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Abstract. A new technique for 9°Sr activity measurement in fuel-containing materials with no radiochemical
methods was developed. 9°Sr content was measured in fuel fragments of various types. Probability of Kx-radiation
Jformation during the radioactive decay with the emission of 9°Sr and 9°Y electrons was measured. A comparison to
radiochemical research data was made. A non-radiochemical technique of simultaneous measurements of 9°Sr and
137Cs activity in environmental samples based on spectrometric measurement of the electrons accompanying the
isotope decay was proposed for measurements in situ (directly in places of radioactive contamination) and in vitro
(in small living objects). Taking into account the contribution of 4°K electrons to the total activity of test samples, up to
15—20% improvement of the measurement accuracy for living beings is allowed, with ratio A (37Cs)/A(9°Sr) being
between 2 and 100. Also, the improvement of up to 10—15% for soil samples with changing the sample’s activity by
four orders of magnitude is observed. The results of spectrometric measurements were confirmed by traditional
radiochemical research. The proposed methods allow us to execute prompt mass measurements of environment
objects and small living objects directly in the places of radiation accidents. This is very important for the tasks of
radioecological monitoring.
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INTRODUCTION

Radioactive 9°Sr decays by pure B-transition to 9°Y
ground state, which also decays by pure p-transition to
stable 9°Zr. Limiting energy (Eim) of these -transitions
is 0.55 and 2.3 MeV, correspondingly.

Accordingly, basic measurement techniques for 9°Sr
activity include radiochemical techniques for 9°Sr or
90Y separation with further measurement of electrons
by means of radiometers. Error of such measurements
cannot be under 30%, since all radiometers integrate
the entire spectrum of electrons with respect to energy;
and registration efficiency has non-linear energy
dependence. In addition, the spectrum of electrons has
a continuous energy distribution during a radioactive
decay, similar to the Maxwell one, from zero to Eiim.
This particularly results in a poor accuracy of
radiometry measurement techniques. And naturally,
radiochemical procedures result in loss of test samples.

The techniques based on measurement of 9°Sr-9°Y
electron spectrum without radiochemical separation
have recently been developed [1]. However, due to the
complicated registration of electrons passing through a
substance, the measurement accuracy of these
techniques is 20-30%. In addition, isotopes of 137Cs and

90Sr, which make the greatest contribution to the
formation of radiation burdens in the environment
among all radionuclides that are released as a result of
radiation accidents and nuclear tests are present in the
environment in commensurable amounts. To address
these problems, we have developed a technique that is
based on co-current measurement of spectrum of the
electrons that accompany the decay of 9°Sr, 4°K and
137Cs.

While studying 9°Sr in fuel-containing materials
(FCM), the main difficulties are caused by the fact that
the processes of destruction, diffusion, etc. in FCM
occur during decades. Therefore, when studying the
behaviour of 9°Sr in FCM, measurements should be
taken during several years, in case the error of a single
measurement exceeds 30%. Naturally, studying the
effects of either seasonal changes or emergencies in
90Sr behaviour in temporary storage facilities for spent
nuclear fuel or radioactive waste is out of the question.
These data may be of great importance regarding the
serious unsolved problems in radioactive waste
processing and storage processes.

For the research, it is recommended to use such
rare phenomenon as autoionization of atoms during [3-
decay [2]. This process occurs due to the fact that
nuclear charge varies discontinuously during [-decay
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and, thus, the Coulomb field changes in exactly the
same way. Consequently, the result is a “shake off” of
electrons from different atomic shells, including K-
shell. At the same time, a “hole” is being formed on K-
shell and its filling results in the appearance of
characteristic Kx-radiation. Measurement of Kx-
radiation may allow determination of 9°Sr-9°Y activity.
As such, this process has a probability of 10-3-10"4 per a
decay act, i.e. it can be used while studying the samples
with high specific activity of 9Sr. Therefore, the
probability of characteristic radiation formation during
the decay of 9°Sr and the FCM characteristic spectra
were studied in this paper for the development of a new
measurement technique for 9°Sr activity.

RESEARCH METHODS AND RESULTS

Beta-spectrometric technique for 9°Sr and *37Cs
measurements for prompt and mass
measurements in situ (in contaminated places)
and in vitro (in small living objects)

The proposed technique is based on the
measurement of electron energy distribution that
accompanies the decay of 9°Sr and 37Cs. During the
decay of 9°Sr, two groups of electrons are emitted with
limiting energy of 0.55 and 2.3 MeV Moreover, during
137Cs decay, electrons are emitted with limiting energy
of 0.5 MeV and 1.17 MeV, while conversion electrons
from y 661 keV (E. ~ 0.63 MeV) are also emitted.

