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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 development of new and traceable measurement
technologies and techniques to select the appropriate release or disposal route of radioactive
wastes.
For decision if the waste material can be potentially released in the environment, or stored
in radioactive waste repository, segregation measurement is performed. This measurement
must be accurate enough to prevent unnecessary storage in repository, or return of material
from free release measurement back to repository.
The solution described in the guide allows accurate measurement of solid wastes segregated
for waste repository or potential free release. It leads to minimization of costs associated with
unnecessary storage of wastes in radioactive waste repositories while ensuring environmental
protection.
This guide focuses on verification of performance relevant to:


segregation measurement using four plastic scintillating detectors. The measuring
efficiencies are calculated for different types of waste materials using MCNP model.
The validation of MC model was validated by experimental measurements using
reference materials and standard sources in the MetroDecom container IP2.
 the standard segregation measurements were complemented with passive neutron
counting in order to study the sensitivity of this method in particular for waste
suspected of containing actinides.
 The prototyped software was tested during the background measurements,
background checks and material measurements.
In effect the gamma spectrometric method based on plastic scintillation 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.

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 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.
One of the main challenges is to segregate wastes for storage in repository, or potential
release in the environment. The objective is that waste meeting free release criteria is not
routed to high cost radioactive waste storage.
The objective of the implementation of the segregation measurement facility on the JRC
Ispra decommissioning site was related to testing of sensitivity and accuracy at the
measurement for segregation of wastes into streams (free release measurement or repository
acceptance measurement).
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The optimized Segregation facility, including detectors and environmentally acceptable
shielding made of low-activity concrete, was specially designed in the framework of the ENV54
MetroDecom project. The four plastic scintillating detectors and tree neutron slab counters as a
part of the waste segregation measurements were tested under industrial conditions ( Figure
1).

Figure 1: The waste segregation procedure.
The investigations included the use of neutron counting for segregation of alpha-active
decommissioning waste. For this purpose precise efficiency calibrations were performed for
different types of measured waste materials (steel pipes, aluminium plates, cables, building
materials, plastics).
Segregation measurements must be quick and accurate enough to avoid unnecessary
storage of wastes in radioactive waste repositories, or unnecessary transfer of material for free
release measurements. In addition measurement technique must be sufficiently robust to allow
long-term trouble free in-field measurement campaigns.
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2. Implementation of the segregation facility
NUVIA CZ installed the segregation facility as a part of free release measurement facility in
February 2016 in European Joint Research Centre (JRC) Ispra (Italy) (1). This experimental
segregation facility is shown in the Figure 2.

Figure 2: Free release measurement facility
The instrument incorporates:



Three passive neutron counters (design of JRC),
A gamma-ray detection system HPGe Interchangeable Detector Module IDM-200-V
(ORTEC),
 NuDET Plastic Scintillation Detectors (design of NUVIA).
For segregation purpose only three passive neutron slab counters and the NuDET plastic
scintillation detectors were tested. The activities carried out during the implementation of
segregation facility are summarised below:


JRC performed the development and the testing of the method of the passive
neutron counting measurements. The development of this method is described in
JRC technical report2, focusing on:
o The experimental setup required for calibration for the JRC containers
(CP530, drum 200l),
o The verification of background and lower detection limits as well as impact
of gamma background in the counting of passive neutron totals,
o The evaluation of counting statistics and detection threshold,
o The verifications of neutron reactions in the sample matrix,
o The methodology for the waste measurements,
o Results interpretation, neutron measurements (segregation procedure),

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
2
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.
1
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o MDA estimation of selected neutron emitter actinides.
The testing of plastic scintillation detectors focused on:
o CMI and NUVIA(ex-ENVINET) performed calibration measurements using
reference materials and standard sources in container IP530. CMI performed
the evaluation of the testing results and performed calculation of detection
efficiencies for different type of measured materials, such as steel pipes,
aluminium plates, building materials etc. Total efficiency calibration using a
Monte Carlo MCNP model of the segregation facility was compared with the
experimental values using traceable reference materials and standard
radionuclide sources.
o JRC contributed to testing of the detectors stability and the prototyped
software. A detailed report is placed in ENV54 MetroDecom project
SharePoint3.
Based on the method of the passive neutron counting measurements JRC measured
sixty nine containers with material clearable according to existing JRC licensed
procedure at the ISF. The detailed measurement protocols are shared with ENV54
MetroDecom project partners. The summary of the measurement campaign with
neutron counting detectors is reported in Annex of JRC Technical report (2).

3. Components of the segregation facility
3.1 Detectors
3.1.1. Gamma gross counting in plastic scintillation detectors
The segregation facility consists of four plastic scintillating detectors made by NUVIA CZ. For
accurate and effective measurements four plastic scintillating detectors are used of the
following dimensions: cross section 10 cm x 10 cm, length 120 cm. One detector is located under
the waste container, one above the waste container, and two on either side. The position of the
detectors is fixed in the FRMF chamber and shown in Figure 2. The conveyer stops at three
different positions which can be selected by the operator and are at position 1/3, 2/3, 3/3 of
container. The positioning of the plastic scintillation detectors in the cavity of the FRMF are
fixed as presented in Figure 3. The measurement protocol is generated by FRMF in the CSV
format.

