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The large thermal neutron absorption cross-section of the '°B enables the use of boron as a neutron absorber for reactivity control in
nuclear reactors. Precise information on both the isotopic composition and boron concentration in absorbing materials is crucial, as the
degree of reactivity control depends directly on the !B content. In the work, a series of experiments were conducted to determine the
boron concentration and isotopic ratio in samples of corrosion-resistant chromium-nickel stainless steel, which is used in the control
and protection system rods of nuclear reactors. The study was performed using an inductively coupled plasma mass spectrometer on 5
stainless steel samples with a certified boron mass fraction. The external standard method was used to determine the °B/!'B isotopic
ratio, using the ICP-MS-68A Standard (with a natural 10B:11B ratio of 19.9:80.1) as a reference. To determine the boron concentration
in steel, the isotope dilution method (internal standard method) was used. A known amount of a spike with a specific isotopic ratio
was added to samples of unknown boron content. Elemental amorphous boron powder with a '°B:!!B isotopic ratio of 95.0:5.0 was
used as the spike. The proposed methods allow determining the isotope ratio and boron concentration in a sample by measuring only
the '°B and !'B isotopes. The results obtained were compared with the manufacturer’s certified data. The values coincide within the
measurement uncertainty, confirming the reliability of the proposed methods for steel analysis.
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1. INTRODUCTION

Due to the large cross-section of absorbing the thermal neutrons in the '°B isotope, boron in various forms is used to
control nuclear reactor reactivity by absorbing neutrons [1]. Since the degree of reactivity control depends on the amount
of 9B, precise knowledge of both the isotopic composition and the concentration of boron in the neutron-absorbing
material is highly important for the nuclear industry [2, 3]. In addition, information about the isotopic composition and
the concentration of boron in different samples is important for other fields of science, such as archaeology, geology, and
medicine [4-6].

Various methods are used to determine isotopic ratios, such as atomic absorption spectrometry [7], thermal ionization
mass spectrometry (TIMS) [8], secondary ion mass spectrometry (SIMS) [9], as well as others. Each of these methods
has its own specific advantages and disadvantages.Among them, TIMS is renowned for providing extremely high accuracy
and precision in isotope ratio measurements. However, the high ionization potential of boron prevents the production of
singly charged boron ions using TIMS. Attempts are made to bypass this problem by using different sample preparation
procedures, but this complicates the sample preparation process and degrades the accuracy of isotope ratio measurement.

An alternative to TIMS for precise boron isotope ratio measurements is high-resolution inductively coupled plasma
mass spectrometry (ICP MS) [10].

In this study, a methodology for determining both the boron isotope ratio and the boron concentration in samples of
corrosion-resistant chromium-nickel stainless steel alloyed with boron using a single-collector inductively coupled plasma
mass spectrometer will be presented. Boronated steel is one of the promising materials for use as a neutron absorber for
control and safety rod systems in a nuclear reactor [11].

A feature of this study for determining the boron content in the sample is the use of the isotope dilution method [12,13],
which is based on the internal standard principle. This method yields a faster result with fewer calculation steps, which
reduces the error in determining the required data. Isotope dilution method is an analytical technique, the essence of which
lies in introducing a known amount of a tracer (spike) with a different boron isotopic composition into a sample that has
a defined boron isotopic composition but an unknown elemental mass content. After the addition of the spike, the boron
isotopic ratio changes, and the boron content in the initial sample can be calculated from the magnitude of this change. As
is known, boron has two stable isotopes (1B and ''B), which makes it an excellent candidate for using this method.
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2. EXPERIMENTAL TECHNIQUE
2.1. Instrumentation

Measurements were conducted using a single-collector inductively coupled plasma mass spectrometer, the ICP-SFMS
ELEMENT 2, whose technical characteristics are described in [14, 15]. A substantial advantage of this mass spectrometer
is its high resolution and high sensitivity (~ 10 cps per 1 ppb > In), which allows for the analysis of extremely low element
contents. The high-resolution mode (10000 imp. at 10 % peak height) was used in the work, and the signal stability was
better than 1 % over 10 minutes.

