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Abstract
The nuclear industry in Europe is facing an immediate and major challenge with the
decommissioning of nuclear facilities and the planned shut downs which will incur enormous costs
regarding the accurate characterisation and correct disposal of the decommissioned materials.
Therefore there is a need for the implementation of new and traceable measurement technologies and
techniques to select the appropriate release or disposal route of radioactive wastes.
For waste materials released in the environment from nuclear facilities, strict limits given by
national nuclear regulators must be met for mass and surface activity of individual radionuclides. This
requires very sensitive and nuclide specific measurement based on gamma-ray spectrometry. Hard-tomeasure radionuclides contribution must be included using scale factors based on laboratory
measurements for different types of nuclear reactors. The free release measurement can be also
accomplished with neutron detectors and facility for scanning of wastes before measurement.
This guide focuses on free release gamma-spectrometric measurement using four germanium
HPGe detectors, and special low-activity concrete shielding surrounding the whole measuring
chamber. Measuring efficiencies are calculated for different types of waste materials using MCNP
model of the measuring geometry, validated by real and spiked reference materials and standard
sources. Minimum detectable activities for different materials and radionuclides are calculated from
measured spectra and using sets of radionuclide standards. Special software is used for material
handling, data acquisition, spectra evaluation, performance control, calibration and results
presentation.
The usefulness of neutron counting in segregation measurements of decommissioning waste was
investigated. The passive neutron counters were installed in the Free Release Measurement Facility
(FRMF) which was initially designed as a state of the art facility for measurement of low gamma-ray
activity waste packages. The method is based on detection of neutrons from either (α, n) reactions or
spontaneous fission from actinide constituents in the waste. Given the low acceptance levels of alpha
activity in clearance waste, the detection of neutrons significantly above the background level would in
practice disqualify the waste package from being routed for free release. Calibration of the neutron
detection system using reference neutron sources (252Cf) and both simulated and real waste matrices
was carried out.
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1. Introduction
The nuclear industry in Europe is facing an immediate and major challenge with the
decommissioning of old nuclear facilities and the planned shut downs. The first generation of nuclear
power plants and reprocessing facilities is coming to the end of their working lives. Ninety-one power
plants are being decommissioned in the EU; most of the remaining 129 reactors plus fuel cycle
facilities will also be in decommissioning by 2030. The aim of the decommissioning process is to clear
the site, while minimising the risk to the public and the environment from the hazardous waste
arising. The cost of decommissioning and waste management in the EU is estimated to be in excess of
150 billion Euro.
One of the main challenges is to release as much as possible of wastes from decommissioning
nuclear facilities in the environment, which is cost-effective comparing with storage in radioactive
waste repositories. Released materials must meet very strict criteria set out in regulations governing
the free release of potentially radioactive materials into the environment (Council Directive
2013/59/Euratom) and clearance levels are defined for each radionuclide individually. As surveys
undertaken for a number of European countries showed, the measuring devices and methods used to
satisfy the verification of clearance levels neither standardised nor traceable, and the measurement is
often not nuclide specific. Such inaccurate or even incorrect non-spectrometric measurement could
result in the permanent storage of potentially recyclable materials, or in the release of contaminated
wastes into the environment.
This guide summarise the work performed in the framework of the MetroDecom project and
covers the following objectives:


Optimized Free Release Measurement Facility (FRMF) hardware, based on four germanium
coaxial HPGe detectors and environmentally acceptable shielding made from low-activity
concrete.



Investigation of achievable detection limit of the content of alfa emitters based on the
emission of neutrons. The developed methodology based on application of the reference
materials which are inserted into simulated waste matrixes placed in typical JRC
containers for clearance waste.



The measurements campaign with the clearable waste was performed under field
conditions in the Interim Storage Facility of JRC.



Complex software for free release measurement including data acquisition, gamma-ray
spectra

evaluation,

performance

control,

efficiency

calibration,

homogeneity
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determination, scale factors calculation (ISO 21238: 2007), activity and minimum
detectable activity calculation (ISO 11929: 2010), and results presentation and archiving.


Full-energy peak efficiency calibration using Monte Carlo MCNP model of FRMF, validated
using traceable reference materials and standard radionuclide sources.

The gamma spectrometric method was applied for the actual free release measurements.

The

clearance measurements with HPGe were complemented with passive neutron counting in order to
study the sensitivity of this method in particular for waste suspected of containing actinides. In effect
the gamma spectrometric method and the neutron counting method aim at detecting different nuclide
content. Neutron detection may be useful in cases of large or dense waste matrix materials containing
nuclides of low energy gamma lines or low gamma emission rate. As such the two methods can be
considered complementary.
The solution described in the guide allows correct and accurate free release measurement of solid
wastes released from nuclear facilities in the environment. It leads to minimization of costs associated
with unnecessary storage of wastes in radioactive waste repositories while ensuring environmental
protection.

2. Implementation of Free release measurement facility (FRMF)
The aim of the implementation of the free release measurement facility (FRMF) on the JRC Ispra
decommissioning site was related to testing and improvement of measurement and calibration
methods developed in the JRP ENV09 in real conditions with respect to needs of stakeholders and endusers.
The activities carried out during the implementation of the project are fully described in the JRC
Technical Report1, the main activities are summarised below:


Preparation of the FRMF campaign at the Interim Storage Facility required to comply with
the conventional safety, security, radiation protection safety, licence and building



Nuvia Czech (ex-Envinet) performed the installation of the free release measurement
facility at ISF and JRC assisted at realisation of on-site installation of free release
measurement facility. The construction of FRMF was completed within 6 weeks on 22nd
March 2016.



