the ratio of the two data sets is 1.5
% for the PWR assemblies. For the BWR assemblies a stronger impact of the assembly type is
observed, with the largest deviation for the two 8 x 8 Type 2 assemblies. For these assemblies the
relative standard deviation derived from the 4 corner measurements was more than 10% for both the
data of Solans et al. [85] and Vaccaro et al. [79]. This suggest strong heterogeneous irradiation
conditions. Excluding the results of these two assemblies, a pooled relative standard deviation of 1.5%
is obtained from the standard deviations for the 10 x 10 and 8 x 8 type of assemblies. To clarify the
difference in average ratio between the 10 x 10 and 8 x 8 type of assemblies further studies are required.
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Figure 19 — Ratio of the net peak area of the 661 keV full energy peak derived by Solans et al. [85]
(C2) and Vaccaro et al. [79] (C1) as a function of burnup. The net peak area is the sum of the areas
from the four corner measurements. The data for different assembly types for both PWR (left) and
BWR (right) assemblies are indicated with a different symbol and colour.

Bengtsson et al. [84] derived an absolute activity for 137Cs present in the assembly by calibrating the
gamma-ray spectroscopic detection system Clab with a reference 37Cs radionuclide source and by
applying a geometrical correction factor based on results of Monte Carlo simulations with Geant4. They
observed a good linear relationship between the measured activity and the one calculated with the SNF
depletion code. However, the average ratio of the calculated and experimental activity was 1.39 with a
relative standard deviation of 3.3%. The average ratio of 1.39 is most probably due to an
underestimation of the experimental activity and more studies are required to clarify this difference.
Therefore, at present absolute activities can only be derived from gamma-ray spectroscopic
measurements at Clab after calibrating the system with an assembly with a known 37Cs inventory.
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Figure 20 — Ratio of the calculated and experimental 1¥’Cs activity as a function of burnup. The
calculation activity was normalised. Data for different assembly types for both PWR (left) and BWR
(right) are indicated with a different symbol and colour.

A similar exercise was done within WP8 by comparing the measured full energy net peak areas for the
661 keV gamma-ray from 137Cs derived by Vaccaro et al. [79] with the 137Cs activity calculated with the
Serpent code. That means that the experimental net peak area is compared with the activity and not
with a calculated response which includes the gamma-ray transport in the assembly. The activity
calculations were based on a single node 2D lattice representation and the average assembly burnup
was used to normalise the calculation. The ratio of the calculated and experimental activity for the PWR
and BWR assemblies is shown in Figure 20. The data are obtained after normalising the experimental
data with a factor based on an average ratio for the PWR and BWR assemblies separately. There is a
systematic difference between the ratio for the PWR 17 x 17 and 15 x 15 assemblies. This difference
can most probably be reduced by including a gamma-ray transport calculation. The relative standard
deviation for the 17 x 17 PWR assemblies is about 1.8%, which is a factor 1.8 smaller compared to the
one reported by Bengtsson et al. [84]. For the BWR assemblies the ratio clearly depends on the fuel
type. There is a systematic difference between the 10 x 10 Type 2 assemblies and the other 10 x 10
types. Neglecting the Type 2 data a relative standard deviation of 1.0 % is derived for the ratio of the
calculated and experimental activity for the 10 x 10 BWR assemblies. As mentioned by Jansson et al.
[74] there is a strong suspicion that the 10 x 10 assemblies were more evenly irradiated compared to
the 8 x 8 assemblies. Therefore, the larger scattering of the 8 x 8 assemblies is most probably due
strong heterogeneous irradiation conditions, which is amplified by normalising calculations with the
average burnup and comparing with data taken from the burnup plateau.