Theoretically, the thicker an electron detection
layer in B-detector is, the higher its efficiency is (and
also 9°Sr assessment efficiency). However, presence of
the activity, which is an order of magnitude higher
than the one of 137Cs, and of increased external
radiation background in a sample increase probability
of the detection of y-quantum (y 661 keV), the
Compton y-quantum and especially x-ray emission Kx
Ba radiation, thus complicating the analysis of -
spectrum. In addition, a significant contribution to
total B-spectrum can be made by 4°K electrons (Ebn =
1.3 MeV). In such conditions, a thinner detector should
be used, whose detection layer thickness would be
equal to the travel of B-electrons of 9°Y in phantom.
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Figure 1. Fragment of experimental -spectrum
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We conducted the research using a plastic
scintillation detector, 1 mm thick and 76 mm in
diameter. To perform the efficiency calibration of
experimental B-spectra, we prepared standard sources
of 40K, 9°Sr and 137Cs, volumetric characteristics of
which were close to the characteristics of experimental
samples.

The experimental spectra were processed by the
method of their comparison to the calibration range
(Fig. 1), i.e. in this particular case, to the spectra
obtained on the same spectrometer while using the
standard sources of 4°K, 9°Sr and 137Cs+9°Y
(phantoms).

The spectra of calibration sources and background
were described by cubic splines and were further used
to describe the experimental spectra. This process was
implemented as follows.

Generally, for the approximation of experimental
data {yi}, 1 <1<1io by function f(i, X), where X is vector
of fitted parameters {Xj}, 1 <j <jo (o is number of fitted
parameters), functional (S(X)) shall be minimized
through the least square method:

S = X2, w [F (@ X)-yi]? ),

where w; are weight factors that are usually chosen to
be equal to the reciprocal square of experimental
accuracy.

Main problems during 9°Sr measurements are
caused by the fact that electrons have continuous
spectrum, and their travel in a sample directly depends
on its density.

To determine the functional minimum, derivatives
0S/0Xj shall be set to zero, and the resulting system of
equations shall be solved with respect to required
parameters Xj.

The minimal value of functional S(X)=So
corresponds to the resulting solution of Xo. To
determine the errors of parameters for each of them,
equation S(Xoj + 8Xj, Xj) = So + 1 shall be successively
solved in reference to 8Xj, i.e. it shall be determined
with which deviation of the j-th parameter from an
optimal value (at other fixed parameters) the value of
functional S is increased by 1 compared to the minimal
one. And the parameter’s error shall be equal to:

AXj = 6Xj-R (2),

where R is parameter that takes account of the fitting
quality, the so-called “y2 per freedom degree”.

The technique for B-spectra processing is presented
below.

First of all, the background spectrum (taking
account of lifetime) shall be deducted from the
processed spectrum and the spectra of calibration
sources, each of which consists of io channels with
counting rate N; in i-th channel 1<i<i,, that were
measured in the course of lifetime ¢, index j
corresponds to the following: 0 is processed spectrum,
1 is calibration spectrum of 37Cs, 2 is calibration
spectrum of 9°Sr, 3 stands for 4°K:

Yji= JVj,i - tj/tbackgr‘ound Nbackground)I (3),
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where 1<i<io,0<j<3.

As a result of the subtraction, “pure” calibration
spectra of 4°K, 137Cs, 9°Sr and the test sample spectrum
are obtained. The latter includes unknown activities of
137Cs, and 9°Sr, 4°K, as well as a small admixture of
other activities, for example y-nuclides of thorium and
uranium series.

To compensate for this admixture, the quadratic
background a shall be added:

a=Yioai* 4

Another correction shall be made due to the fact
that different densities of substance in test sample and
in phantom may cause changes in calibration with

respect to energy in the spectra of samples and in
calibration spectra. To take account for this effect, the
calibration spectra shall be modified as follows: The i-
th channel of calibration spectra shall be put in
correspondence with the i-th channel of the processed
spectrum, = (1 + c)i. Obviously, 1 is not generally an
integer. Therefore, the counting rate of calibration
spectrum in the i-th channel shall be determined by the
linear interpolation method:

Yi 2Yio + (Yio+1 — Yio) (1 — 10), (5,

where 1o is an integer part of 1.

When channels from i to i are defined in a
processed spectrum, the functional shall take the form:

i , ) 2
S(a,b,c) = Z?:il w; [ZJZ'=1 bj(yji + (J’j,i+1')’j,i)0 1) + Yhoo axi® 'J’i] (6)

As a result of its minimization, needed parameters
bj shall be determined. To obtain absolute activity A,
they shall be multiplied by the activity of calibration
sources and the lifetime ratio shall be taken into
account:

Aj = bj-fto/t), @,

where [ is activity of a corresponding phantom.
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Figure 2. Comparison of the results of 9°Sr activity tests
in living subjects (mice) (a) and in soil (b)

Fig. 2a shows the comparative analysis performed
for small rodents with a body mass varying between 14
and 45 g and with 37Cs specific activity from 1 to 400
Bq/g by spectroscopic and radiochemical methods. It
was established that the results of B-spectrometry were
consistent with the radiochemical analysis of data
within 15-20%, and ratio A (%37Cs)/A(9°Sr) ranged
between 2 and 100.