CMI organised the transport of radioactive sources and the reference materials developed
in JRP ENV09.

1

Bogucarska T, Pedersen B, Silva Pestana L, Valakis S, Grisa T, Skala L, Kovar P, Suran J, Smoldasova J, Amato
S, Gatti S., Measurement campaign on the JRC Ispra decommissioning site, Publications Office of the European Union,
Luxembourg, 2017, PUBSY No. JRC106190
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CMI with NUVIA(ex-ENVINET) performed the testing of the facility to be fully operational
on 29th April 2016.



Execution of measurement campaign was initiated on 27th June 2016



JRC developed a complementary to the already existing Quality Control programme. Part of
the instrument Quality Control activities were the development of a set of experimental
calibration procedures. The procedures were then applied for the performance of
measurements of reference materials aiming at the assessment of the instrument
measurement quality features.



JRC complemented the free release measurement procedure with passive neutron
counting.



JRC measured sixty nine containers with material clearable according to existing JRC
licenses at the ISF. The detailed measurement protocols, spectra generated by FRMF
software are shared with MetroDecom Partners.



NUVIA dismantled the FRMF was within 2 weeks. The instrument and reference sources
left JRC by 26th January 2017.

This joint research projects financially supported by the European Commission in the frame of the
European Metrology Research and Development Programme EMRP http://www.emrpon line.eu
undertaken by several EU Member States under the Article 169 initiative, JRP contract identifier JRP
ENV54.

3. Components of the free release measurement station
The Free Release Measurement Facility (FRMF) was designed as a state of the art facility for
measurement of low gamma-ray activity waste packages. The facility installed in JRC Ispra is in the
Figure 1.

Figure 1. : Free release measurement facility (FRMF)
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3.1 Detectors
3.1.1. A gamma-ray detection system
Free release measurement facility consists of four HPGe detectors IDM-200V (IDM-200TM HPGe
Interchangeable Detector Module, Hardware Manual, ORTEC Part No. 932510)
For accurate and effective measurement four coaxial High Purity Germanium (HPGe) detectors
ORTEC IDM-200V are used with resolution FWHM ≈ 2.0 keV and relative efficiency about 50 % for
photon energy of 1.33 MeV. The maintenance-free detectors have mechanical cooling and are
constructed for industrial use. The detectors are accomplished by lead collimators. Two detectors are
located under the measuring container and the two are located above the measuring container. This
configuration allows measurement of mixtures of radionuclides with high efficiency. The detectors
position in the measuring chamber is shown in the illustrative Figure 2. Gamma spectrometric method
for free release measurement was developed (2).

(a)

(b)

(c)
(d)

Figure 2. Positioning of the containers in the measurement cavity of the FRMF. Photos of the JRC
reference containers: (a) orange container CPM530l, (c) drum, and drawings presenting the
positioning of HPGe detectors for: (b) orange container CPM530l, (d) drum Fig. 3.1.1.1( b,d) Source:
NUVIA Drawing H181-01-S000, 2016

(2) MetroDecom deliverable 3.1.4, CMI.
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3.1.2. Three passive neutron counters (design of JRC)
The neutron slab counters were designed by JRC, Nuclear Security Unit to have a high sensitivity to
neutrons emerging from the waste package. The neutron slab counters were designed to operate
under the industrial, and environmentally variable, conditions in the Interim Storage Facility of the
JRC. The counters were fitted into the FRMF device accepting the limited space between the conveyer
system, and the external shield of FRMF. Due to the space limitations only three slab counters were
fitted, and unfortunately at some distance from the measurement object.
Three slab counters were installed in a U-shaped arrangement (on top and on either side of the
waste container) mounted on the inside to the FRMF shielding (Figure 3). The three neutron slab
counters have fixed detector positions (unfortunately at quite some distance to the container). The
conveyer system transfers the container into position. Laser sensors calculate the correct location to
stop the container.

Figure 3. The JRC neutron slab counters mounted in FRMF

3.2 Shielded measurement chamber and conveyer system
The measurement chamber is built of blocks made from low-activity concrete. This dry
construction allows shielding the whole measuring chamber including detectors and measuring
container and also fast building or dismounting of the facility within about 2 weeks. The concrete
blocks are made from low-activity gravel, cement and water, or low-activity gravel and epoxy resin.
Dimensions and configuration of measuring chamber is optimized using Monte Carlo MCNP code (D.B.
Pelowitz et al., MCNPX™ 2.7.E Extensions - A General Monte Carlo N Particle Transport Code, Los
Alamos National Laboratory, 2011 report LA-UR-11-01502). The wall thickness of the chamber is 40
cm, floor thickness is 60 cm and the ceiling thickness is 40 cm. The measurement chamber is drawn in
Figure 4.
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Figure 4: Drawing of the measurement chamber
A conveyer system brings the waste item from the loading station to the measurement chamber.
After completing the measurement, the waste item is taken to the unloading station for removal by
fork lift. Only one container can be processed on the conveyer at any time. The total weight of the
container filled with the material is limited by 800 kg.