MetroDecom deliverable D2.3.3, JRC Measurement and calibration procedures for Free Release
Measurement Facility
3
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Figure 3: Gamma gross counting in plastic scintillation detectors

3.1.2. Neutron gross counting 3He based slab counters
The neutron slab counters were specially designed by JRC to have a high sensitivity for wide
energy spectrum neutrons. Each slab counter is composed of five 3He gas proportional counters
embedded in polyethylene. The polyethylene slab serves to reduce the energy of the incoming
neutron to thermal energy after which some of the thermalized neutrons captured in 3He. 3He
has a particularly high cross-section for thermal neutron capture. In addition the energy
released into the gas from the capture event is significantly higher than the energy released in
for example gamma Compton scattering events. This circumstance makes discrimination of the
neutron signals from gamma (and electrical noise) signals a straightforward task. The 3He
counter is a metal cylinder with a thin insulated wire mounted along the axis. The centre wire,
or anode, is maintained at a positive potential of 1550 volts with respect to the outer cylinder.
The charge collected on the anode wire (from a neutron capture event) is converted to a voltage
pulse in a charge collection pre-amplifier while maintaining the proportionality between the
pulse height and the energy deposited in the gas. A subsequent signal amplifier and
discriminator isolates the single events of neutron capture, and produces a logical pulse
representing the time of the neutron detection. The present slab counters use analogue
electronics designed by the Nuclear Security Unit of the JRC. The digital pulses from each of the
three slab counters are or-ed together to produce a single pulse train. The pulse train of neutron
detection events is counted in a standard JSR-12 digital signal counter.
The passive neutron counters are positioned in the cavity of the FRMF as it is shown in
Figure 4. The passive neutron counting measurements were performed at position 2/3. For
reporting purpose the results of the sum of counts T (cps) for all three detectors was
considered.
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Figure 4: Neutron counting installation of three JRC slab counters

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(1). 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 (4). The chamber wall thickness is 40 cm, floor thickness is 60 cm and the
ceiling thickness is 40 cm. The measurement chamber is shown in Figure 5.

Figure 5: Drawing of the FRMF 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 placed on the conveyer. The total weight of
the container filled with the material is limited by 800 kg.

4

D.B. Pelowitz et al., MCNPX™ 2.7.E Extensions - A General Purpose Monte Carlo N Particle Transport
Code, Los Alamos National Laboratory, 2011 report LA-UR-11-01502
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Table 1: Geometry of typical JRC clearance waste containers (1)
Container name
JRC orange container CP530
Drum 200l

Dimensions

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

Length:1000mm
Wide:800mm
Height:900mm
Diameter: 590 mm
Height: 890 mm

158
76

Table 2: Geometry of Metrodecom container
Container name

Dimensions

Volume

Metrodecom IP2

Length:1200mm
Wide:1000mm
Height:600mm

0.5 m3

3.3 Reference materials and standard sources
To fulfil metrological requirements and ensure traceability of segregation measurement, the
verification of the segregation facility was performed using reference materials and point-like
sources.
The point-like sources with radionuclides 241Am, 57Co, 137Cs and 60Co were certified by two
European metrology institutes and JRC. The activities of the gamma point sources used in
experimental set-up are shown in Table 3 and 252Cf neutron point sources in Table 4.
The reference materials representing basic types of measured wastes: steel, building
materials, and light materials (e.g. glass wool, wood and plastics) were used in the testing of the
measurement systems.
In addition, for the simulation of radioactivity in the waste were used:


5

steel tubes with radionuclides 110m Ag and 60Co were certified within inter-laboratory
(IL) comparisons with participation of at least three European metrology institutes
as shown in Figure (5).

F. Tzika et al., Radiation Protection Dosimetry, 2015
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Figure 6: IL comparison for steel tubes represented by small discs prepared from the same
steel
The steel tubes have a diameter 20 cm, length 40 cm and wall thickness 1 cm were used in
validation of MC model for Metrodecom container is shown in Figure 7.

Figure 7: Steel tubes in the Metrodecom container


petanque balls with the embedded point-like sources (radionuclide Cs-137)



gravel with natural radionuclides (Th-228 and daughters, Ra-226 and daughters, K40). Phantom with low-activity gravel is presented in the Figure 8. The point sources
may be inserted in the horizontal tubes for simulation of hot-spots.
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Figure 8: Phantom with low-activity gravel


clay balls representing light materials, with natural radionuclides

4. Results
4.1 Calibration of Plastic scintillation detectors
4.1.1. Experimental setup for calibration
In the framework of the pilot project in JRC Ispra site, CMI proposed IP1 or IP2 category
containers of the volume 0.5 m3. For absorption of photons those containers are made from
plastic plates ensuring also easy cleaning, and it is reinforced with steel profiles. The IP2
container is shown in the Figure 9.

Figure 9 : IP2 container
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4.1.2. Efficiency calibration
In the frame of the pilot Metrodecom project, the total peak efficiency as a function of
photon energy is calculated using Monte Carlo MCNP code. A precise model of the measuring
geometry including detectors and measuring container IP2 is prepared and then validated using
spiked reference materials representing three typical categories of wastes (metals, building
materials, light materials). These 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.
Total efficiency ηt(E) is defined as a number of impulses registered in some energy range
(here from 40 keV to 2 MeV) to a number of photons of energy E emitted by the source. The
efficiency is calculated after following equation 1:
ηt(E) = T(E)/(A(X).Y(E,X).t)

(1)

where
T(E) is net number of pulses registered in the energy range (e.g. 40 keV to 2 MeV),
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 σ ηt is calculated after Equation 2:
σηt = (σT2 + σA2 + σY2)1/2

(2)

where
σT is relative combined standard uncertainty of net number of pulses,
σA is relative combined standard uncertainty of activity,
σY is relative combined standard uncertainty of yield.

