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The results of comparing the analytical capabilities of Sector Field Inductively Coupled Plasma Mass Spectrometry (SF-ICP-MS) and
Particle Induced Gamma-ray Emission (PIGE) methods for determining the 11B/ "B isotope ratio in boron carbide samples ( B,C ) are
presented. The following nuclear reactions excited by protons on the stable boron isotopes are considered: '°B(p,ay)’Be, '°B(p,py)’Be

and '"B(p,y)'?C. The optimum proton energy range was determined to be within 550 to 600 keV, while the energies of the induced
gamma-radiation that can be used for quantitative estimation of the boron isotopes were 429 keV and 4439 keV for the isotopes '°B
and ''B, respectively. Considering the uncertainties of measurements, the data for the 11B/ "B isotope ratios, measured by the
SF-ICP-MS and PIGE methods, are found to correlate with each other; yet they are characterized by a systematic bias. The uncertainty
of measurements by the PIGE method was somewhat higher in comparison with SF-ICP-MS, and ranged from + 4.1 % to = 4.3 %, and
from + 1.1 % to £ 3.5 %, respectively.
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Boron has two naturally occurring isotopes '*B (19.9 %) and "'B (80.1 %). Due to a relatively large mass difference
(10 %) between the two isotopes and high volatility, the boron isotopic ratio ranges from — 70 to + 60 % in natural
materials (rocks, natural waters and sediments), and is used as a tracer for studying continental weathering, plate
subduction processes, pH variability in the oceans and anthropogenic pollution [1]. Boron isotopic ratios are
conventionally expressed in delta notation (J5''B ), which denotes the deviation of measured 11B/ "B ratios from the

standard (in parts per thousand), using the equation below [2]:
5”3(%) _ |: (HB/IOB)meas_ _1:| 103 ,
("'B/ "B sros:

where ("'B/"°B) 57951 = 4.04362 % 0.00137 is the abundance ratio from the accepted international reference material NIST
SRM 951 (boric acid).

The accurate knowledge of the boron isotope ratio is of particular importance for neutron-absorbing materials in
nuclear reactors. In a boiling water reactor (BWR) and a fast breeder reactor (FBR), boron carbide ( B,C ) serves as a

neutron-absorbing material for the control rods. Furthermore, in a pressurized water reactor (PWR), a solution of boric
acid (H,B0,) is added to the primary cooling water to adjust the reactivity of the reactor core [3]. The boron isotopic

ratio is one of the most important parameters that qualifies the applicability of B,C in the nuclear reactor, considering

due to the fact that the isotope '°B has a significantly higher thermal neutron absorption cross-section compared to ''B ,
namely 3840 barn vs. about 0.005 barn [4].

The isotope composition control is also of importance for predicting the material behavior under irradiation conditions,
when even a minor variation in the isotopic abundance ratio may cause a substantial change in material properties.

The traditional method for determining the isotopic composition of boron ( §''B ) most accurately (RSD of £ 0.3 %)
is the thermal ionization mass-spectrometry (TIMS). Other mass-spectrometric methods with ionization in inductively
coupled plasma (ICP-MS) are also widely used for measuring various isotopic ratios. In the boron analysis case, the
MC-ICP-MS multicollector systems can provide measurement uncertainty + 0.2 %. For double focusing sector field
mass-spectrometers SF-ICP-MS, the typical value of uncertainty is + 2 %, and for quadrupole-based mass-spectrometers
Q-ICP-MS it makes §''B £ 15 % [5-8].

Furthermore, for isotopic analysis, nuclear physics methods are also used, which involve the Rutherford ion
backscattering spectrometry, and also, the nuclear reactions excited by charged particles and neutrons on different isotopes
of one and the same chemical element [9-11].
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This paper presents the results of benchmarking between the SF-ICP-MS and PIGE methods at determining the
llB/ "B isotope ratio in boron carbide samples (B4C). The traditional mass-spectrometric methods for determining isotopic
composition provide high precision, but, on the other hand, often require labor-intensive sample preparation, such as
chemical purification of the analyte, and expensive auxiliary equipment. In this context, the PIGE is considered as an

alternative nondestructive express-method for measuring the '’ and ''B isotopic abundance in the field of nuclear
applications.

MATERIALS AND METHODS
The samples used in the measurements were B,C powders with different particle sizes varying from 50 to 70 pm.

For purposes of the studies, pellets-targets were prepared from boron of natural isotopic composition and B enriched.
The pellets of diameter 9 mm were made by pressing the B,C powder under pressure of 25 kg/cm? for 3 minutes.