3.3 Measuring container and geometry
Table 1. Geometry of typical JRC clearance waste containers (1)
Container name

Dimensions

Weight of metal for the container including
their support for FRMF[kg]

JRC orange container
CP530

Length:1000mm

158

Wide:800mm
Height:900mm

Drum 200l

Diameter: 590 mm

76

Height: 890 mm

The positioning of the High Purity Germanium detectors in the cavity of the FRMF was adapted to
the height of the containers as presented in Figure 2. The two bottom HPGe detectors have a fixed
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position and the two upper HPGe detectors are supported by a vertically movable platform. The high
of the upper detectors is adjusted based on the type of the measured containers. Threaded bars and
laser sensors ensure the vertical movement of the upper detector positions.
The neutron slab counters were specially designed by JRC to have a high sensitivity to neutrons of
a wide energy spectrum. The passive neutron counters are fixed in the cavity of the FRMF. The neutron
counting measurements are performed at position 2/3 of the container as shown in Figure 11, and the
results are reported as the total sum of counts T (cps) in all three counters.

Figure 5. Photograph of JRC orange container with the definition of the measurement positions and
the schematic presentation of the passive neutron counting placement in FRMF

3.4 The methodology for the waste measurements
The Decommissioning Unit of JRC prepared and organized the delivery to FRMF of solid waste
materials in the typical JRC containers/drums(1). For the purpose of the MetroDecom project, the FRMF
operator received the waste materials which had already been cleared using the standard clearance
procedure of the site. The waste or measured material is considered as material clearable according to
the licensed procedure.
In addition to the clearance waste, the Decommissioning Unit of JRC proposed as a specific
research case the measurement of extremely low levels of 235U (directly) and of 238U (by means of 234Th
and

234mPa).

For this purpose four JRC orange containers filled with metal, plastic and cement were

investigated.
The properties of the waste materials are presented in the Table 2.
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Table 2. Properties of the measured real waste containers
Material type

Cement
Soft tissue (low density
material)
Metal
Cement (Decom sector)
Plastic (Decom sector)
Metal (Decom sector)
TOTAL

Density
, [g/cm3]

Weight,
[kg]

Filling,
[%]

Number
of measured
containers

0.6-0.97
0.06-0.1

292-463
12-15

80%-100%
100%

28
7

0.571.03
0.95
0.12
0.7-0.8

215-627

60-100%

30

568
62
266-402

100%
80%
60-80%

1
1
2
69

Real waste containers were delivered with the known weight values. The mass of the waste was
either automatically measured by the instrument or was inserted manually by the JRC operator.
During the measurement campaign a total of 69 containers or drums were measured with weight
varying from 62 to 627 kg.
The parameter ‘filling’ refers to the percentage of waste container volume occupied by material.

3.5 The Investigation of the use of neutron counting for segregation of
alpha-active decommissioning waste
In the framework of MetroDecom project a gamma spectrometric method for free release
measurement was developed based on the FRMF for measurement of low gamma-ray activity waste
packages. In addition to this JRC investigated the application of the neutron counting measurement
system for the free release of the waste material. The two methods are used for different nuclide
contents in the waste and are complementary. Neutrons, in contrast to gamma-rays, penetrate
relatively easily high density matrices such as concrete and metal. For this purpose neutron slab
counters (with a large surface area) were installed in FRMF. The point being that any observation of a
net neutron count rate would indicate the presence of alpha emitters in the waste at a quantity that
would disallow the waste package for free release.
The overview of the measurement procedure is presented in Figure 6. Neutron measurements are
proposed a part of the waste segregation instrumentation in the FRMF.
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Verification of the free
release of the waste
materials with neutron
counting measurement
system

Waste container prepared and
delivered

“Stability check” Measure
reference neutron source
(252Cf) under reference
conditions

Measuring time (t:300s-14700)
Pre-delay, Gate time(τ=64µs )
Calibration of instrument (Ɛ-the
detection probability for ref.
source)
Background measurement (library)

To perform the technical
verification of the neutron
measurement system

no

Is “stability check”
result <3*σ
(ref.source) ?

yes

Background Measurement:
Reference container filled with
reference material of interest,

Rb

Measurement: sample material /
waste material

Rt

1. Reference container
[type, weight, volume]
2. Reference material
composition:
- filling, kg or %,
- NON- ACTIVE matrix
material , e.g. metal,
concrete, wood etc.

1. container [type, weight,
volume]
2. Waste composition:
- filling, kg,
- Matrix material ,
e.g.metal, concrete, wood
etc.

Estimation of alfa activity in
sample/waste container

Rs=Rt-Rb

no

Assay result <3σS

yes

Waste segregation test not
passed

Waste segregation test passed

Follow waste
characterization
procedure

Follow procedure ”Free release
verification with HPGe
measurement system”

Figure 6.Block diagram of the waste containers verification
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Two measurement campaigns were conducted; one on simulated waste using standard wellcharacterized neutron sources embedded in simulated waste matrices, and one of real waste which
had already undergone the validated material clearance procedure operated at the JRC.
The JRC technical report [3] describes the systematic approach applied to the investigation of the
performance of the neutron slab counters for the purpose of identifying alpha emitting nuclides
through the detection of a neutron count rate significantly above background level, as a means to
detect the high alpha activity and consequently deny the routing of the waste package to free release.

3.6 Scanning facility
Scanning is performed to refine self-absorption of gamma-rays in measured waste material. Each
measured container is scanned using collimated radioactive source with Co-60 of nominal activity 95
MBq, and detector NaI(Tl) 3” x 3”. The result is used to refine measuring efficiency saved in the
calibration software for measured type of waste material. The scanning facility is depicted in Figure 7.