4.1.3. Segregation facility Monte Carlo model
The 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 segregation 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 were
prepared representing basic types of measured wastes: steel, building materials, and light
materials (e.g. glass wool, wood and plastics).
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CMI built the MCNP Monte Carlo model of the segregation facility including detectors and
measuring IP2 container6. For total efficiencies calculation, the container in the model is ‘filled’
by different homogeneous reference materials, or standard point-like sources in different
positions in phantoms.
The plastic scintillating detector model is in the Figure 10.

Figure 10: Plastic detector MCNP model
The model of the segregation facility as a part of FRMF is in the Figure 11.

Figure 11: MCNP model of segregation facility as a part of FRMF

4.1.4. Model validation
Monte Carlo calculations of total efficiency ηtcalc are compared to experimental values ηtexp
obtained by measurement of 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 total

MetroDecom deliverable D2.1.2, CMI, MC calculations to derive optimum parameters for segregation
facility
6
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efficiency is better than 20%. Results for different materials placed in the Metrodecom IP2
container are presented the Table 3.
Table 3: Comparison of measured and calculated total efficiencies
Ref. material
ηexp
ηcalc
100x(ηtcalc-ηtexp)/ηtexp, %
Petanque balls
8.237 x 10-3
6.754 x 10-3
- 18
-3
-3
clay balls
17.85 x 10
15.89 x 10
- 11
steel tubes
13.89 x 10-3
12.92 x 10-3
-7
The MC model is considered validated, if the difference between measured and calculated
values of total efficiency is better than 20%.
CMI calculated total efficiency as a function of photon energy for steel tubes is in the Figure
12.

Total detection eff.
(%/100)

1.4E-02
1.2E-02
1.0E-02
8.0E-03
6.0E-03
4.0E-03
2.0E-03
0.0E+00
0.0

0.5

1.0

Photon energy (MeV)

1.5

2.0

Figure 12: Calculated total efficiencies for steel tubes horizontally loaded

4.1.5. Calibration software
CMI proposed further development of the calibration module based on the GamWin
software. To calculate segregation criterion, total efficiencies must be determined in the energy
range 40 keV to 2 MeV. The determination is described in chapter 4.1.2. Efficiency curves should
be entered into the calibration software and automatically assigned to measured spectra after
operator chooses type of measured material and its density, and container filling. In the Figure
13, example of calibration software dialogue is displayed.
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Figure 13: Example of calibration module of the GamWin software display

4.1.6. Segregation measurement and segregation criterion
Segregation measurement must be quick and accurate enough to avoid unnecessary storage
of wastes in radioactive waste repositories, or senseless sending the material for free release
measurement. In addition the measurement technique must be sufficiently robust to allow longterm trouble free in-field measurement.
For the work described in this guide, three basic types of waste materials are taken in
account, i.e. metals, building materials and light materials, and also density calculated from the
total weight and volume of measured material. Signal count rates are acquired in four parts of
spectra and the average measurement efficiency calculated for each part depending on the type
of material and given density. The total count rates are divided by the respective efficiency and
the calculated values are summed. After dividing by the total weight, the segregation coefficient
is obtained and compared to the segregation criterion not to be exceeded.
In each specific case the criterion for segregation of wastes should be defined by nuclear
regulators and each waste producer should prepare their own rules in dependence on type of
wastes and containing radionuclides.
After completed measurement campaign, the segregation facility was implemented with
functionality which allows direct measurement and segregation coefficient calculation via
detection of gamma-ray emitting radionuclides, and using four plastic scintillating detectors in
high efficiency measuring geometry. Precise calibration is performed using traceable reference
materials and standard sources, and Monte Carlo method for total efficiency calculation. Each
container with simulated wastes of a volume about 0.5 m3 is measured, and the data stored and
evaluated. As a final result of the measurement of each individual container, the segregation
coefficient is determined allowing the operator to make decision about segregation of waste
package either to repository, or free release measurement.
Measurement parameters, current measurement status and measured data are during
measurement continuously displayed, as shown in the Figure 14. Based on this data,
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measurement protocol is then prepared and printed. Display of measurement parameters is in
the Figure 15.

Figure 14: Measurement data

Figure 15: Parameters of measurement

4.2 Calibration of the passive neutron counting system(2)
4.2.1. Experimental setup for calibration
Calibrations were performed using the Metrodecom reference (non-active) matrix materials
placed in the typical JRC containers, and JRC reference 252Cf sources. Table 2 shows the technical
characteristics of the JRC containers.
The standard JRC orange container and drum were specially modified for the calibration of the
neutron passive counting measurement system installed in the FRMF as shown in the Figure 16.
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(a)

(b)

Figure 16: Reference JRC orange container empty or filled with (non-active) matrix
materials(a) and drum: empty or filled with low density material 42 kg (b).