Physicochemical sample preparation methods were used for sample investigation, involving the conversion of samples
into liquid form using high-purity distilled water, acids, and organic solvents. Liquid solutions containing the analyzed
sample were introduced into an argon torch in the form of an aerosol using a peristaltic pump. Sample injection occurred
for a certain number of iterations N with a uniform time interval At. The analytical signal is the mass spectrum of the
analyzed elements, whose peak areas were measured after subtracting the average background value, which was measured
before the start of the sample investigation.

2.2. Materials

For the inductively coupled plasma mass spectrometric method of analysis, the required concentrations of the
measured samples are displayed in the ppm and ppb ranges. To obtain such concentrations, we used small aliquots of
the investigated material, namely 0.1 g. This allowed us, on the one hand, to accurately measure the sample mass, and
on the other, to minimize the consumption of acids and other reagents used for sample preparation (sample dissolution).
Chemical analytical glassware of Class 1 was used during sample preparation to reduce measurement error. To prepare
the solution of the investigated boronated steel sample, steel chips with an increased boron content up to 2 % (limits
specified in the manufacturer’s certificate for boronated steel samples:1.6+2.0 %) were collected and crushed. Sampling
was performed in several places of the investigated sample to obtain a representative sample and a reliable analysis result.

For the external standard method, a solution of the multicomponent standard 48 Component ICP-MS-68A Standard
at 10 pg/mL in 2% HNOj (High Purity Standards (USA)) [16] was used. The solution was prepared by diluting the
standards in ultrapure concentrated nitric acid (HNO3) to achieve an element concentration of 1 ppm.

Amorphous boron powder, enriched up to 95 % in the '°B isotope (manufactured by the National High Technology
Center of Georgia) [17], was used as the internal standard (spike). The reference material was not subjected to additional
drying or homogenization. A portion of amorphous boron weighing 0.1001 + 0.0001 g was dissolved in 10 ml of HNO3
with the addition of a small amount of distilled water under slight heating and stirring. The boron concentration in the
resulting solution (spike) was 10 ppm.

In parallel, a blank solution was prepared in the same way, but without dissolving the investigated material. All
the procedures mentioned above were followed during its preparation, except for the addition of the aliquot. The blank
solution was used in the studies to avoid the influence of impurities contained in the reagents used for dissolution on the
sample measurement results.

2.3. Procedure
Table 1 presents the sequence (column 1) of the measurements performed (column 2).

Table 1. The measurement procedure for boron isotope ratios

Step Procedure

0 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

1 Measure signal of '9B and ''B of blank solution ('°Bpank, "' Bprank)

2 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

3 Measure '°B/!'B of ICP-MS-68A Standard (Rg;andart)

4 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

5 Measure '°B/!'B of sample solution (Ryampire™ ")

6 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

7 Measure '°B/!!'B of spike solution (R pike %)

8 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

9 Measure 'B/!'B of mix solution (R,;,;x""¢%5)
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The signal intensity of 10B and !B in the blank solution is represented as 0B, 1ank and "'Bpank (step 1).
The determination of the '°B/'!B isotopic ratio for the standard (Rssandare)> sample (Rgampie), spike (Rypike) and
mix (R,,;) solutions was performed using the formula:

_1("B) =" Byank
~I(MB) =" Bpjank

R )]

Where I('°B) and I('!B) are the signal intensities of '°B and !'B in the investigated solutions (steps 3, 5, 7, 9).

To reduce the influence of the background signal between measurements of different samples, the mass spectrometer
was rinsing with argon for 10 minutes (steps 2, 4, 6, 8).

To determine the boron concentration in the steel sample, the enriched boron solution (mix) with a boron concentration
of 0.01 ppm was added to the stainless steel solutions (sample). The measurement of the '°B/''B isotopic ratio for the
mixture (mix) was performed last (step 9).