Figure 7: Scanning facility
The scanning facility was designed to be used for the measurement, IP1 or IP2 category containers
are preferred of the volume 0.5 m3, although efficiency calibration can be done for different types of

3

Bogucarska T, Pedersen B, Silva Pestana L, Varasano G, " Investigation of the use of neutron counting for
segregation of alpha-active decommissioning waste ", Publications Office of the European Union, Luxembourg, 2017,
PUBSY No. JRC107756.
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containers after end-users requirements. For absorption of photons the container is made from plastic
plates ensuring also easy cleaning, and it is reinforced with steel profiles. The container is shown in
Figure 8.

Figure 8: IP2 container
The container is measured in three measuring positions allowing measurement in twelve identical
segments (3 positions and 4 detectors) and acquisition of twelve individual gamma-ray spectra. These
spectra are individually evaluated and then homogeneity determined, or hot-spots identified.

3.7 Complex software for free release measurement with HPGe detectors
3.7.1. Data acquisition and spectra evaluation
For each measuring position 1, 2 and 3, individual spectra from four HPGe detectors are acquired,
stored and evaluated. For homogeneously contaminated material, individual spectra are summed and
activity is calculated from the summed spectrum. For hot-spots the activity is calculated from
individual spectra. The measuring and evaluation software enables:


gamma-ray spectra acquisition and storage



full-energy peak finding in the spectrum and energy determination



full-energy peak net area determination



activity and minimum detectable activity determination (see chapter 3.7.6)
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3.7.2. Performance control
QA performance control is executed periodically with a period stated by operator(4).
Following parameters should be investigated using typically a point-like source with
activity ca. 0.1 to 1 MBq:


152

Eu of

Energy calibration is checked each day before the measurement using five full-energy
peaks representing the whole measuring range (121 keV, 344 keV, 778 keV, 964 keV and
1408 keV). The deviation of peak position must be up to 0.2 keV without recalibration.



Detection efficiency is checked at least once a week using the same full-energy peaks like
for energy calibration. The deviation must be up to 1 %.



Resolution FWHM is checked at least once a week using full-energy peaks 121 keV, 778 keV
and 1408 keV. The relative deviation must be up to 5 % and trend is also investigated. The
ever-worsening FWHM indicates detector vacuum failure.

3.7.3. HPGe Efficiency calibration
To calculate activity of radionuclides identified in the spectrum, full-energy peak efficiency must
be determined. The determination is described in chapter 3.7.6. Efficiency curves are entered into the
GAMWIN calibration software and automatically assigned to measured spectra after operator chooses
type of measured material and its density, and container filling. In Figure 9 the calibration software
interface is displayed.

Figure 9: GAMWIN Calibration software interface

4

MetroDecom deliverable D2.3.3 Measurement and calibration procedures for Free Release Measurement Facility
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In Figure 10 an example of a calibration curve is shown.

Figure 10: GAMWIN Calibration curve

3.7.4. Homogeneity determination
Twelve individual spectra are obtained by measuring the material in the container with four
detectors, two above the container and two under the container. These spectra are used for evaluation
of activity distribution in the material. Energy calibration is performed for each spectrum and
correctness is checked periodically using QA procedures. Each spectrum is divided into 32 sections,
each of 256 channels. To include different detection efficiency for different detectors into the
homogeneity estimation, the efficiency is determined in the middle channel of each spectrum for:


each detector (upper and bottom)



each measuring position (1 , 2, or 3)



the type of the measured material



current filling of the container

For each spectrum the counting rate is determined in each section and corrected to the efficiency
of different detectors. Differences between counting rates are then determined between all sections
and should not exceed the set limit. For FRMF, the acceptable value is set up to 30%.
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3.7.5. Scale factors calculation
Difficult-to-measure (DTM) radionuclides are defined as radionuclides occurring in waste with an
activity which cannot be measured easily by non-destructive measurement techniques. The scale
factor (SF) method is a widely accepted technique for assessment of the concentrations of DTM
radionuclides from the concentrations of the easy-to-measure (ETM) radionuclides, based on the
presumption of a correlation between the ETM and DTM radionuclide concentrations.
SFs are determined from the long-mean average of the ratio of the DTM to the key radionuclide,
from regression analysis of the paired data or from other calculation methods.
FRMF is capable of an automatic activity calculation of DTM radionuclides based on the activities
of the ETM radionuclides by the use of scale factors which can be entered directly by user for each
waste stream.
To be able to calculate activity of DTM radionuclides, a scale factor must be entered for each
expected DTM radionuclide. This is done via the “scale factor” dialogue in the software for scale factors
determination. The operator must enter for all expected DTM radionuclides the so-called key
radionuclide, scale factor, and associated uncertainty. The record of all scale factors is saved in a file
and the scale factor file can be selected for each measurement individually.
The software performs analysis of the measured spectra. At the end of the analysis, activities of
DTM radionuclides are calculated, based on measured activities of key radionuclides (usually 137Cs and
60Co),

and decay correction can be taken into account. Activities of DTM radionuclides are reported in

the measurement protocol.