For these investigations a 252Cf sealed source from the JRC G.II.07 sealed source inventory was
used. The 252Cf sources selected were of low neutron emission as listed in Table 4. A suitable
source is the 6005NC standard source because this source has had the neutron emission rate
measured by absolute means and certified. In addition source 6005NC is among a set of sources
with known isotopic composition at the time of the absolute measurement. At the mid-time of
the measurement campaign, 15 August 2016, the neutron output was roughly 317.1 s-1.
During the calibration, the point sources of 252Cf were placed in the middle position of the
central compartment of calibration container/drum as shown in Figure 16.
Table 4: Neutron emission rates for JRC
measurement campaign (15 August 2016).
Source name
6005 NC
1781 NC
2304 NC
2628 NC
0904 NC
0905 NC
G240

252Cf

point sources at the mid-time of the

Neutron emission, s-1 and 1 st.dev.in %
317.1 ±3.2%
105.2 ±4%
212.7 ±4%
21.6 ±4%
7.29 ±4%
6.99 ±4%
202.4 ±4%

4.2.2. Efficiency for the passive neutron verification measurements
Based on the known emission rates of the reference 252Cf present in the Table 4, an estimate of
detection efficiency can be made based on the counting rate in the neutron slab counters. The
counting rate is the emission rate times the total detection efficiency.
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 17, and the results are reported as the total sum of counts T (cps) in all three counters.
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Figure 17: Photograph of JRC orange container with the definition of the measurement
positions and the schematic presentation of the passive neutron counting placement in FRMF

Figure 18: The calibration of the FRMF in the reference drum
Consider counting the californium samples listed in Table 3 using the configuration of FRMF at a
sample-to-detector distance of 64 cm. Total efficiency Ɛ can be calculated, from a measurement
with a measurement time much longer than the reciprocal of the neutron emission rate, using
the equation (3).

𝜀=

𝑁𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑
𝑁𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

(Equation 3)

The total neutron efficiency of the neutron slab counters installed in the FRMF was measured
for the point neutron source placed in the middle of the reference container Figure 18.
Table 5: Low density/soft tissue matrix effect on the total efficiency
Point
Source

Neutron

Neutron
emission, n/s

Count rate for empty Drum (76
kg-Metal)

Count rate for Drum filled with low density
material 42 kg and 76 kg-Metal (drum)

Background without neutron source

1.40

1.34

252Cf

9.253

8.653

2.5%

2.3%

(6005 NC)

317.1

Total efficiency for the point sources at
the centre position of the drum

A significant component of the total neutron background is due to rare but large bursts of
neutrons caused by interactions of muons with high atomic number materials (spallation).
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Spallation neutron bursts are also visible from large masses or high density materials(7). These
relatively infrequent events can yield a large number of neutron signals in detection systems
with high efficiency. In such systems the high neutron multiplicity can be easily identified
relatively easy and removed by filtering techniques. The remaining component of neutron
background consists of a larger number of smaller bursts (low multiplicity); the detected low
multiplicity of such events make these indistinguishable from fission events and therefore
difficult to remove by filtering. In the present detection system of relatively low detection
efficiency only few signals will be generated in the counters per cosmic burst thus making it
difficult to distinguish such events.

Figure 19: The effect of the metal matrix on neutron counting background

Figure 20: Photographs of the JRC orange containers with different filling levels of metal
(MetroDecom pétanque balls)
The JRC orange container was used for the measurements in the FRMF (the metallic support
structure is not visible in Figure 20). The weight of the empty orange container including metal
support is 158 kg. Figure 19 shows the change in the neutron background count rate for

(7)S. CROFT and L.C.A. BOURVA, “The Specific Total and Coincidence Cosmic-Ray-Induced Neutron
Production Rates in Materials”, Nucl. Instr. and Meth. A 505 (2003) 536.
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measurements of the JRC orange container with different filling heights (weight of metal). See
also Figure 20.
The cosmic-ray induced neutron background (spallation) in the sample matrix is negligible in
case of hydrogenous material. But if the container contains high density materials or metals, the
neutron background is elevated due to the cosmic-ray induced neutrons.
In Figure 20 can be seen the re-entrant tubes where 252Cf sources were inserted in the simulated
waste matrices at suitable locations, and retracted after each measurement. Figure 19 shows the
cosmic-ray coincidence background as a function of metal loading.
Table 6: Effect of metal loading on the neutron detection efficiency

Neutron background rate
(s-1)
Background meas. time
(s)
252Cf (6005 NC) count rate
(s-1)
Neutron det. efficiency ,
centre
pos.
orange
container

Orange
container (158
kg metal)
no added matrix
1.20

Orange container
with
total metal matrix
480 kg
1.34

Orange container
with
total metal matrix
644 kg
1.64

Orange container
with
total metal matrix
801 kg
1.76

255800

300

300

1500

8.62

9.55

10.16

10.47

2.3%

2.6%

2.7%

2.7%

Table 6 shows an increase both in background and source counting rate as the mass of metal
matrix increases. For the background rate the reason can be attributed to the spallation effect
of atmospheric muons on the metal mass producing burst of neutrons. The increase of the
count rate of the californium source can be due to scattering of sources neutrons with the
consequence of reducing the neutron energy spectrum thus increasing the detection probability
in the (under-moderated) detection modules.