3. DETERMINATION THE BORON ISOTOPE RATIOS

To determine the isotopic composition of the samples (sample, spike and mix), the mass spectrometer was calibrated
using a standard of known elemental composition (ICP-MS-68A Standard). For the boron isotopes (1°B and '!'B) the
calibration characteristic — the relative sensitivity coefficient of the boron isotopes — was experimentally determined
under specific conditions. This coefficient reflects the dependence of the analytical signal of the corresponding peaks on
the content of these isotopes in the standard. In our case, this coefficient corresponds to the value of Rg;undars (Step 3
in Table 1). The stability of the Rs;qnqqr¢ Value was analyzed over a year in different measurement sessions, and Fig. 1
presents the dependence of Rg;4n44-: On the measurement session number.

1.00 -
0.95 e [CP-MS-68A Standard
0 linear fit
§ =
£0904 . . ‘ i
b . ‘ ¢ T
(a4
0.85
0.80 . : ; , :
1 2 3 4 £5)

Experiment number

Figure 1. Dependence of Rg;4n44r¢ in different measurement sessions.

Fitting was performed using a linear function R = a+b-N, where a = 0.895 £ 0.006 and b = 0.001 + 0.002. The slope
(b) is insignificant. Also, it is visible from the figure that the Ry 4,44+ for different measurement sessions coincide within
the error.

Considering the mass spectrometer calibration, the isotopic ratio of the samples was determined as R“?""=R"*¢¢¢ /
Rstandart, where R"¢%% corresponds to the measured value Ryampie ™, Rypike™¢?® or Ryp,ix™¢“*. The obtained results
for the isotopic ratio values were compared with the certified data of the investigated samples: sample with a natural ratio
of 19.9 % : 80.1 % (R = 0.248) and spike with a '"B-enriched ratio of 95.0 % : 5.0 % (R = 25.316).

Table 2 presents the values of Ryampie " and Ry pix.“?"" for the same 5 measurement sessions (Fig. 1), calculated
using Ry;qndqr: according to the measurement session.

Within the errors, the determined Ry g/ pre and Ry p;ke coincide with the certified values (0.248 and 25.316 respec-
tively).

4. DETERMINATION OF BORON CONCENTRATION IN STAINLESS STEEL

The isotope dilution method, based on the internal standard principle [11, 12], was used to determine the boron
content in the boronated steel. This method yields a quick result with fewer calculation steps, which reduces the error in
determining the required data. Isotope dilution method is an analytical technique, the essence of which lies in introducing
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Table 2. Determination the boron isotope ratios

Session Rsamplecvrr Rspikecvrr

1 0.247+0.004 (24.922+0.549

2 0.246+0.005 {25.033+0.581

3 0.249+0.004 |24.845+0.535

4 0.246+0.004 |25.201+0.490

5 0.247+0.004 |24.877+0.542

a known amount of a tracer (Mj k) With a different boron isotopic composition (Rspixe) into a sample with a defined
boron isotopic composition (Rgampie) but an unknown elemental mass content (Mgampie) (Fig. 2). After the addition of
the spike, the boron isotopic ratio (R,;;x) changes, and the boron content in the initial sample can be calculated from the
magnitude of this change.

Sample Spike
11B
10B
L J
\ |
11B
Mix(sample+spike)

Figure 2. Schematic representation of the isotope dilution method.

For the resulting mixture (mix diagram at Fig.2), the mass content is My;x = Msampie + Mspike. The introduction
of the spike changes the isotopic ratio of the element, and the content of the element in the initial sample can be calculated
from the magnitude of this change using the formula:

I+ Rsample Rspike - Rmix

2)

Msampie = Mspik
ple spike .
1+ Rspike Ryix — Rsample

Thus, if we add a known amount My ke, the unknown mass content of boron in the sample, M4 pie, can be
determined from the measured R values using formula (2).

In our study, the boron content (concentration) in the boronated steel samples was measured for 5 different measure-
ment sessions. An equal amount of the tracer (spike) was added to each sample, resulting in 5 mix samples. Thus, 5
combinations, each with 3 data sets (sample, spike and mix), were measured.

