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Nuclide-vector method (scaling-factor method) is used to determine the radiation characteristics of radioactive waste
based on the identified dependences between the contents of difficult-to measure radionuclides (239Pu, 241Am) and key
radionuclides (60Co, 137Cs, 152Eu, 154Eu). This method allowed to reduce the number of sampling operations and advanced
radiochemical analysis of radioactive waste during its categorization, personnel exposure, the total time and cost of
operations performed during waste characterization. The paper describes the application of the nuclide-vector method
enabling to identify the radiation characteristics of a large amount of radioactive waste with complex composition,
containing difficult-to-measure radionuclides along with relevant demonstration of its effectiveness.
Keywords: radioactive waste, nuclide-vector method, difficult-to-measure radionuclide, confidence interval.

Regulatory requirements [1—4] regarding radioactive waste (hereinafter referred to as RW) accounting and management state that RW composition and activity should be monitored at all waste
management stages, i. e. during its collection, segregation, transportation, processing and storage.
If large amounts of waste are generated, prompt
and reliable identification of RW specific and total
activity given the limited time and resources being
in place appears an urgent task to be addressed. To
determine the activity of radionuclides contained
in RW, both experimental and calculation methods
are used. These methods are based on preliminary
direct and/or indirect measurements of monitored
parameters.
To identify specific and total activity of radionuclides contained in the waste, both destructive
and non-destructive control methods are applied
Radioactive Waste № 1 (10), 2020

[5—7]. Gamma spectrometry is considered as a
most common non-destructive testing methods
applied for RW certification purposes [7]. However,
the activity of so called difficult-to-measure radionuclides (for example, 3N, 14C, 36Cl, 63Ni, 90Sr, 99Tc, 129I,
234
U, 239, 241Pu) (hereinafter, referred to as DTM [8])
cannot be determined using this method since their
decay is accompanied by a gamma emission considered insufficient to record the intensity and/or
energy of the gamma rays by non-destructive measurement methods.
Destructive methods provide for RW sampling,
preparation of loads, which often includes radiochemical isolation of individual radionuclides, load
evaluation using alpha, beta, gamma spectrometry,
liquid scintillation spectrometry, etc. Destructive
control methods are commonly used in case if DTM
alpha and beta-emitters are present within waste
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composition. Nevertheless, the application of destructive methods makes it hard to ensure the sample representativeness due to potential heterogeneity of RW distribution within the waste package
and/or insufficient number of samples characterizing the waste volume, as well as the high cost and
duration of the analysis.
In case of large volumes of homogeneous RW
streams containing difficult-to-measure radionuclides, joint application of destructive and non-destructive testing methods is believed to provide an
optimal result.
Radionuclide Vector method (referred to as nuclide vector method or scaling-factor method in
literature abroad) is a RW characterization method
based on the identification of correlation dependencies between the activities of radionuclides
in a given RW stream [5, 8—11]. This method assumes joint distribution and accumulation of DTM
and easy-to-measure radionuclides in RW streams,
similar mechanisms of DTM and easy-to-measure
radionuclide formation, their physical and chemical properties. Easy-to-measure radionuclides
are considered as reference ones ("key nuclides",
KN) when it comes to the identification of DTM
radionuclides.
At nuclear power plants and large enterprises involving common production processes, RW streams
are quite stable. Assuming this, IAEA recommends
[8, 10] to select the KN based on similarities in the
behavior and the process of the radionuclide group
formation.
However, application of the radionuclide vector
method is somewhat limited in case if the radiation characteristics of waste generated by different
waste stream mixing and involving a large number
of different radionuclides are to be identified. In
such radioactive waste, the number of potential
KNs with optimal half-lives and gamma radiation
exposure is limited. Therefore, it is not possible to
select a KN for all DTMs solely based on the similarities in waste behavior, generation and chemical
properties. In this case, to characterize the RW, a
KN can be identified based on the correlation and
regression analysis of the dependences between
the measured specific activities of easy-to-measure
and difficult-to-measure radionuclides found in
samples of a given RW stream.
The essence of the method can be summarized as
follows: samples are collected, loads are prepared
and the specific activities of radionuclides are
measured. Based on the measured specific activities, statistically significant correlation dependencies between the DTM and KN activities are identified. Coefficients of a linear regression equation
describing the relationships between DTM and KN
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specific activities within the measured object are
determined. Radiation characteristics of the RW are
further checked by non-destructive methods with
DTM activity being calculated based on KN specific
activity.
The paper focuses on radiation characteristics of
large RW amounts packaged into containers and
containing difficult-to-measure and easy-to-measure radionuclides being identified based on the radionuclide vector method, as well as the reliability
of the result obtained.
Initially measured RW accounted for LRW originated from several sources and accumulated in
large-capacity tanks (each ~ 200 m3), then LRW
were subject to in-tank cementation. Cement matrix degradation had been occurring over time, thus,
the RW was retrieved from the tanks, packaged into
waste containers and cemented again. In this case,
an RW stream is considered as the whole of containers containing RW from a single tank.
Samples of RW placed into containers and associated with a specific waste stream were collected using the RW mass core drilling method to determine
the specific activity and to assess the uniformity of
activity distribution of the measured radionuclides.
Samples were collected by the “envelope method”
applied along container surface area and its depth.
The specific activities of radionuclides in the samples were measured by high resolution gamma spectrometry, alpha and beta radiometry, alpha and beta
spectrometry and LC spectrometry, also involving
radiochemical pre-treatment of the samples. Representative RW samples were measured to determine
their radionuclide composition, as well as the specific activities of the main radionuclides: 60Co, 90Sr,
137
Cs, 152Eu, 154Eu, 234U, 238U, 238Pu, 239Pu, 241Am.
Based on the measured specific activities, radionuclides responsible for RW assignment to a specific RW class in keeping with [5] were identified:
DTM 239Pu and 241Am. Potential KN were selected as
well, namely, 60Co, 137Cs, 152Eu, 154Eu.
The specific activities of readily detectable radionuclides (60Co, 137Cs, 152Eu, 154Eu) in packages
(containers of KMZ-3.1 type) were measured using CANBERRA mobile semiconductor gamma
spectrometer with Genie-2000 software and ISOCS
gamma-quantum registration calculation system.
To evaluate the homogeneity of the measured radionuclide activity distribution in the radioactive
waste, samples were analyzed along the depths of
the containers.
V variation coefficient [12] was selected as a criterion showing the uniformity of the activity distribution: it characterizes the fraction of the averaged
deviations from the mean value. According to statistics, if the value of the variation coefficient does
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not exceed 33 %, the population can be considered
homogeneous (1):
,