Figure 21: The neutron count rate for 252Cf sources measured in the JRC orange container with
the metal matrixes.
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4.2.3. Counting statistics and detection threshold
In the measurement of the waste containers the calculation of the net count rate from the waste
is needed. This is done by measurement of in two independent measurements; a background
measurement of a non-active container of same type, and a measurement of the sample. As the
two measurements can be considered independent the variance (square of standard deviation)
of the sample measurement is summed from the two measurements: σ s2 = σt2 + σb2, where s
denotes sample, t is total (sample plus background, and b is background.
Preferably the background should be measured over long time just before or just after the
sample measurement. This is however not practical as several samples are typically measured
consecutively. When the time for the background measurement and the sample measurement
are comparable, and the sample counting level is just above or same as the background level,
the statistical error on the background cannot be ignored and must be included in the sample
error estimate. The following formula applies for the standard deviation on the sample count
rate, Rs:
𝑅

𝑅

𝜎𝑠 = √𝜎𝑡2 + 𝜎𝑏2 = √ 𝑇𝑡 + 𝑇𝑏
𝑡

(4)

𝑏

where Rt, Rb are the rates of the sample and background measurements, respectively,
and
Tt, Tb are the totals (sample + background) and background measurement times,
respectively, and the sample rate is Rs = Rt – Rb .
A standard quantity related to the detection threshold which is a function of the standard
deviation of the background rate is the so-called Minimum Detectable Activity (MDA). The MDA
is normally taken as 3 standard deviations of the background rate, meaning the MDA is
associated with the 99.9% level of confidence that a sample rate greater than MDA represents a
net neutron signal from the waste.
Using the measurement of a 252Cf source with a known neutron emission to define the detection
efficiency as in (3) above, the MDA in neutrons/second is calculated as:
𝑀𝐷𝐴 = 3 𝜀 −1 𝜎𝑏 = 3 𝜀 −1 √

𝑅𝑏
𝑇𝑏

(5)

where ε is the efficiency of the detection system in “signal count rate per neutron emission rate”.
The detection threshold limit on the other hand is based on the maximum acceptable risk of Type
1 and Type 2 errors (false positive and false negative, respectively) where KA denotes the
probability of avoiding a Type 1 error, and KB denotes respectively). The Minimum Detectable
True Activity (MDTA), or sometimes referred to as the Lower Limit of Detection (LLD),
represents the smallest amount of activity required in order that a measurement can be
expected to correctly imply the presence, and correctly quantitatively assay the activity with a
pre-determined degree of confidence. It is for example:
𝑅

𝑅

𝑀𝐷𝑇𝐴 ≅ 𝜀 −1 (𝐾𝐴 + 𝐾𝐵 )√𝑇𝑏 = 𝜀 −1 (1.96 + 1.96)√𝑇𝑏
𝑏

𝑏

(6)

where KA and KB have been chosen at the 97.5% probability level, corresponding to the 1.96
sigma.

Page: 22/40

The MDA as shown above in a passive neutron counting system is determined by the
uncertainty in the measured background count rate (8). In order to achieve a low MDA it is
therefore necessary to “know” the background as precisely as possible and also to be certain
that the “known” background value is applicable for the particular waste item being measured
at the time of measurement. However there are certain factors which can significantly affect the
ability to determine a suitable background count rate:
1. Random background variations – The background rate is small and best described by
Poisson counting statistics. Due to the infrequent nature of these background events, long
measurement durations can be required to obtain a good estimate of the true mean signal.
Such measurements are usually segmented, i.e. divided in to a number of equal time
intervals, in order to allow statistical filtering of outliers and derivation of standard error on
the measurement result.
2. Air pressure – It is known that the background neutron count rate for both total and
coincident neutron events has a dependence on atmospheric air pressure. During periods
where the air pressure is changing rapidly, there is potential for the actual background
count rate during a waste item measurement to be statistically incompatible with the
previously acquired background value, which can lead to bias in the measurement result.
3. A certain fraction of the total neutron background originates from highly energetic cosmic
particles entering Earth’s atmosphere. These particles in turn can create muons with
sufficient energy to reach Earth’s surface. Muons can through the spallation reaction on
material of high atomic number, or high density materials, produce bursts of neutrons
which although infrequent can alter the neutron background. In case of neutron
measurements of large quantities of metal this effect is noticeable and should be taken into
account in the background subtraction.

4.3 Performance control
4.3.1. Background in empty chamber
The stability control of the neutron counting and plastic scintillation detectors was
performed over the measurement campaign in JRC Decommissioning site at Ispra (Italy). JRC
performed the verification of count rate in the empty cavity of the FRMF.
The plastic scintillation detectors showed a significant temperature dependence of the gross
count rate in the low energy region. During the measurement campaign, the variations of the
temperature in the hall of Interim Storage facility ranged from 250C in June to 70C in January as
it shown in the Figure 22. JRC recommends for analysis of the measurement results that the
temperature variations must be considered for the application of low energy region of plastic
scintillation detectors.

(8)S. CROFT, Et Al, “The Estimation of the Minimum Detectable Activity from Measured Passive Neutron
Coincidence Counter Data”, Proc. 46th Int. Symp. on Nuclear Material Management (INMM) (2005).
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Figure 22: Temperature dependence of the plastic scintillation count rate.

Figure 23: Background variations of neutron gross counter in empty cavity of the FRMF
JRC performed regular control background measurement in empty chamber with the
passive neutron counters. As result the variations of the background measured in the empty
cavity of FRMF shows a linear trend with the average of 1.4 cps ±20% within 3 month period.