3.7.6. Activity and minimum detectable activity determination
The activity of radionuclides in homogeneously contaminated material is calculated from a
spectrum created by summing of spectra from all four detectors, for each measurement position.
Activity of hot-spots is calculated from individual spectrum acquired in the segment where the
hot-spot is identified.
Activity A(X) for radionuclide X is calculated using following formula (1)5:
A(X) = P(E,X) / (η(E) . Y(E,X) . t),

5

(1)

SW GAMWIN: Instruction Manual. Třebíč, ENVINET a.s., 2013.
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where P(E,X) is net full-energy peak area of photons of energy E, emitted by radionuclide X,
η(E) is full-energy peak efficiency for photons of energy E,
Y(E,X) is yield of photons of energy E, emitted by radionuclide X.
For mass activity calculation, the activity is divided by the total weight of measured material.
For surface activity calculation, the activity is divided by the total estimated surface of measured
material.
Minimum detectable activities are determined from the background within the FRMF chamber
including the container with homogeneous materials, and for hot-spots according to equation (2):
𝑏 𝑏
2
𝑤 𝑘 + 2𝑘√2𝑙 (2𝑙 + 1) (𝑛𝑎 + 𝑛𝑏 )
𝑀𝐷𝐴(𝑋, 𝐸) =
2
𝑡
𝑢(𝑤)
1 − 𝑘2 ( 𝑤 )

(2)

where 𝑤 represents conversion factor used to obtain the measurand (multiplicative inverse of fullenergy peak efficiency for photon energy E and yield of photons of energy E emitted by radionuclide
X), t is the measurement live time, 𝑏 is the number of channel defining the Region of interest for a
spectrum peak, 𝑙 is the number of channels at the right and left side of the peak used to estimate the
continuous background, 𝑛𝑎 and 𝑛𝑏 represent counts in the right and left side regions of the peak and 𝑘
is appropriate quantile of the standardized normal distribution. This equation corresponds to
detection limit formula of ISO 11929:2010.
For hot-spots, MDAs are also measured experimentally using a set of 36 radionuclide standard
sources with radionuclides

241Am, 57Co, 137Cs-

and

60Co

of activities from 30 Bq to 1 MBq. Good

agreement between calculated and measured values is found in the Metrodecom container IP2.
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3.8 The clearance acceptance procedure
An important purpose of the measurements with FRMF was to demonstrate the capability to
measure radioactivity levels below the limits for free release (clearance level) of decommissioning
waste(6 ).
The measurement methodology implemented for the characterization of nuclear waste comprised
two types of measurements namely counting with neutron detectors and gamma spectrum acquisition
with HPGe detectors. Figure 11 shows the schematic way for the implementation of two types of
measurements in the waste management flow.

Figure 11: Schematic way of the waste management flow for the waste clearance procedure
The gamma spectroscopy measurement results under the MetroDecom measurement campaign
were automatically analysed with the FRMF software based on the clearance levels indicated in the
Table 3.

COUNCIL DIRECTIVE 2013/59/EURATOM of 5 December 2013 laying down basic safety
standards for protection against the dangers arising from exposure to ionising radiation
6
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Table 3. The free release clearance upper levels, as they are set in the FRMF software during the
measurement campaign
Nuclide
Co-60

Upper Limit [Bq/g]
0.3

Cs-137

0.3

Am-241

0.3

Ba-133

3

Co-57

3

Co-58

0.3

Eu-152

0.3

K-40

3

Mn-54

0.3

Np-237

0.3

Pu-240

0.3

Sb-125

3

Sr-90

3

Zn-65

0.3

AG-108m

0.3

Ni-63

300

Ni-59

300

Ag-110m

0.3

The gamma spectroscopy measurement protocol reported the activity concentration index (kw).
The sum of the activity concentration index for all identified radionuclides is based on the values for
all identified radionuclide activity concentration divided by (relevant to this radionuclide) the upper
limit values as shown in the Table 3. The activity concentration index shall not exceed 1. If this
condition is not respected the measured material is not accepted for free release.

4. Results
4.1 The neutron counting system in FRMF
Method of the passive neutron counting measurements is fully described in JRC technical report
[3]. The report detail describes:


the experimental setup for calibration,



Background and lower detection limits in the counting of passive neutron totals



Counting statistics and detection threshold



Impact of gamma background on measured neutron totals



Reactions in the sample matrix
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The methodology for the waste measurements



Results interpretation, neutron measurements (segregation procedure)



MDA estimation of selected neutron emitter actinides

4.2 The HPGe measurement system in FRMF
After all data are evaluated and activities and MDAs determined, the measurement protocol is
created and stored and printed for each measured container. Protocol examples are shown in Figure
12.

Figure 12: Examples of HPGe Measurement protocols
All data are archived starting with measured spectra and ending with the measurement protocol in
RAOS application.

4.2.1. Full-energy peak efficiency calibration
Because a lot of different waste materials are measured during decommissioning, the efficiency
calibration cannot be performed for all these materials using appropriate reference materials.
Therefore full-energy peak efficiency as a function of photon energy is calculated using the Monte
Carlo code MCNP. A precise model of the measuring geometry including detectors, collimators and
measuring container is prepared and then validated using real and spiked reference materials
representing three typical categories of wastes (metals, building materials, light materials). These
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reference materials are standardized via inter-laboratory comparisons with participation of at least
three national or designated metrology institutes and therefore traceability is assured as required by
metrological legislation.
The full-energy peak efficiency is defined as the ratio of the number of impulses registered in a fullenergy peak to the number of photons of the given energy emitted by the source. The efficiency η(E) is
calculated after following Equation 3:
η(E) = P(E)/(A(X).Y(E,X).t ,

(3)

where
P(E) is net peak area,
A(X) is activity of radionuclide X,
Y(E,X) is the yield (number of photons of energy E emitted by radionuclide X per one decay),
t is live measuring time.
Relative combined standard uncertainty ση is calculated after Equation 4:
ση = (σP2 + σA2 + σY2)1/2 , where

(4)

σP is relative combined standard uncertainty of net peak area,
σA is relative combined standard uncertainty of activity,
σY is relative combined standard uncertainty of yield.