(1)

where σ is the standard deviation, is the average
specific activity of a radionuclide.
Calculations showed uniform distribution of radionuclides along the height and layers inside the
containers.
To build correlation dependencies between the
activities of readily detectable (60Co, 137Cs, 152Eu,
154
Eu) and difficult-to-measure (239Pu, 241Am) radionuclides, additional sampling was performed.
Due to the uniform radionuclide distribution along
the container height, the samples represented a
core drilled from the surface to the bottom of the
container.
Then the obtained experimental data on the specific activities of the samples and established functional relationships between the activities of hardto-measure and easy-to measure radionuclides in
each tank were processed.
The calculations assumed that the content of radionuclides in the samples or packages with RW
from the tanks corresponded to the lognormal distribution model [5—9], therefore, the correlation
coefficients were determined for the relationship
between the logarithms of the measured radionuclide specific activities.
Pearson correlation coefficient rxy was calculated
for ln (ADTM) – ln (AKN) pairs of data sets [12].
To evaluate the strength of the correlation relationship, generally accepted criteria were used suggesting that rxy absolute values of less than 0.3 evidence a weak bounding, 0.3—0.7 — average bounding, over 0.7 — strong bounding.
The pairs of easy- and hard-to-measure radionuclides with a correlation coefficient rxy between the
specific activity logarithms of over 0.7 were identified. A pair with the maximum rxy was chosen as
the optimal one. An easy-to-measure radionuclide
from the optimal pair was considered as a KN for
the hard-to-measure one.
Using the data logs on the specific activity logarithms for the DTM and KN pairs, relevant dependencies were plotted in ln (AKN) – ln (ADTM) coordinates. For the obtained dependencies, plotted were
the trend lines, linear approximation and linear regression equations were calculated. Figures 1 and 2
provide some examples of correlation dependences
for radionuclide pairs from a single tank.
The approximation equations presented in Figures 1 and 2 correspond to the regression equations
for pairs of DTM and KN radionuclides expressed
as:
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Figure 1. Correlation between ln (AAm-241) and ln (AEu-154)
from tank No 1

Figure 2. Correlation between ln (APu-239) and ln (ACs-137)
from tank No 1

.	(2)
For example, based on figure 1:
.	(3)
Regression equation coefficients were calculated
using the Excel mathematical tools (CORREL, PIRSON, REGRESSION functions, etc. [13—15]).
Table 1 provides the regression equations for
DTM 239Pu and 241Am from two tanks.
Table 1. Pairs of hard-to-measure and reference
radionuclides and regression equations
Tank
1