Fig. 3 shows the dependence of the peak intensity of the '°B and !'B isotopes as a function of measurement time
for all components for one combination: sample (Fig. 3a), spike (Fig. 3b) and mix (Fig. 3c). The figure shows that the
intensity dependence is linear without significant fluctuations.

The change in the relative contribution of each of the !B and ''B isotopes in Fig. 3a, 3b and 3c is consistent with
the logic of the isotope dilution method (Fig.2). The integrated value of the ratios R('°B/!'B) according to formula (1)
was determined as the average over the entire measurement time.

In the next stage, the boron content value was calculated using formula (2). The calculation results are presented in
the last column of the table. The uncertainties are statistical, taking into account the root mean square deviations for the
distributions in Fig. 3.

From Table 3, it is evident that all values fall within the range specified in the manufacturer’s certificate for boronated
steel samples, 1.6+2.0 %, which confirms the relevance of using this method for determining the boron content in the
sample.
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Figure 3. Values of the mass peak intensity for !B and !'B isotopes as a function of measurement time for the three
components: a) sample, b) spike, ¢) mix.

Table 3. Boron content in stainless steel.

Session |Boron content, wt.%
1 1.844+0.085
2 1.748+0.041
3 1.919+0.096
4 1.624+0.062
5 1.784+0.099

S. CONCLUSION

This work presents a methodology for measuring the isotopic ratio and concentration of boron in a multicomponent
sample (stainless steel) based on the use of an inductively coupled plasma mass spectrometer (ICP-MS). A feature of the
methodology is the use of external and internal calibration exclusively based on boron isotopes.

The multicomponent standard 48 Component ICP-MS-68A Standard at 10 pg/mL in 2% HNO3 (High Purity
Standards (USA)) was used for external calibration, and amorphous boron powder, enriched up to 95 % in the '°B isotope
(manufactured by the National High Technology Center of Georgia), was used for internal calibration.

The determination of the boron isotope ratio was performed using the external calibration method. Measurements
were carried out during 5 time-separated sessions. The obtained results were compared with the certified values (19.9 % :
80.1 %, R = 0.248) for boronated steel and highly enriched boron powder (95.0 % : 5.0 %, R =25.316). The measurement
results agree with the certified data within the uncertain.

The isotope dilution method (internal calibration) was used to determine the concentration of boron in the steel
sample, where a known amount of the element with a different isotopic composition is added to a sample with an unknown
concentration of the element. By measuring the isotopic ratio in the resulting mixture, the unknown concentration of the
element in the sample can be determined. An additional advantage of the method is its simplicity and speed, as it does
not require measuring all elements of the steel and has fewer calculation steps, which reduces the error in determining the
necessary data.

Measurements were performed for five different stainless steel samples in different measurement sessions and
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compared with the certified data presented by the manufacturer. The data agree within the measurement uncertainty,
which indicates the reliability of the method for determining the boron content in steel samples.
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BU3HAYEHHA I30TOIIHOT'O BIJTHOHNIEHH A 10B/!1'B TA KOHHEHTPAIIIi BOPY
B HEP2KABIFOYIN CTAJII 3A JOIIOMOTI'OIO ICP MS
Inna Adanacbesa'-?, Cepriit Adanacwes!, Imurpo Kyrniii!, Imurpo Bypaeiinmii', Cranicaas Bamxka',
Haraus Pyap', Onexcanap Measenes!
1Haui0HaﬂbHu11 Hayxosuii Llenmp “Xapxigcoruti @izuxo-Texniunuii Incmumym”, eya. Akademiuna, 1, 61108, Xapxkies, Ykpaina
2Xapriscokuil HayionawHuil yrisepcumem in. B.H. Kapazina, maiioan Céo60du, 4, 61022, Xapkis, Yrpaina