4.2.2. Reference materials and standard sources
As mentioned earlier the full-energy peak efficiencies (and for special purposes total efficiencies)
for currently measured waste materials are calculated using Monte Carlo method and precise model of
the measuring geometry. To fulfil metrological requirements and ensure traceability of the free release
measurement, the MC model is validated using reference materials and point-like sources certified
within inter-laboratory (IL) comparisons with participation of at least three European metrology
institutes. Three reference materials are prepared representing basic types of measured wastes: steel,
building materials, and light materials (e.g. glass wool, wood and plastics). These are:


steel tubes with radionuclides Ag-110m and Co-60



Petanque balls with radionuclide Cs-137



gravel with natural radionuclides (Th-228 and daughters, Ra-226 and daughters, K-40)



clay balls representing light materials, with natural radionuclides

In Figure 13 a result of IL comparison for steel tubes is shown (F. Tzika et al., Radiation Protection
Dosimetry, 2015).
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Figure 13: IL comparison for steel tubes represented by small discs prepared of the same steel
Steel tubes of a diameter 20 cm, length 40 cm and wall thickness 1 cm in the testing container are
shown in Figure 14.

Figure 14: Steel tubes in the container
Three sets of point-like sources with radionuclides Am-241, Co-57, Cs-137 and Co-60 are prepared
and certified by two European metrology institutes and the Joint Research Centre (JRC). To obtain
experimental values for minimum detectable activities, each set contains 12 sources of activities from
30 Bq to 1 MBq. The sources are placed in different positions in the phantoms filled by non-active
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materials, namely low-activity gravel, empty Petanque balls and plastic balls. The phantom with lowactivity gravel is shown in Figure 15, the sources are inserted in the horizontal re-entrant tubes.

Figure 15: Phantom with low-activity gravel

4.2.3.

FRMF Monte Carlo model

MCNP Monte Carlo model of FRMF is created including detectors and measuring container (Figure
8) in different measuring positions. For full-energy peak efficiencies calculation, the container IP2 in
the model is ‘filled’ by different homogeneous reference materials, or standard point-like sources in
different positions in phantoms. As for some purposes the total efficiency is valuable, a model of the
whole facility is also created including the measurement chamber, conveyor etc.
The IDM-200V detector model is shown in Figure 16.

Figure 16: IDM-200V MCNP model
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The model of the whole facility is shown in Figure 17.

Figure 17: MCNP model of FRMF

4.2.4. Model validation
Monte Carlo calculations are compared to experimental values obtained by measurement in IP2
container filled with reference materials and standard sources traceable to national standards for
activity of radionuclides of several European metrology institutes. The model is considered validated,
if the difference between measured and calculated values of full-energy peak efficiency is better than
10 %. Results for homogeneously contaminated materials are in the Table 4.
Table 4 : Comparison of measured and calculated full-energy peak efficiencies for homogeneously
contaminated materials in Metrodecom container IP2
E, keV

clay balls
ηexp ×104

gravel
ηcalc ×104

d, %

ηexp ×104

ηcalc ×104

d, %

238

4.78

5.30

-9.8

-

1.90

-

351

4.32

4.27

+1.2

1.46

1.60

-8.8

583

2.96

3.13

-5.4

-

1.28

-

609

3.25

3.10

+4.8

1.21

1.24

-2.4

1460

1.78

1.90

-6.3

1.01

0.92

+9.8

1765

1.57

1.73

-9.2

0.92

0.85

+8.2
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steel balls

steel tubes

661

0.728

0.784

-7.8

-

-

-

884

-

-

-

1.82

1.65

+10.3

1332

-

-

-

1.57

1.39

+12.9

𝜂𝑒𝑥𝑝

𝑑(%) = 100 × (𝜂
+

+

𝑐𝑎𝑙𝑐

− 1)

(5)

The higher value d for steel tubes is caused by different loading in the container.

The calculated full-energy peak efficiency as a function of photon energy for homogeneously
contaminated gravel is shown in Figure 18.

Figure 18: Calculated full-energy peak efficiencies for gravel (circles are calculated values,
red triangles are experimental values)
To ensure the quality of measurements as well as the derived results, JRC developed a
complementary to the already existing Quality Control programme. Part of the instrument Quality
Control activities were the development of a set of experimental calibration procedures (4). The
procedures were then applied for the performance of measurements of reference materials aiming at
the assessment of the instrument measurement quality features.
Assessment of measurement accuracy with available traceable standards [4]:


Tubes and sphere measurements indicated statistically significant differences between
Monte Carlo and experimental eff for the measurements in JRC Orange SP530 container;



Monte Carlo derived eff are by 20% higher for 40% filling;



Sphere measurements showed that the difference between experimental and
computational eff decreases with filling.
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4.3 Free release measurement
Free release measurements of solid wastes released from nuclear facilities must fulfill strict
criteria given by national nuclear regulators. These criteria vary from European country to country
although the observed quantities are the same; mass activity and surface activity for individual
radionuclides found in waste. There are several groups of radionuclides with different clearance
levels. The unconditional clearance levels for radionuclides in the first category vary from 0.1 Bq/g to
1 kBq/kg for mass activity and from 0.3 Bg/cm2 to 3 Bq/cm2. Also in some countries, different rules for
averaging over waste mass or surface is allowed.
Although the clearance levels are easily achievable in laboratory measurements, it is very difficult
to meet them in field conditions during decommissioning, where a large amount of solid wastes must
be measured. Therefore nuclide specific and very sensitive measurement must be performed,
allowing:


activity determination of directly measured radionuclides emitting gamma radiation



homogeneity evaluation of measured wastes



scale factors calculation for difficult-to-measure radionuclides (pure alpha and beta
radionuclides)



minimum detectable activity determination

FRMF as described in this guide allows direct measurement and activity determination of gammaray emitting radionuclides using germanium detectors with high energy resolution and efficiency, and
precisely calibrated using traceable reference materials and standard sources, and Monte Carlo
method for full-energy peak efficiency calculation.
Each container with simulated waste of a volume of about 0.5 m3 is measured by four HPGe
detectors in three positions and twelve individual gamma spectra are acquired, stored and evaluated
for homogeneity estimation. If homogeneity is in accordance with the regulator’s requirements, mass
and surface activity can be averaged over the total mass and surface of waste material. If the
homogeneity is not sufficiently good, hot-spots are identified in respective segment in the container
and the approximate activity calculated. For this calculation full-energy peak efficiencies are
determined for each segment using point-like standard sources and phantoms described in the
chapter 4.2.2. The hot-spot is then removed, or all remaining material of the container is sent to
repository acceptance measurement. For this decision, economic criteria are taken into account.
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For radionuclides of interest not identified in the spectrum, minimum detectable activities (MDAs)
are calculated and included into the final results evaluation. Calculation of MDAs is shown in the
equation 2.
Difficult-to-measure radionuclides are taken into account via scale factors associated to easy-tomeasure key radionuclides, generally Cs-137 and Co-60. Scale factors are calculated in the software
described in the chapter 3.7.5.
Measurement parameters such as the current measurement status and measured data are
displayed continuously during the measurement as shown in Figure 19. Based on this data the
measurement protocol is then prepared and printed. The measurement parameter display is shown in
Figure 20.

Figure 19: Measurement data
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Figure 20: Parameters of measurement
The JRC Decommissioning Unit delivered seventy containers with material clearable according to
the existing JRC licensed procedure. The unit G.II.7 of JRC performed the testing of FRMF. The detailed
measurement protocols, spectra generated by FRMF software, are shared with MetroDecom Partners.

5. Lessons Learnt
1

Before the installation of the Free Release Measurement Facility (FRMF) on site where industrial
decommissioning activities are underway the efforts related to the compliance with industrial
safety/security standards for work on the nuclear decommissioning site must be taken into
account in the strictest manner. The activities carried out prior installation are described in the
details in the JRC Technical report [1].

Underestimating this effort may cause delays in

implementation of the free release measurement facility on the decommissioning site.
2

Testing and measurement of real waste and simulated materials in JRC Ispra demonstrated FRMF
to be a functional facility. Some problems [4] occurred with the software when running
continuously, and sometimes also with the conveyor when moving a loaded container. These
failures were timely corrected by NUVIA CZ as the FRMF supplier. The suggested improvements
are expected to be implemented before the operation of FRMF at the decommissioning site of
CIEMAT in Madrid from 2017 to 2020, where at least two years of measurements are planned.

3

One day training organised for the operator proved not to be sufficient. For proper operation of
FRMF the following is required:


Standard procedures for the control of detectors precision and accuracy and the validity of
the gamma software operation.



Standard Operating Procedures (SOPs.) regarding the instrument operation and the
assessment of the results ( the MetroDecom deliverable D2.3.3 can be used as basis)



Clarifications on Monte Carlo derived efficiencies. Sensitivity analysis regarding the error
introduced in the real waste measurement due to deviations (geometry, material
homogeneity and density) from the simulated basic scenario.

4

The fact that only one container can be handled on the conveyer at any time makes the handling of
containers cumbersome and requires constant operator availability. The FRMF could with benefit
incorporate a conveyer buffer zone where several containers can be loaded, and processed
automatically one after the other. A similar buffer zone for unloading would also be needed.
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5

The substantial shield of 84 tons of cement bricks implies that a large surface area is required to
accommodate FRMF. Perhaps a configuration with large shielding doors immediately outside the
measurement chamber would reduce significantly the amount of shielding bricks needed, and
may even reduce the background radiation further. Although the added mechanical complication
of heavy moving doors must also be taken into account.

6. Conclusion
6.1 Background in empty cavity of FRMF
A new type of free release measurement facility was developed and built at JRC in Ispra based on
four maintenance-free germanium coaxial HPGe detectors with mechanical cooling, and
environmentally acceptable shielding made from low-activity concrete surrounding the whole
measuring chamber. This allows significant reduction of the background in the measuring chamber
and therefore in the measured gamma-ray spectra by approximately thirty times compared to a
measurement without shielding in certain regions, and generally in the full spectrum by a factor eight.
This background reduction leads to approx. five times lower minimum detectable activities for key
radionuclides, such as 137Cs and 60Co. Full-energy peak net areas are calculated directly from acquired
gamma-ray spectra and activity concentration determined using precise efficiency calibration as a
combination of Monte Carlo method and experimental measurement of reference materials and
standard sources traceable to European national standards. This allows reduction of the activity
concentration uncertainty up to 10%. Measurement and comparison of individual gamma-ray spectra
in twelve container segments allows estimation of radiation homogeneity of measured waste material
and making a decision about possibility to average radionuclide concentration over the weight and
surface.
In addition to the benefit for gamma measurements, the FRMF shielding reduces the background
of the neutron count rate of about 20%.