Amorphous boron powder enriched to 96.2 % at. in the '’B isotope (produced by the National High Technology Centre
of Georgia) was used as a reference material to assure the accuracy of boron isotope measurements and to correct the isotopic
ratios in the samples for mass bias. No additional drying or homogenization was carried out on the reference material.

The boron isotope measurements were performed using a double-focusing magnetic sector inductively coupled
plasma mass spectrometer equipped with a single electron multiplier SF-ICP-MS ELEMENT 2 (Thermo Fisher Scientific
GmbH, Germany); its technical characteristics are given in Table 1. All measurements were carried out in the low mass
resolution mode ( m/Am = 300).

Table 1. Technical characteristics of SF-ICP-MS ELEMENT 2

Mass range from 2 to 264 a.m.u.
Sensitivity ~ 106 cps for 1 ppb ' In
Detection limit 1 ppq for non-interfering elements
Dark noise <0.2 cps
Dynamic range > 10°
Mass resolution low (300), middle (4000), high (10000) at 10 % peak height
Signal stability better than 1 % for 10 min.

Thermo Tuning Solution A, containing the elements ’Li, °Be, *Co, **In, '*¥Ba, '*°Ce, 2°°Pb and >**U at 10 pg L',
was used for tuning.

The samples were introduced into the SF-ICP-MS through a Nd:YAG deep UV (213 nm) laser ablation system
NWR-213 (New Wave Research, Inc., USA). The generated plume was transported from the laser ablation cell to the
SF-ICP-MS plasma by means of a laminar flow of Ar gas. Further details on the optimized instrumental settings as well
as on the applied data acquisition parameters are reported elsewhere [12].

The nuclear physical analytical complex SOKOL (NSC Kharkiv Institute of Physics and Technology, Ukraine) was
used to determine the boron isotopic ratio by the PIGE method [13].

The targets were placed into the multi-position cassette located in the irradiation chamber, which was evacuated to
a pressure lower than 10°MPa, and were alternately exposed with a proton beam under identical conditions. The current
integrator was used to measure the proton beam current, while the chamber itself, being out of contact with the ion guide,
the vacuum and adjusting systems served as a Faraday cup.

The accelerator energy calibration was performed against the resonances of 991.2 keV protons and 1779 keV
gamma-quanta from the 2’ Al(p,y)*®Si reaction.

The protons were incident on the target along the normal to its surface. The beam projection on the target represented
a circle 3 mm in diameter.

The gamma-quanta were registered by a Ge(Li) detector located outside the chamber, at a distance of 1.5 cm from
the target and at a 0° angle to the proton beam direction. The energy resolution (FWHM) of the detector at the 661 keV
line was 1.5 keV.

The characteristic X-ray excited in the samples was registered by a Si-pin detector with the crystal measuring
3 mm x 500 um. The detector, having the 165 keV energy resolution at 6.4 keV line, was located outside the chamber, at
a distance of 4.5 cm from the target and at a 135° angle to the proton beam direction. The characteristic X-ray was
extracted from the chamber and was guided to the detector through the window made from a 25um thick Be-foil.
A polyethylene absorber 150 um thick was used to suppress low-energy radiation. To eliminate the edge effects during
the X-ray registration by the detector, a 5 mm thick aluminum collimator, having a hole with diameter of 1.5 mm, was
arranged between the detector and the target.

The optimum measuring conditions have been established and a series of measurements of gamma-ray spectra from
both natural and '’B-enriched samples was performed. In the experiments, the proton energy was 600 keV, the beam
current — 500 nA, the proton charge on the target varied from 200 to 500 puC. Five replicate measurements were performed
for each of the samples.
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The prepared sample pellets were placed into the laser ablation chamber. The raw data obtained by the SF-ICP-MS
analysis were first corrected for the gas blank. The boron isotopic ratios were calculated subsequently as the ratios of the
background-corrected signals after ablation. All the results reported here are based on five replicate measurements of each
sample. All indicated uncertainties are the combined standard uncertainties and include a coverage factor of 2.

The mass bias correction was calculated using a boron powder enriched in the "B isotope to 96.2 % at. The signal
intensity ratio of each sample was corrected by multiplying the mass bias coefficient thus obtained from the signal
intensity ratio of boron powder enriched in the isotope '°B .

For many years now the nuclear physics methods have been used for the analysis of elemental and isotopic
composition of substances, as well as for studies of spatial distribution of matrix and impurity elements, including the
depth distribution gradients, i.c., the concentration profiles [14].