The results discussed in this section demonstrate that the gamma-ray spectroscopic measurement
system at Clab is a powerful NDA system to verify fuel input data. At present the 137Cs activity (or
inventory) can be derived with an uncertainty of 2% assemblies, provided that system is calibrated with
a representative assembly. In addition, it offers the possibility to determine the 134Cs/13’Cs and
154Eu/137Cs inventory ratios and the 13’Cs activity profile. An example of such a profile for a PWR
assembly that was irradiated to a total burnup of 35 MWd/kg is shown in Figure 21. Including the
information of such a profile in the burnup calculations will reduce systematic errors in the calculations
due to the normalisation on an average burnup. However, further studies are strongly recommended to
investigate the problem to calibrate the system starting from measurements with a radionuclide source
and the differences observed for the different fuel types in particular for the BWR type of assemblies.
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Figure 21 — The 187Cs activity as a function of axial position. The activity is derived from the 661 keV
full energy peak obtained from measurements with a HPGe detector. The data are from scanning
measurements of a PWR fuel assembly with the system installed at the Clab facility. Data from [85].

4.2 Total neutron and gamma-ray counting by a FORK type detector

Detection of the total number of neutrons emitted by spent fuel is a common NDA method for nuclear
safeguards inspection of spent fuel assemblies and to verify the burnup for nuclear criticality safety
applications. It is the basis of the FORK type of detectors. The original device, designed by LANL,
contains fission and ionisation chambers for total neutron counting and gamma-ray counting,
respectively [87][88][89]. In variants of the original LANL design described in e.g. [90], the ionisation
chambers are replaced by CZT detectors offering the possibility to perform gamma-ray spectroscopic
measurements.

A FORK-type of detector was designed and constructed by SCK CEN for use at the Nuclear Power
Plants (NPPs) of Tihange and Doel (in Belgium) [91]. The main objective was to assess the burnup of
spent fuel assemblies upon shipments of the assemblies to the reprocessing plant of La Hague (France).
This detector, shown in Figure 22, consists of two cadmium wrapped high density polyethylene arms
containing each one fission chamber and one ionisation chamber to measure opposite sides of the
assembly. The ionisation chambers, which are operated in current mode, measure the total gamma-ray
emission by the assembly. The neutron detectors are fission chambers loaded with uranium highly
enriched in 235U. They are operated in pulsed mode. The cadmium around the polyethylene absorbs
neutrons that are thermalised in the water such that the fission chambers are mainly sensitive to epi-
thermal and fast neutrons. The whole body is placed in a stainless-steel housing and mounted on a
support that is compatible with the dimensions of storage racks at the NPP of Doel. The system allows
an axial scanning of the neutron emission profile by moving the assembly. An example is shown in
Figure 23 [91]. This profile is obtained from an experimental campaign at the NPP of Doel of UO:2
assemblies irradiated in a PWR covering a burnup between 11 MWd/kg and 49 MWd/kg and a cooling
time between 1.5 a and 10 a [91]. Such profiles can be used to verify or determine the midpoint burnup
from the average assembly burnup provided by the operator.
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Figure 22 — Schematic representation of the
FORK-type detector developed by SCK CEN for
in pool spent fuel measurements at the NPPs of
Tihange and Doel. Figure taken from [92].

Figure 23 — Neutron count rate as a function of
axial position. The results are obtained from
measurements with a FORK-type detector of an
irradiated PWR assembly at the NPP of Doel.

Data are taken from [91]