Benmkwii mepepis MOTIMHAHHS TEIUTOBUX HeliTpoHis izoToroM B 103BONsE BUKOPHCTOBYBATH GOp Y SAKOCTI TIONIHHAYA HEHTPOHIB
IUIsS. KOHTPOJIIO PEAaKTHBHOCTI B SIIEPHUX peakTopax. IHdopManis mpo TouHe 3HaYeHHs SIK i30TOIHOTO CKJamy, TaK i KOHLEHTpail
60py B HEHTPOHIONIIMHAIOUOMY MaTepiai € Jyke BaKIMBOIO, alKe CTYMiHb PEry/TIOBAaHHS PEaKTHBHOCTI 3alleXUTh Bif KimbkocTi (OB,
B po6oTi npoBeaeHo cepilo eKCHEePUMEHTIB 3 BU3HAYCHHS KOHLEHTpaLii 60py Ta HOro i30TOMHOrO BiJHOIIEHHS B 3pa3Kax KOpo3ii-
HOCTIHKO{ XpOMOHIKeIEeBOi HeipXKaBiloyol CTali, IKa BUKOPUCTOBYEThCS SIK MaTepiaj MOIIMHAIOYMX CTPUIKHIB CUCTEMHU YIIPABIiHHS Ta
3aXHCTY siIEpPHOro peakTopa. JociiIkeHHs] BAKOHAHO 3 BUKOPUCTAHHSIM Mac-CIIEKTPOMETpa 3 iHAyKTHBHO-3B’ I3aHOIO IJ1a3MOI0 Ha 5
3pasKax HeipKaBilouoi cTasi 3 cepTH(hiKOBAHAM 3HAYEHHAM MACOBOI YaCTKH 6opy. [ BU3HAYEHHA i30TomHOro BigHouenHs 'OB/!1B
BHKOPHCTOBYBABCSI METOJ] 30BHIIIIHBOTO CTaHAPTY. B sIKOCTi 30BHINIHHOrO CTAaHAAPTY BUKOPHCTOBYBABCS CIIeIlia/li30BaHMii HaraToKoM-
TIOHEHTHHMI KaniGpyBanbHmit posuna ICP-MS-68A Standard 3 npupoaHUM i30ToMHIM criiBBigHOmerHAM 60py '°B:!'B=19.9:80.1. Onsa
BU3HAYEHHS KOHLEHTpallii 00py B cTajli BUKOPUCTOBYBABCSI METOJ i30TOMHOro po30aBieHHs (METOJ BHYTPIIHBOIO CTaHAapTy). 1o
HEBiZIOMOro 3a BMicTOM OOpy 3pa3Ka 3 HPUPOHIM CIIiBBiIHOIIEHHSM Or0 130TOIIB A0JaBaJIA BiIOMY KiJIbKICTh IHAMKATOPA 3 1HIIMM
130TOMHUM BiJHOLIEHHsIM. Y SIKOCTi iHIMKAaTOpa BUKOPHCTOBYBAJIM IOPOIIOK €JIeMEHTapHOro aMop(HOro 6opy 3i CriBBiIHOLIEHHM
isoronir '°B:!'B=95.0:5.0. 3anponoHoBaHi METOIM JO3BOIAIOTH BU3HAYNTH i30TOIHE BiJHOMIEHHSA Ta KOHIEHTPALi0 GOpY B 3pa3Ky
BuMipiofoun e izotorm (°B ta ' B. OtpuMani B po6oTi 3HaYCHHS MOPiBHIOBAIHCE 3 TTACTIOPTHAMHE JAHUMH, TPECTABICHIMH BAPO-
OHUKOM. Y Mekax HeBU3HAYEHOCTi BUMIipIOBaHb JIaHi CHiBIIAIAI0Th, 0 MOXE CBiUUTH MPO HAMINWHICTh 3aIPOIIOHOBAHUX METO/IB IS
BU3HAYEHHSI 130TOIMHOTO CITIBBiAHOIICHHS Ta BMICTY OOpy B 3pa3Kax CTai.

Kuarouosi caoBa: isomonne cnissionowenns 6opy, ooposana cmanw; ICP MS; izomonue po3gedenns
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