Table 2 lists the data for proton-excited nuclear reactions on stable boron isotopes, which can be used to determine
the isotopic composition.

Table 2. Data for proton-excited nuclear reactions on stable boron isotopes

Reaction Gamma energy, Resonance energy, Resonance Resonance cross-section, Reference
keV keV width, keV barn
9B(p,ay)’Be 429 None - _ [15]
19B(p,py)’Be 718 None - _ 5
"B(p,n)'*C 4439, 11680, 16110 163 7 0.157 [16]

As is evident from Table 2, for determination of the '°B isotope, gamma-quanta of energies 429 keV and 718 keV
can be used. In the process, as the experimental data demonstrate, the 429 keV radiation appears much more intense. For
the !'B isotope analysis, it is advantageous to use 4439 keV gamma-quanta, because the registration efficiency of
11680 keV and 16110 keV quanta is appreciably lower. In the proton energy range up to 600 keV, the contribution of
4439 keV gamma-quanta to the peak is mainly due to the resonance at a proton energy of 163 keV, and hence, the radiation
intensity in this energy range remains essentially the same. Yet, at proton energies above 600 keV, the emission of 429
keV gamma-quanta from the '"B(p,oy)’Be reaction substantially increases, and this complicates the operation of the
spectrometer. Then, for determination of the boron isotopic composition, it is expedient to measure the gamma-ray spectra
at proton energies ranging from 550 to 600 keV.

RESULTS AND DISCUSSIONS
Figures 1a, 1b show the gamma-ray spectra, measured under the above-described conditions, with the use of samples
from boron of natural composition and boron enriched in the '°B isotope.
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Figure 1. Spectra of gamma radiation induced by proton irradiation of boron samples: a — sample of natural isotopic composition;
b — sample enriched with '°B

As is obvious from the spectra, in the proton energy range under consideration, the gamma-radiation intensity
resulting from the reaction on the '°B nuclei is considerably higher than that from the reaction on the "B nuclei. With
increase in the proton energy, the intensity of the 429 keV gamma radiation from the '°B(p,ory)’Be reaction strongly
increases, thereby complicating the operation of the spectrometer, in particular, for registration of a substantially less
intense 4439 keV gamma-rays from the ''B(p,y)'>C reaction.

Figure 2 shows the SF-ICP-MS and PIGE measurement data on the 'B/!°B isotopic ratios for four B4C samples in
comparison with the reference (!'B/!°B)nistos1 values.



78

EEJP. 2 (2022) Dmytro Kutnii, Stanislav Vanzha, et al
4.5
B SF-ICP-MS data
4.4 - O  PIGE data
- — - certified ratio value
4,3 1
o
£ 421
g
< 4,14
o Y | R I D S N
% a0l .
3,9
3,8 4
a.r T T T T

1 2 3 4
Number of sample

Figure 2. ""B/"°B isotopic ratios in four samples of boron carbide measured by SF-ICP-MS and PIGE methods vs accepted international
reference value 4.04362 + 0.00137

With allowance made for the uncertainties of measurements, the data are seen to correlate between themselves, but
at the same time, they are characterized by a systematic bias. The use of the SF-ICP-MS technique allows one to assume
that the isotopic composition of one of the B4C samples under analysis is probably not natural, whereas the PIGE data
show no difference in the said samples. On the whole, the uncertainty of the PIGE data appears somewhat higher
compared to the SF-ICP-MS measurement results, ranging from +4.1 % to £4.3 % versus £ 1.1 % to £3.5 %,
respectively.

Figures 3 and 4 show the estimates of statistical correlation and agreement of the SF-ICP-MS and PIGE
measurement data, as determined by the regression analysis and the Bland-Altman comparison, respectively.
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Figure 3. Relation between 6''B determined by both SF-ICP-  Figure 4. Bland-Altman comparison of the SF-ICP-MS and
MS and PIGE for all B,C samples and their linear PIGE & "B determinations of B,C samples

approximation

As can be seen from the scatter diagram in Fig. 3, there is strong correlation between the two methods. The calculated
linear regression equation is given by: y =37.227 +0.992 - x with the coefficient of determination (R-Square) being close

to 1. But, it is important to note that the correlation is not the same as the agreement. In some cases, the regression analysis
may lead to improper conclusions. This just relates to the problems of comparing two measuring techniques, when the
choice of independent variable is ambiguous.