4.3.2. Gamma sensitivity of detectors
JRC performed the verifications of gamma sensitivity of neutron gross counter and Top
plastic scintillation detector. For this purpose, the measurements of the gamma point sources
(Table 7) in the reference drum 200l were performed. The calibration drum was filled with
42kg of reference low-density matrix material. Gamma sources were placed in the central tube
in the middle position of the 220-litre calibration drum as it is shown in Figure 16b.
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Table 7: Gamma point sources
Gamma source

Activity on the day of
measurement, Bq

Am-241 (2013EC-JRC-IRMM-006)

869

Co-57 (CMI- 260313-1305045)

5720

Co-60 (2013EC-J RC-IRMM-013)

57415

Cs-137 (2013EC-JRC-IRMM-010)

110375

Figure 24: Neutron gross counter sensitivity to point gamma sources
To make sure that neutron detectors are in effect insensitive to gamma emission, the
contribution of the various gamma isotopes to the total count rate was investigated. In principle,
the neutron slab counters (with 3He gas proportional counters) should be insensitive to the
gamma emission. The related impact to the total counts rate is shown in Figure 24.
The impact of gamma point sources of four individual isotopes 57Co, 60Co, 137Cs and 241Am,
respectively, on the measured neutron totals count was investigated in direct measurements in
the reference drum. The sources were placed as shown in Figure 16(b). As demonstrated in
Figure 25, the total count rate for isotopes 57Co, 60Co, 137Cs variated within the range of the
measurements uncertainty. For the 241Am source on the other hand an increased neutron count
rate is observed. This could be explained if the 241 Am source is in fact in oxide form which
produces neutrons through the (α, n) reaction on light materials.
Gamma detection is essential in segregation measurements of waste suspected of containing
any kind of radioactive isotopes. Also in actinide containing waste, gamma detection is for many
isotopes more sensitive than neutron counting. The plastic scintillation detectors show the
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sensitivity to point gamma radiation sources with the activity of 60Co equal to 57415Bq and
241Am around 869 Bq within short measurement time 90 seconds. The point source placed in
the reference drum as showed in Figure 16b and Figure 18.

Figure 25: Top plastic scintillation detector sensitivity to point gamma sources

4.3.3. Neutron sensitivity of detectors
JRC performed the verifications of neutron sensitivity for neutron gross counter and Top
plastic scintillation detector. The neutron point sources used for the testing of the sensitivity of
the detectors are listed in Table 4. The measurements were performed in the reference drum
200l. For this purpose, the calibration drum was filled with 42kg of reference low-density
matrix material. Gamma and neutron sources were placed in the central tube in the middle
position of the 220-litre calibration drum as it is shown in Figure 16b. In addition, JRC
performed the simultaneously measurement of gamma source 137Cs (2013EC-JRC-IRMM-010)
and neutron sources shown in Table 7.
The Figure 26 shows the activity dependent response of the neutron gross counting. In
addition, it confirms no impact of 137Cs gamma source with the activity 110375 Bq. The
measurement time was 1200 s.
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Figure 26: Neutron gross counters sensitivity to Neutron point sources

Figure 27: Plastic scintillation detector sensitivity to a neutron point source
The plastic scintillation detectors in the FRMF proved not to be sensitive to neutrons as
presented in the Figure 27. If actinides are present in the waste the neutron measurement can
in some cases identify high alpha activity through (alpha, n) reactions e.g. in 241AmO2. The
variations in the count rate are shown in the low energy, middle and high energy ranges. The
limit value is automatically calculated by the FRMF. The segregation limit is set as a sum of
background measurement and 3σ of the estimated combined uncertainty.

4.4 Segregation verification test
As part of the measurement campaign, JRC placed the non-active reference materials in the
standard JRC orange container CP530 as shown in Figure 28.
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Figure 28: Orange container CP530: empty (158 kg metal) filled with the different reference
materials
The Figure 29 presents the measurements performed with the passive neutron counters of
the non-active matrixes placed in the JRC orange container. The measurements with the plastic
scintillation detectors under the same conditions are shown in the figure 30.

Figure 29: Neutron gross counters background variations for the different types of nonactive reference materials

Figure 30: Plastic scintillation measurements of reference materials; position 2 central,
bottom detector, low energy region
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An important observation is that for the background subtraction of a given container
measurement the proper material type and loading (mass) must be noted. The background
measurement must be of a passive matrix material similar to the sample measurement. A
background value as function of metal mass can be computed from the data of Figure 19. For
concrete waste this is less of an issue.
Also for the neutron and plastic scintillation measurement the FRMF operator software
should be modified to allow selection of the material type and loading of the container. Perhaps
the FRMF operator software could include a database with initial calibration parameters
depending on the level of the filling a material type.
In both gamma and neutron detection methods it is essential that the background level and
acceptance criteria are based on measurement of passive waste matrices of same kind as the
waste.

5. The methodology for the waste segregation 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.
The properties of the waste materials are presented in the Table 8.
Table 8: Properties of the measured real waste containers
Material /container type
Densit,
Weight,
Filling,
[g/cm3]
[kg]
[%]
Cement/
JRC
Orange
container CP530 Modified
Soft tissue (low density
material) /Drum 200l
Metal/JRC Orange container
CP530
Cement/JRC
Orange
container CP530
Plastic
/JRC
Orange
container CP530
TOTAL