The same comparison of 9°Sr measurement results
in soil samples demonstrated a complete accordance
within 10-15%, with a four-order change in the
samples’ activity (refer to Fig. 2b). Please note that the
improvement of errors compared to previous research
was mainly due to the account of 4°K activities. With no
account of this isotope’s activity, the discrepancy ran
up to 30% on average; and up to 100% for soil samples,
when activities of 9°Sr and 4°K were comparable [3].

Consequently, the developed technique takes
account of physical and chemical state of test objects
and instable operation of electronic systems in the
field. This ensures an increased accuracy of
measurements and reliability in operation of
spectrometers.

This technique allows the study of 9°Sr and 37Cs
concentration in various environmental objects at
changes in 137Cs/9°Sr ratio from 1 to 100, with accuracy
of above 20%. Please note a higher sensitivity of this
technique compared to measurements through 9Y
electrons (Epn = 2.3 MeV), when no more than 25-30%
of 99Y electrons are actually used due to presence of 4°K
electrons with the limiting energy of 1.3 MeV.

The technique for 9°Sr identification in fuel-
containing materials

To develop a technique for the identification of 9°Sr
based on Kx-radiation, Kx-radiation yield from a
standard calibration sample of 9°Sr-9°Y was measured
by a semiconductor 1 c¢cm3 Ge-detector with a thin
beryllium input window. On measured y-spectrum
(Fig. 3), Ka- and Kp-radiation of 9°Y and 9°Zr sample
were stably observed with the energy of 15.0, 15.8, 16.8
and 17.7 keV, respectively.
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Figure 3. Gamma-spectrum of standard calibration sample

of 90Sr—90Y, which was measured on a semiconductor
Ge-detector

Reference source of 24'Am, which has Le- and Lg-
radiation with 13.9 and 17.7 keV energy, was used for

absolute calibration. As a result, it was determined that
probability of autoionization of K-shell of 9°Sr and 9°Y
per decay was equal to:

Pk (9°Y) = 3.21(16)-1074, Px (9°Zr) =
= 4.19(21)-1074 €)]

The same spectrometer was used to measure the
samples of fuel particles of different origin:

e particle from ChNPP Unit 4 containing a great
amount of uranium;

e particle from ChNPP Unit 4, which we
identified to be a chernobylite fragment;

e fragment of undamaged fuel element.

Fig. 4 shows fragments of these samples’ spectra in
the energy ranges of 10-35 keV. This area includes
gamma transitions of characteristic radiation of the
basic radionuclides included into a test sample.
Studying gamma transitions in this very energy range
is crucial for the reduction of consistent errors during
our research (see below).
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Figure 4. Fragments of gamma spectra measured by a semiconductor Ge-detector: chernobylite sampled from the inside of CANPP
Unit 4 (a), undamaged fuel element (b), uranium particle fragment (c)

Table 1. Content of 9°Sr for different particles

Activity, Bqx103
Isotope Fragment Fragment Fragment
of fuel element of chernobylite of uranium particle
9°Sr 50.7 15.8 42
137Cs 16.5 5.0 173
241Am 1.48 0.48 1.29

The error for measuring of 37Cs sium and 24:Am was (4-5)% for 9°Sr (6-10)%

As can be seen from the obtained spectra, Ka-
radiation of 9°Y is reliably distinguished in all samples,
and its intensity is several percents of the intensity of
241Am Lqa-group. The peak/background ratio is also
quite beneficial, and it allows an easy registration of 9°Y
Ka-radiation against the Compton background of Kx-
radiation of barium accompanying the decay of 37Cs
via the conversion transition of gamma-transition with
the energy of 661 keV. A more difficult situation is with
90Zr Kgq-radiation. Zirconium is one of the basic
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structural materials inside ChNPP Unit 4, and
therefore after it is being found in the structure of
many fuel-containing materials from the accident. In
the particles having a significant admixture of
zirconium, the “holes” in Zr K-shell are formed due to
the electron ionization processes due to radioactive
decay of that same 9Sr and ®37Cs, and also
photoionization due to the photoelectric effect of
gamma transitions. And, as well as in the case of
autoionization, the same Kx-radiation of Zr is formed
during (-decay of 9°Y. Division of peaks from these
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radiations is impossible; and therefore Kx-radiation of
Zr can only be used as a confirmatory factor when
studying fuel containing materials through this
method. All principal measurements should be taken
through Ka-radiation of 9°Y.