Calculations were carried out to verify the potential to predict the neutron response of a FORK-type
detector [92]. The calculations are based on a combination of depletion calculations with the ORIGEN-
ARP module of SCALE and neutron transport calculations with the MCNPX code. The experimental
data were obtained from measurements at the axial midpoint of the assembly. The midpoint burnup was
used to normalise the depletion calculations for the calculation of the nuclide inventory and related
neutron production rate by ORIGEN-ARP. The neutron production rate was used in a neutron transport
calculation with MCNPX to determine the response of the fission chambers. From these calculations,
the effective neutron multiplication in the assembly was also derived. Figure 24 shows the primary total
neutron production rate in the assembly as a function of the burnup obtained from the depletion
calculations. The primary neutrons can be detected or they can induce a fission reaction in the assembly.
This occurs primarily after thermalisation in the water of the pool. Each neutron induced fission reaction
is followed by the emission of prompt fission neutrons. These neutrons can also thermalise and can be
detected or continue a fission chain reaction. Hence, the total number of neutrons that are produced in
the assembily is the product of the primary neutrons, mainly due to spontaneous fission, and the neutron
multiplication factor. The effective neutron multiplication as a function of burnup is shown Figure 25.
These data show the expected increase of primary neutron production with increasing burnup and
decrease of multiplication with increasing burnup.
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Figure 24 — Primary neutron production rate in an
irradiated PWR assembly as a function of burnup.
The data are representative for assemblies
stored at the NPP of Doel. Data are taken from
[91][92].

Figure 25 — Neutron multiplication in an irradiated
PWR assembly as a function of burnup. The
multiplication is for an assembly in the pool
surrounded by a FORK-type detector [92].
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Figure 26 shows the linear correlation between the experimental and calculated count rate. The standard
deviation of the ratio of the calculated and experimental response is 3.8%. From these data one
normalisation factor was derived. The data were used within WP8 to show the potential to determine
the burnup from neutron measurements combined with theoretical calculations. The burnup was derived
from the experimental count rate applying a linear log-log interpolation using the declared burnup as a
function of the normalised theoretical response. The ratio between the experimental determined and
expected burnup is shown in Figure 27. The standard deviation of this ratio is 1.25%. All data points are
almost within 2%. Expanding the calculations for assemblies with different initial enrichment, burnup and
cooling time it is expected that with such a procedure the burnup can be determined with an uncertainty
of less than 2% for cooling times longer than 1.5 a. The proposed procedure relies on a combination of
experimental data with results of calculations using one normalisation/calibration factor. This in contrast
to the conventional procedure which relies only the experimental data and uses a power function to link
the burnup to the neutron count rate. Since the parameters of the power function depend on the burnup,
as shown in Figure 28, more calibration parameters (reference assemblies) are required.
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Figure 26 — Experimental count rate (Cexp) as a | Figure 27 — Burnup of PWR assemblies derived
function of the calculated count rate (Cca) for | from neutron measurements (BUexp) with a
measurements with a FORK-type detector of | FORK-type detector divided by the expected
PWR assemblies at the NPP of Doel. Data are | burnup (BUope). The data used to derive the
taken from [91][92]. experimental burnup were taken from [91][92].

Unfortunately, during the measurement campaign at the NPP of Doel the ionisation chamber of FORK
detector was not functioning properly. To demonstrate the complementarity of results derived from the
neutron and gamma-ray detector theoretical calculations were performed. For these calculations the
spent fuel library of [93] was used. Part of the results are shown in Figure 29. For a given cooling time
the response of the neutron detector is plotted as a function of the response of the gamma-ray detector.
The data show that a difference in cooling time can be identified based a combination of the neutron
and gamma-ray response. Therefore, the combined use of neutron and gamma-ray detection to verify
assemblies prior to loading in a cask or canister can be recommended. Given that no real efforts have
been made to improve both the performance of FORK-type detectors and the performance of codes to
calculate the neutron emission rate of spent fuel assemblies and the neutron and gamma-ray response
of such a detection system, there is even place for improvement.

e U D (Deliverable n° 8.4) — Principles and performance of NDA systems and innovative detection
apemismerrogamme. JUES USEd for the characterisation of SNF samples and assemblies
ivdeeietenet Dissemination level: PU
Date of issue of this report; 23/05/2024




EURAD Deliverable 8.4 — Principles and performance of NDA systems and innovative detection
techniques used for the characterisation of SNF samples and assemblies

2
10° g 10"E g
F E [Cooling time 5a 2a laf
Do SRR
ki * * -
WE e sa o . .
10a x ¢ 4.