0.6-0.97

292-463

0.06-0.1

12-15

80%-100%

Number of
measured
containers
28

100%

7

215-627

60-100%

32

0.95

568

100%

1

0.12

62

80%

1

0.57-1.03

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 operator.
During the measurement campaign a total of 70 containers/drums were measured with weights
varying from 62 to 627 kg.
The parameter ‘filling’ refers to the percentage of waste container volume occupied by
material. The percentage of waste container in the FRMF is limited to 20%, 40%, 60%, 80% or
100% values. The operator can select the closest filling value based on the visual observations.
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5.1 Results interpretation, neutron measurements (segregation
procedure)
Neutron emission from waste is an indication of the presence of alpha active isotopes as is
the case for actinides. Free release waste items should not contain any significant neutron
activity as this would imply in effect a high alpha activity of the waste. Consequently the
observation of the neutron rate above background level is a clear indication that the waste item
is not to be considered for free release.
The total counts eventually provide a measurement of alpha decay in the waste because of
the (α,n) reactions on light target nuclides in the waste materials.
The total count rate RS due to the measured material alone was calculated based on the
equation 7:
𝑅𝑆 = 𝑅𝑡 − 𝑅𝑏 ,
(7)
Where
Rt- the measured total count rate (sample + background),
Rb- the background total rate in the relevant reference material.
To get the uncertainty of the measurements, we use the rule for propagation of errors in
subtraction. See equation 4.
An important observation is that for the background subtraction of a given container
measurement the proper material type and loading (mass) must be noted. The background
measurement must be of a passive matrix material similar to the sample measurement. A
background value as function of metal mass can be computed from the data of Table 6. For
concrete waste this is less of an issue as presented in Figure 29.
Neutron and gamma emission from waste is an indication of the presence of gamma or
alpha active isotopes as is the case for actinides. Free release waste items should not contain
any significant neutron activity as this would imply in effect a high alpha activity of the waste.
Consequently the observation of the neutron rate above background level is a clear indication
that the waste item is not to be considered for free release.
The method is described in JRC technical report [2] and the relevant segregation procedure
is shown in Figure 31.
The current methodology relates to segregation of alpha-active decommissioning waste
based on the passive neutron counting method. 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 31: Block diagram of the waste container verification procedure.
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5.1.1. MDA estimation of selected neutron emitter actinides(2)
In waste measurements passive neutron counting is used for verifying the presence of alpha and
neutron emitters. Alpha decay is obviously not directly visible, but through (α, n) reaction on
light target materials, such as oxygen (e.g. from 241AmO2), the neutron emission can be detected.
For an accurate activity determination by this means, information on the chemical form and
isotopic composition is needed, and in practice also a significant level of alpha decay as the (α,
n) reaction is of low probability. For this reason the neutron measurement is useful only as a
means of segregation of waste.
In few isotopes of actinides the dominant neutron emission is not due to (α, n) reactions on light
target materials but due to spontaneous fission. Some examples include 238Pu, 240Pu, 242Pu,
242Cm, 244Cm, and 252Cf.
The table below shows some nuclear data related to alpha decay and neutron emission through
(α, n) reactions in oxide and spontaneous fission of selected actinide isotopes. We use these
nuclear data to calculate an estimate of MDA in different waste container loadings in terms of
alpha activity and weight of the selected isotopes.
Table 9: Nuclear data for selected actinide isotopes
Isotope

Alpha activity
T½ (alpha)
(s)

Neutron emission
Av. Energy

α/(sg)

(MeV)

(α, n) reactions in
oxide

Spontaneous
fission

n/(sg)

n/(sg)

252Cf

8.619E+07

1.982E+13

6.111

6.773E+05

2.305E+12

232U

2.228E+09

8.074E+11

5.302

1.589E+04

3.866E-02

235U

2.222E+16

7.994E+04

4.391

7.473E-04

1.074E-05

238U

1.410E+17

1.244E+04

4.187

8.705E-05

1.355E-02

238Pu

2.769E+09

6.333E+11

5.487

1.381E+04

2.591E+03

239Pu

7.605E+11

2.296E+09

5.148

3.883E+01

1.605E-02

240Pu

2.070E+11

8.398E+09

5.156

1.429E+02

1.031E+03

241Am

1.365E+10

1.268E+11

5.479

2.837E+03

1.143E+00

244Cm

5.715E+08

2.993E+12

5.795

8.359E+04

1.100E+07

The data in Table 9 are from the IAEA website of nuclear data for safeguards data (wwwnds.iaea.org/sgnucdat/). The specific neutron emission rate from (α, n) reactions on oxygen is
typically 7-8 orders of magnitude smaller than the specific alpha activity. As can be seen this is
consistent for practically all the selected isotopes. The reason is that the mean alpha energy (4.8
– 6.1 MeV) does not vary much as function of the producing isotope thus yielding a neutron
emission rate rather proportional to the specific alpha activity.
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From the nuclear data can be seen that besides high spontaneous fission neutron emission rate
in 244Cm (produced in reactor fuel) and 252Cf, the highest neutron emission rates are caused by
(α, n) reactions. In the table the data are from reactions on oxide materials. Higher specific
values occur in fluoride compounds. Compounds such as UF6 or PuF4 would however be very
rare decommissioning waste, whereas AmO2, UO2 etc. would be far more likely. Neutron
emission from spontaneous fission occurs in the even mass-number isotopes. 252Cf is
mentioned in the table not because it is likely found in nuclear waste but because the neutron
emission in in the artificial waste studied this work was simulated by 252Cf sources.
Table 10: Examples of MDA values calculated for Orange container based on background
measurements of selected metal loadings.
Neutron

MDA type

emitter

252Cf

232UO2

238PuO2

240PuO2

241AmO2

244CmO2

MDA
Metal of Orange
container 158 kg

Neutron
emission
(s-1)
mass
(g)
α-activity
(Bq)
mass
(g)