Table 1 shows the results of 9°Sr content for
different particles. The data on 37Cs and 24'Am activity
are presented there for comparison.

To verify the obtained results, radiochemical
research of 9°Sr content in test samples of the particles
was conducted with radiochemical oxalate method by
daughter 9°I. The ratio of A(9°Sr)radiochem/A(9°Sr) was
0.95 for the fuel element fragment; for the chernobylite
fragment it amounted to 1.1; and for the fragment of
uranium particle it was 1.2.

Particularly, during radiochemical liberation of 9°Sr
from the fragment of fuel element, its activity was
3.25-103 Bq, and during our measurements of the same
fragment of fuel element, it amounted to 3.07(9)-103
Bq. As discussed above, the error of radiochemical
research is approximately 30%. As it can be seen, a
high level of coincidence of the obtained data is
observed within these 30%.

The statistical error of our measurements was not
more than 2-3%. The systematic error was registered
by specific software.

The main source of errors in low energy range
measurements is spectrometer calibration accuracy
with respect to absolute efficiency of y-rays
registration. With respect to gamma-quantum &(E)
registration efficiency, the detector was calibrated by
formula [4]:

Ine(E) = Ejto; (InE)’ ),

where energy E is preset as keV.

To calculate the calibration parameters, several
isotopes may be used, even if their mass ratio in

calibration sample is unknown. Standard sources, such
as 24Am and ®37Cs, were used in order to link the
obtained results to the radionuclides’ yield. At the same
time, the function is minimized:

S(a,b) =Y, YL wy (f(Ea)-bigg)?  (10),

where N is number of isotopes, niis number of lines of
the i-th isotope, biis weight factor of the i-th isotope,
Eiris energy of the k-th line of the i-th isotope, f is
calibration function, @i is logarithm of measured and
table intensities ratio for the k-th line of the i-th
isotope, factors wix are inversely proportional to the
sum of squares of relative errors of a line’s measured
and table intensities. Weight factor of the first isotope
b, is taken to be equal to one.

Differentiation with respect to a, b and equation of
derivative to o results in a system of linear equations

M(;)=v v,

whereof calibration parameters a@; and relative activity
of isotopes b; are determined. Knowing an isotope
absolute activity, it is possible to obtain an absolute
calibration curve.

Here, an important point should be mentioned. It is
proposed to identify 9°Sr by comparing intensity Ka of
9Y and La of 24'Am, and absolute activity shall be
determined by a comparison with 24'Am activity, which
can be obtained based on 59 keV vy yield. Therefore, we
are interested in the registration efficiency ratio
n = ex/el for two different energies that are similar in
magnitude, Ex and Ei. The accuracy of this ratio is
significantly higher than the accuracy of efficient
factors taken by them. When used for calibration with
respect to function efficiency, relative error én shall be
equal to the absolute error A(In n):

Aln i__k - \/SO Y=o M [(In E)E-(In )] [(In E)/-(InE)’] (12),

where So is minimized value, M;* are elements of the
matrix, which is inverse of matrix M, that determine
variances and covariances of calibration parameters a.
It is easy to see that the closer to each other energies Ex
and E; are, the smaller the error of ratio 1 is. This error
is also significantly reduced because of the cross-
correlation of calibration parameters a. The fact that
the measurement error for yield of La- Lg-groups of
241Am is approximately 1% [5] and the efficiency curve
in this area has a subdued form, allows interpolation of
the efficiency factors for our transitions within the
accuracy of < 0.5%. Actually, we can exclude
contribution of the approximation errors and use
statistical accuracies.

Consequently, having measured the absolute
activity of 24.Am in y-line of 59 keV (in such a case, an
error is being significantly minimized due to the
heterogeneity of samples and their different densities),
90Sr activity shall be determined by the formula:

I(KgY)
I(LgAm) *

A(%°St) = 404 A(*4'Am) (13)

For these measurements, a measurement error of
4-5% is achieved quite easily. We believe this opens up
new opportunities for studying the behavior of 9°Sr in
radioactive waste on its storage sites.

While conducting the studies with non-dominant
241Am activity, the measurements are carried out by
comparing the yields of Le-groups of 9°Y and 9°Zr with
the release of K. of Ba by the formulas:

1(KaY)
A(*°Sr) = 190 A(137C5)mt. (14),
a
1(KaZr)
1(KgBa)’ (15)

A(9°Sr) = 146 A(*37Cs)

While using expression (5) for the energy of 15 keV
(Lo-groups of 9°Y and 9°Zr) and of 33 keV (L« of Ba), it
can be seen that the errors in registration efficiency
accuracies for these energies do not exceed 1.5%.
Therefore, they can actually be ignored; and for 9°Sr
measurements by means of this method, the error shall
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consist of the statistical error and errors in the
autoionization probability data (5%).
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