6.2 Neutron measurements
Neutron measurements were proposed as part of the waste segregation instrumentation in the
FRMF. Neutrons, in contrast to gamma-rays, penetrate relatively easily high density matrices such as
concrete and metal. For this purpose neutron slab counters (with a large surface area) were installed
in FRMF. The point being that any observation of a net neutron count rate would indicate the presence
of alpha emitters in the waste at a quantity that would disallow the waste package for free release.
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Measurements were performed on both simulated waste matrices with calibrated sealed

252Cf

neutron sources inserted and waste packages (orange containers) from the JRC decommissioning
project. The described verification method applied for the free release verification of the sample
waste containers demonstrated no presence of the neutron and alfa emitters.
Background measurements in the neutron counters were performed with a variety of waste
containers. Some of the conclusions from this work are:
1

The standard practice, as implemented in the FRMF operation procedures, of performing a
neutron background measurement daily is of utmost importance in the effort to determine if a
waste package has a net neutron count rate or not. This is to account for the variation of the
neutron background that occurs due to changes in atmospheric conditions (pressure, humidity,
cosmic-ray induced neutron background).

2

The daily background measurements should be longer than the standard 300 seconds. This is
necessary due to the relatively low count rate in the neutron detectors, and to establish a counting
regime that allows the standard statistical treatment considering that part of the neutron
background originate from relatively rare neutron bursts (of high multiplicity) produced in the
atmosphere by high-energy cosmic particles.

3

The background measurements should be done on a passive waste matrix similar to the objects to
measure. This is important in particular for metallic waste. The reason is the changes in the
neutron background level according to material type. An plausible explanation for this effect is
the neutron bursts created by high energy muon created in the upper parts of the atmosphere
reacting with high-atomic number (or high density) materials (spallation neutrons ).

A

significantly higher counting rate was observed for increasing metal loading of the containers.
Also, a highly hydrogenous matrix (e.g. concrete) can have the effect of lowering the neutron flux
around the detectors.
A dependence of count rate due to gamma-rays was not observed. At the relatively low count rates
the pile-up effect of gamma-ray events is negligible.
A potential neutron emitter that would be expected in the waste is 241AmO2. The neutron emission
is due to (α, n) reactions on oxygen. AmO2 is a common constituent of most spent reactor fuel. In
addition the low-energy gamma rays from 241Am is easily attenuated (particularly) in a dense or large
waste matrix. As an example the MDA value for an 801 kg container of metallic waste was calculated
to be 139 MBq of alpha activity, or 174 Bq per gram of waste. This MDA value would be insufficient for
a free release declaration but useful in waste segregation as previously stated. In the case of difficultto-measure isotopes (by gamma-ray measurements) such as

241Am,

the neutron counting technique

indeed serves a purpose.
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6.3 Clearance measurements with HPGe detectors
Background subtraction is necessary to prevent activity overestimation. However, for heavier
matrices, the background reduction due to self-shielding becomes important so that suitable dummy
containers (same matrix as real material but no artificial activity) should be used for background
measurement.
Prior to the execution of the main phase of the nuclear waste measurements, a set of measurement
procedures were developed in-house [4]. To ensure the quality of measurements as well as the
derived results, JRC developed a complementary to the already existing Quality Control programme.
Part of the instrument Quality Control activities were the development of a set of experimental
calibration procedures. The procedures were then applied for the performance of measurements of
reference materials aiming at the assessment of the instrument measurement quality features.
Assessment of measurement accuracy with available traceable standards [4]:


Tubes and sphere measurements indicated statistically significant differences between
Monte Carlo and experimental eff for the measurements in JRC Orange SP530 container;



Monte Carlo derived eff are by 20% higher for 40% filling;



Sphere measurements showed that the difference between experimental and
computational eff decreases with filling;

Direct implications of non accurate efficiency factors:


Inaccurate radionuclide activity quantification (a posteriori corrections are possible); The
identification of radionuclides in a given gamma-ray spectrum must be more sophisticated
considering real possibility of ‘identified’ radionuclide in wastes (e.g. identification of Pb Xrays as 109Cd). Improvement of this procedure is the subject of further work.



Inaccurate determination of reporting limits (Lc, MDA), a posteriori corrections are not
applicable;



In case of Monte Carlo derived CF Spectrometer accuracy performance should be carried
out prior to main measurements;



Adequate standards for the accuracy control should be provided to the End Users;

Uncertainty budget reporting tailored for the possible deviations between Monte Carlo
assumptions and real waste is necessary
Before launching the measurement campaign the following should be observed:
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All wastes should be categorized after the type of material, into as many groups as
possible. For each type of material, full-energy peak efficiency as a function of photon
energy and the precise filling values should be performed. 20% precision of the container
filling is not sufficient.

7. Further reading
Hundreds of thousands of tons of waste material from nuclear facilities are waiting for free release
measurement, unconditional release in the environment and potential reuse. The developed high
throughput free release measurement facility allows nuclide specific sensitive measurement. Correct
and accurate measurement protects the environment from unwanted contamination and therefore the
population from irradiation by radioactive material. A lot of money can be saved by recycling of
released waste material instead of storage in very expensive radioactive waste repositories.


To use this practice, end-users should:
o

select gamma-ray emitting radionuclides of interest for minimum detectable
activity determination in case the radionuclide is not found

o

select different-to-measure radionuclides and their concentration compared to key
radionuclides (usually 137Cs and 60Co)

o

ensure precise segregation of wastes into streams for potential free release
measurement, or characterization for storage in repository

o

categorize wastes, especially after the type of material and density, where basic
categories could be steel, building materials and light materials
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