10"
10°

20a 100a e
2 L 50a . a " .
10 El o 100a N x ¢ . E

10"

107

101 L . * =
E . . E

10°

Count rate in FC / (1/s)

107

10° | ) .

Neutron count rate/ (1/s)

10°
10 i 1 L 1 L 1 L L 1 L 1 107 ~ — “““'_B — “““'_7 — “““'_5
10 20 30 40 50 60 10 10 o 10

Burn up / (MWd/kg) Currentin IC, 1/ pA

Figure 28 — Expected count rate in a FORK-type | Figure 29 — Neutron count rate as a function
detector for measurements with irradiated PWR | the current in the ionisation chamber for
assemblies. The data are from simulations [14]. irradiated spent fuel assemblies with an initial
enrichment of and burnup between and
MWd/kg. The data are from theoretical
calculations using the spent fuel library of [93].

4.3 DDSI and PNAR

The DDSI and PNAR concepts were both developed at the Los Alamos Laboratory (LANL, USA) as part
of the NGSI-SF with the objective to derive characteristics of a spent fuel assembly that are
complementary to the total neutron emission rate, ideally an observable that is sensitive to the amount
of fissile material present in the sample.

DDSI

The DDSI concept is inspired by the Differential-Die Away (DDA) [94][95] technique which is an active
NDA system based on correlated neutron detection using a pulsed external neutron source. The DDSI
technique is a passive NDA technique that uses the neutrons spontaneously emitted by the assembly
as an internal interrogating neutron source [96]. The main idea is to provide an experimental observable
that is sensitive to the neutron multiplication factor M, which can be considered as a measure of the total
amount of fissile material in the fuel.

The DDSI instrument that was developed by LANL and used at Clab [97] is schematically represented
in Figure 30. Neutrons emitted by the assembly are detected by an array of 3He proportional counters
surrounding the assembly and the time correlation technique is applied to construct a Rossi-alpha
distribution. The detection system consists of four rectangular modules. Each module is made of a block
of high-density polyethylene with cylindrical slots hosting 14 2He proportional counters. An additional
slot can be used for an additional detector, e.g. an ionisation chamber for total gamma-ray counting.
The block of polyethylene is surrounded by a cadmium sleeve to absorb neutrons that are thermalised
in the water. This will reduce the die-away time of the detected neutrons. A lead shield is placed between
the detector block and the assembly to reduce the gamma-ray background in the detectors. The signals
of each detector are registered in list mode and the list mode data are used to obtain the Rossi-alpha
distribution together with the total number of detected neutrons. The Rossi-alpha distribution is
constructed by registering in coincidence the number of detected events in time windows that are
opened by each detected event. An example of such a Rossi-alpha distribution is shown in Figure 31.
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Figure 30 — Schematic representation of the DDSI instrument used for measurements at the Clab
facility. The figure is taken from Kaplan et al. [97].

In the procedure applied by LANL one decay constant is derived by parameterising the Rossi-alpha
distribution with a single-exponential distribution in one time window in the early time domain:

t

R (t) = ape e, (14),

Such a parameterisation is shown in Figure 31. The distribution in Figure 31 is obtained from simulations
described in [99]. The resulting die-away time (te) can be related to the neutron multiplication in the
assembly as demonstrated by Trahan et al. [98] using experimental data resulting from experiments
performed at Clab.

The potential to derive additional information from a DDSI measurement by parameterising the Rossi-
alpha distribution using a sum of two exponential distributions was investigated within WP8 by Solans
et al. [99]. The results of this study are based on data produced by simulations combining depletion
calculations using Serpent with neutron transport calculations using MCNP6. The DDSI response was
calculated for a set of 17 x 17 irradiated PWR assemblies with identical rods covering an initial
enrichment from 1.5 wt% to 6 wt%, a burnup from 5 MWd/kg to 70 MWd/kg and a cooling time from 2.5
a to 55 a [99]. Results are summarised in Figure 31, Figure 32 and Figure 33. The data in Figure 31
illustrate that the Rossi-alpha distribution can be described by a sum of two exponentials:

t

t
R,(t) = ase *+ age s, (15),

consisting of a component with a fast (tr) and slow (te) die-away time constant.
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Figure 31 — Rossi-alpha distribution parameterised with a single (left) and double (right) exponential
distribution. The Rossi-alpha distribution is derived from simulations for a UO2 PWR assembly with
an initial enrichment of 1.5 wt% and irradiated to a burnup of 10 MWd/kg. The cooling time is 50 a.
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A comparison of the results in Figure 32 and Figure 33 reveals the advantage of a parameterisation
using two exponentials. Figure 32 shows the information that is derived from a fit with a single
exponential. The total count rate is plotted as a function of the early die away time (te). Differences in
burnup (left) and initial enrichment (right) is made through a colour scheme. The result in Figure 32 show
that it is not obvious to derive complementary characteristics of the spent fuel assembly due to the strong
correlation between the total count rate and the early die-away time constant. The added value of a
parameterisation with two exponentials is illustrated in Figure 33 by plotting the slow time constant (ts)
as function of fast time constant (tr), again using a colour scheme to indicate differences in burnup and
initial enrichment. Figure 33 demonstrates that the two die-away time constants provide independent
information and together with the total neutron count rate they are sensitive to different characteristics
of the irradiated fuel.

A parameterisation in terms of two exponential distribution was applied to fit the Rossi-alpha distribution
obtained from the measurements with a DDSI prototype instrument at Clab. Results of these
measurements were reported in [98]. Unfortunately, no obvious correlation was found between the
decay constants derived from the simulated and experimental distributions [99]. Hence, at present it is
hard to demonstrate the added value of the DDSI concept based on the available experimental data.
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Figure 32 — Total count rate as a function of the time constant te. Differences in burnup (left) and
initial enrichment (right) is made through a colour scheme. Figure taken from [99].
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Figure 33 — Time constant ts as a function of the time constant t+. Differences in burnup (left) and
initial enrichment (right) is made through a colour scheme. Figure taken from [99].
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PNAR

Applying the PNAR concept, which was first proposed in [100], neutrons emitted by a spent fuel
assembly are measured in two configurations, which are referred to as a high and a low multiplication
configuration. The high configuration is similar to a conventional measurement with a FORK detector.
However, in a PNAR device multiplication of primary neutrons by neutron induced fission in the
assembly is enhanced by placing polyethylene between the assembly and detector bench. In the second
configuration, neutron multiplication is suppressed by placing a cadmium sheet between the assembly
and the detection system. The ratio of the count rates obtained with the two configurations is used as
an additional observable to the total detected neutron count rate. This ratio, also referred to as the
PNAR-ratio, is used to estimate the amount of fissile material present in the assembly [101].

A first prototype was built and tested on MOX fuel assemblies irradiated in the Fugen reactor in Japan
[102][103]. The results of these field tests showed a promising correlation between the amount of fissile
material present in the fuel and the PNAR-ratio. However, measurement times of a few hours per
assembly were needed [102][103].

More recently, a PNAR device was constructed and it was tested in Finland using BWR fuel irradiated
in the NPP of Olkiluoto [104][105]. This device will be part of an integrated NDA system to verify spent
fuel assemblies in Finland prior to disposal [105]. It consists of four rectangular detection modules made
of polyethylene. Each module contains an ionisation chamber filled with xenon and one 3He proportional
counter. Each polyethylene module is covered by cadmium and a lead shield is used to attenuate the
gamma-radiation emitted by the assembly. To alternate between the low and high multiplication
configuration a movable Cd liner is placed between the fuel guide channel and the central opening of
the PNAR device. The results of the test measurements in Finland show that the PNAR-ratio can be
used to distinguish between a fully irradiated assembly and an assembly not containing any fissile
material [105]. However, the results do not provide evidence that the PNAR-ratio can be considered as
a complementary observable to estimate a quantitative characteristic of the spent fuel in addition to the
total neutron emission rate.
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5. Summary and conclusions