In order to more readily see the difference between the two measurement techniques, it is useful to plot the means
of each pair of measurements versus the difference between the measurements. Such a plot is known as the Bland-Altman
Plot, which is shown in Fig. 4. The average difference in §''B values measured by SF-ICP-MS and PIGE is — 37.3 and
there is no tendency for the difference to vary with variation of isotopic ratios. The limits of agreement within 95 % of
the differences expected were calculated according to the Bland-Altman approach as to be —41.3 and —33.4. The
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agreement of the SF-ICP-MS and PIGE methods is confirmed by the fact that the values in Fig. 4 are clustered around
the mean of the differences, and certainly within two standard deviations of the mean.

CONCLUSIONS

Benchmarking assessment of the boron isotopic ratio values measured in boron carbide by both the SF-ICP-MS and
PIGE techniques has been performed. As nuclear reactions excited by protons on stable boron isotopes, consideration has
been given to the °B(p,ay)’Be, '°B(p,py)’Be and ''B(p,y)!?C reactions. The optimum proton energy range has been
determined to be between 550 and 600 keV. The induced gamma-radiation energies, which may be used for quantitative
estimation of boron isotopes, have been found to be 429 keV and 4439 keV for the isotopes '°B and !'B, respectively. It
has been demonstrated that with allowance for measurement uncertainties, the isotopic ratio ''B/!°B values measured by
the SF-ICP-MS and PIGE methods correlate with each other, yet at the same time, are characterized by a systematic bias.
The uncertainty in the PIGE data is somewhat greater compared to the SF-ICP-MS data, namely, it varies from + 4.1 %
to +£4.3 % and from + 1.1 % to £ 3.5 %, respectively. The agreement of the SF-ICP-MS and PIGE methods has been
confirmed by the Bland-Altman comparison.
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BUMIPHOBAHHS I30TOITHOT'O CIIBBIJIHOIEHHS BOPY (8''B) Y KAPBIJII BOPY (B4C):
MOPIBHSIHHSI METOJIB SF-ICP-MS TA PIGE
J.B. Kytnii, C.O. Ban:ka, /I./I. Bypaeiinuii, B.B. Jleeneun, O.I1. Omenbnuk, A.O. Hlyp
Hayionanvruii nayxosuti yenmp «Xapkiscokuii gizuxo-mexuiunuil incmumymy HAH Yxpainu
VYV poboti mpezacTaBieHi pe3yJabTaTH MOPIBHSAHHS aHATITHYHUX MOXKIJIMBOCTEH METOIB MAarHiTOCEKTOPHOI Mac-CIeKTpOMeTpii 3
IHIYKTHBHO-3B'13aH0I0 T1a3Mot0 (SF-ICP-MS) Tta cnexkrpoMeTpii raMma-BHIPOMIHIOBAHHS i3 SIIEPHUX peakilid, 1[0 iHIyKOBaHi

Baxkumu dactuikamu (PIGE) npu BusHauensi isoromsoro sizmomenns ''B/'°B B kap6iai 6opy (B,C ). PosrmsmyTo Taki saepi

peakiii, mo 30yIKYHOTECS NPOTOHaMu Ha crabinbuux i3oromax Gopy: '“B(p,ay)’Be, '"B(p,py)’Be u !'B(p,y)'>C. Busnaueno
ONTHMAJILHUH Jiara3oH eHepriii npoToHiB B iHTepBaii Bix 550 no 600 keB, mist iHAyKyBaHHS raMMa-BHIIPOMIHIOBAHHS 3 €HEPTisIMU
429 Ta 4439 keB, sKi MOXKYTbL OYTH BUKOPMCTaHi JIsl KiIbKicHOT otinky i3otonis '°B i "B, Bignosigno. [Tokazano, 110 3 ypaxyBaHHAM

HEBH3HAYCHOCT] BUMIPIOBAHb BETHUMHH i30TOMHUX BigHomerb ''B/'°B , mo Bumipsui Merogamu SF-ICP-MS i PIGE y3romkyioTscs
MiX c00010, TIPOTE BCi PE3yJIbTATH XapaKTEPU3YIOThCS CHCTEMATHYHUM BinxuieHHsM. HesusHauenicts BumiproBanb PIGE metony
neuto Buiie nopieastHo 3 SF-ICP-MS, i Bapitoetses Bix + 4,1 % no 4,3 %, i Bin + 1,1 % mo £ 3,5 %, BiamnosiaHo.

Kurouosi ciioBa: ICP-MS, PIGE, kap6in 6opy, i30TONHE BiHOLICHHS, SACPHE 3aCTOCYBAHH, HOPIBHIHHS Pe3yJIbTaTiB