Orange container
with metal matrix 480
kg

Orange container
with metal matrix 644
kg

Orange container
with metal matrix 801
kg

0.251

6.657

6.923

3.112

1.089E-13

2.888E-12

3.003E-12

1.350E-12

2.159

57.25

59.28

26.76

1.580E-05

4.190E-04

4.357E-04

1.959E-04

α-activity
(Bq)

1.276E+07

3.383E+08

3.518E+08

1.581E+08

Mass (g)

1.531E-05

4.059E-04

4.221E-04

1.898E-4

α-activity
(Bq)

9.696E+06

2.571E+08

2.673E+08

1.202E+08

Mass (g)

2.139E-04

5.671E-03

5.897E-03

2.651E-03

α-activity
(Bq)

1.796E+06

4.763E+07

4.953E+07

2.227E+07

Mass (g)

8.848E-05

2.346E-03

2.439E-03

1.097E-03

α-activity
(Bq)

1.122E+07

2.974E+08

3.093E+08

1.390E+08

Mass (g)

2.266E-08

6.007E-07

6.246E-07

2.808E-07

α-activity
(Bq)

6.781E+04

1.798E+06

1.869E+06

8.404E+05

Table 10 shows the MDA values in terms of neutron emission rate as calculated according to
equation 5 and the measured neutron background data from Table 6. The table also shows MDA
values converted to mass and alpha activity for selected neutron emitting isotopes. The isotope
specific nuclear data are taken from Table 9 and takes into account both neutron emission from
(α, n) reactions and spontaneous fission where relevant.
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For possibly the most plausible neutron emitting substance, AmO2, the MDA values in terms
of alpha activity amounts to 174 Bq/g for the heaviest container of 801 kg.
Clearly this would be insufficient performance for clearance (free-release) measurements
for which reason neutron measurements are proposed only as a segregation tool and not for
free release. On the other hand, any observation of a net neutron emission (above background)
from the waste package would clearly disqualify the package for free release due to the content
of alpha emitters.
The measurement of the waste containers with concrete rubble and metal are presented in
Figure 32.

Figure 32: The real waste measurements
The described segregation method applied for the free release verification of the sample
waste containers demonstrated no presence of the neutron and alfa emitters.

6. Lessons Learnt
Prior to operating the FRMF, the instrument supplier should provide:


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 JRC procedures (2,3) for measurement and calibration
can be used as a 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.
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The efficiency calibration for different types of containers, instrument producer considers as
part of the end-user requirements. In this regards the software developer should provide clear
instructions relevant to the preparation of input files. The uncertainty evaluation using given
models according to GUM (Guide for the expression of uncertainty in measurement) still
requires the translation of the model into step-by-step procedure. Regarding the standard
operational containers (drum, JRC orange container CP530) applicable in JRC decommissioning
site, the MC model needs to be further validated experimentally.
After evaluation of the impact of ambient temperature and non-active matrixes, the further
study should be performed in order to identify the relevant correction factors for the current
plastic scintillations measurements.
The segregation was based on the verification of the neutron and gamma background
compared with the relevant values of the real waste materials. During the implementation of the
measurement campaign on the JRC decommissioning site, it was realized that before the
measurement campaign all wastes should be categorized after the type of material. The dataset
with calibration data should be uploaded prior.
It was also acknowledged that segregation criterion definition and segregation coefficient
calculation is crucial for effective and correct segregation of wastes into streams for storage in
repository, or free release measurement. The choice of segregation criterion and coefficient
determination is not fully confirmed yet by measurement of real wastes and must be
investigated before put into practice.
The testing of the prototyped software was performed in the industrial conditions in JRC
Decommissioning site. Some problems occurred with the software continuous running and also
with the conveyor at container with material movement. These failures were timely corrected
by NUVIA CZ as the FRMF supplier. JRC operator prepared the detailed report in the
Metrodecom deliverable D2.3.3

(3).

These improvements are expected to be implemented at

further operation of FRMF on CIEMAT’s decommissioning site in Madrid from 2017 to 2020,
where at least 2 years measurement is planned.
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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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, and may even reduce the background radiation further. Although the added
mechanical complication of heavy moving doors must also be taken into account.

7. Conclusion
7.1 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.
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 with 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 upmost importance in the effort to determine
if a waste package has a net neutron count rate. 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
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explanation for this effect is the neutron bursts (spallation neutrons) created by high
energy muon created in the upper parts of the atmosphere reacting with high-atomic
number (or high density) materials. 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

241AmO .
2

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 difficult-to-measure isotopes (by gamma-ray
measurements) such as 241Am, the neutron counting technique indeed serves a purpose.

7.2 Waste segregation with the plastic scintillation 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.
The methodology developed within the passive neutron counting measurements can be
applied as well to the plastic scintillation detector measurements for the observation of
presence of gamma activities. In the plastic scintillation detector measurement the temperature
corrections for efficiency calibrations must be included.
The MC model for experiments with the Metrodecom IP2 container shows the difference
between measured and calculated values of total efficiency is better than 20%.
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8. Further reading
Millions of tons of waste material from nuclear facilities are waiting for segregation into
streams for storage in repository, or potential free release in the environment. Correct
measurement will avoid unnecessary storage of wastes, or return the wastes after the free
release measurement back to repository.
The developed segregation facility allows quick measurement allows quick and sensitive to
gamma and neutron radiation measurement.
To use this practice, end-users should:
o

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

o

load the containers always only with one type of categorized wastes

o

develop their own method for segregation coefficient calculation, if needed

o

specify the segregation criterion value
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