Principles of NDA methods to characterise spent nuclear fuel were discussed. A distinction was made
between methods to produce accurate data for code validation and methods to determine characteristics
of spent fuel assemblies under industrial operation. The latter are used to verify fuel related input data
that are needed as input for depletion calculations. The main signatures that can be used for NDA of
spent nuclear fuel, i.e. decay heat and neutron and gamma-ray emission characteristics, were
discussed. The key radionuclides producing these signatures were identified and recommended decay
data, required to calculate the signatures, were specified. In the overview of NDA methods and devices
progress or improvements made as part of WP8 of EURAD were emphasised.

Within WP8 two activities concentrated on the production of accurate experimental data for code
validation. An absolute NDA method to determine the production rate of spontaneous fission neutrons
by spent fuel was developed. The method was demonstrated by measurements of a spent fuel segment
at the LHMA facility of SCK CEN. The results provide high quality data to test the performance of
depletion codes to predict the neutron output or 2*Cm inventory. The second contribution was the study
of the calorimeter at Clab. This instrument determines the decay power of spent fuel assemblies. Results
of these measurements are extensively used for code validation. As part of WP8 the analysis procedures
were improved. The procedures include a quality control of the data. The procedures were applied to
re-analyse data previously used in a blind test exercise. It was shown that the experimental decay
derived with the procedure that was used for that exercise suffers from a systematic error. The new
procedure was applied to derive the decay power of a set of PWR and BWR assemblies that are part of
the SKB-50 campaign. Results obtained using the procedures defined within WP8 are fully consistent
with results that were independently derived as part of an EPRI project. The present procedures reduce
the uncertainty of the decay heat measurements by a factor 2 to less than 2%.

The performance of the gamma-ray spectroscopic system at Clab was verified using data from
experimental campaigns that were carried out in the past. It was demonstrated that with this system
characteristics of spent fuel assemblies such as the 37Cs activity and activity ratios for 134Cs/13’Cs and
154Eu/137Cs together with their axial profiles can be determined. In case the system is calibrated with a
representative assembly, the 137Cs activity can be derived with an uncertainty of about 2%. The axial
activity profile of 137Cs is a valuable input for any depletion calculation to verify assumption made about
the fuel burnup. However, the performance of the system can be improved by a gamma-ray transport
calculation to better understand the difference in response for different fuel types and to allow for an
absolute determination of the 13’Cs activity.

Literature data resulting from measurements of PWR assemblies at the NPP of Doel were used to study
the potential of neutron detection for the characterisation of fuel assemblies using a FORK-type
detection system. The study revealed that the neutron response of such a detector can be calculated
combining depletion calculations to predict the primary neutron production in the fuel with a neutron
transport calculation to account for the neutron multiplication in the fuel and the detection probability in
the fission chambers. It was demonstrated that by combining experimental data with theoretical
calculated detector responses the average burnup of an assembly can be determined with an
uncertainty of about 2%. The main constraint is the calibration of the detection system with at least one
reference assembly.

The performance of two other passive neutron-based NDA systems, i.e. PNAR and DDSI, was
investigated. Compared to the conventional FORK-type detection system the PNAR concept provides
in addition to the total neutron and gamma-ray response the so-called PNAR-ratio. This PNAR-ratio can
be used to distinguish between a fully irradiated assembly and an assembly not containing any fissile
material. At present, no real complementary observable can be derived to obtain a quantitative
characteristic, in addition to the neutron count rate. A study of the DDSI concept based on simulated
data suggests that the analysis procedure that is currently applied can be improved so that from
measurements with such a device, more information about the spent fuel characteristics can be
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retrieved. Unfortunately, the quality of the experimental data taken at the Clab facility with a prototype
device is not good enough to confirm these findings.
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