DTM
241

2

KN

Pu

137

Am

154

Pu

137

Am

137

239

239
241

Regression equations

Cs

ln (APu-239) = – 2.292 + 1.029·ln (ACs-137)

Eu

ln (AAm-241) = 5.857 + 0.799·ln (AEu-154)

Cs

ln(APu-239) = 0.010 + 0.847·ln (ACs-137)

Cs

ln(APu-239) = 0.061 + 0.814·ln (ACs-137)

Based on the obtained regression equations,
Pu and 241Am specific activity in containers from
which no samples were taken could be calculated
using the gamma spectrometry method applied to
239
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measure the specific activity of reference radionuclides. DTM specific activities were calculated
based on the following equation (4):
.	(4)
The confidence interval for the specific DTM activity calculated using scaling factors at P = 0.95
could be expressed as follows [14—16]:
,

(5)

and
are the left and right confiwhere
dence intervals, respectively, which can be calculated as:
, (6)

of such comparison between the calculated and
measured DTM specific activities.
in case
Specific activity measurement error
of a non-destructive testing method implemented
in accordance with common measurement technique amounted to 50 %. Substitution of this value
into equations (6) and (7) showed that specific activity calculation error for a hard-to-measure radionuclide almost entirely depends on KN specific
activity measurement error.
Table 2 shows that calculated and measured specific DTM activities differ by no more than 35 %. These
data indicate good convergence of the results suggesting that the radionuclide vector method can be
used to identify the radiation characteristics of large
volumes of typical RW containing 239Pu and 241Am.
Conclusions

, (7)
where
is the relative measurement error for
the reference radionuclide;
is the standard deviation of the hard-tomeasure radionuclide activity logarithm.
The DTM specific activity calculated through the
use of scaling factors can be presented as follows:
, Bq/kg.

(8)

To check the applicability of the radionuclide vector method, the specific activities of hard-to-measure radionuclides calculated via the radionuclide
vector method and measured by LC spectrometry
method involving radiochemical pre-treatment
were compared. Table 2 shows the obtained result

The paper demonstrated the possibility of radionuclide vector method application in determining
the radiation characteristics of RW streams characterized with complex composition and containing
difficult-to-measure radionuclides:
•• for a specified RW stream, correlation dependencies between specific activities of radionuclide
pairs were identified, regression equation coefficients were calculated and KNs were selected
(Table 1);
•• specific DTM activities were identified based on
KN measurements involving the use of a mobile
gamma-ray spectrometer: prompt RW control was
implemented to check KMZ-3.1 type containers
with a total capacity of 600 m3;
•• measured and calculated specific DTM activities
were compared showing that for the studied RW

Table 2. Comparison of measured and calculated DTM specific activities
Tank

DTM

Pu

239

KN

Cs

137

1

Am

241

2
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Calculated ÂDTM, Bq/kg

(ÂDTM –ADTM)/ ÂDTM, %

4.24E + 05

4.75E + 05

10.7

3.23 E + 06

6.53E + 05

5.01E + 05

–30.3

3.35 E + 06

5.74E + 05

5.20E + 05

–10.4

2.88 E + 06

3.42E + 05

4.45E + 05

23.2

2.67 E + 06

2.78E + 05

4.12E + 05

32.5

3.67 E + 03

3.22E + 05

2.52E + 05

–27.8

4.10 E + 03

2.30E + 05

2.75E + 05

16.4

5.00 E + 03

2.84E + 05

3. 22E + 05

11.8

2.66E + 05

2.50E + 05

–6.4

3.91 E + 03

3.02E + 05

2.65E + 05

–13.9

3.54 E + 03

1.20E + 05

1.45E + 05

17.2

Cs

2.80 E + 06

3.10E + 05

2.93E + 05

–5.8

Cs

2.80 E + 06

2.27E + 05

1.87E + 05

–21.4

Pu

Am

137

241

Measured ADTM, Bq/kg

3.07 E + 06

1.92 E + 03

Eu

154

137

239

Measured AKM, Bq/kg
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streams, the calculated and measured specific
DTM activities differ by no more than 35 % demonstrating the applicability of this method.
A technique was developed allowing to apply the
radionuclide vector method to determin the specific DTM activity in typical waste streams being part
of large RW batches with a complex composition.
Based on the data obtained, guidance on the application of the radionuclide vector method in the
identification of radiation characteristics for other
RW streams was developed.
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