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Abstract

The in situ current normalized particle induced gamma-ray emission method using 4 MeV proton beam was utilized for total
boron concentrations in boron based neutron absorbers and borated wood based neutron shielding materials. Boron carbide
samples with varying masses were analyzed to examine the effect of matrix as well as the efficacy of the in situ current
normalized method. Isotopic composition of boron ('’B/!'B atom ratio) has been determined in natural and '°B enriched
boron carbide samples as well as in four synthetically prepared enriched boron carbide samples to serve as in-house refer-

ence standard for isotopic composition.

Keywords PIGE - Total boron concentration - In situ current normalization - Neutron absorber - Neutron shielding -

Isotopic composition

Introduction

Natural boron has two isotopes namely '°B (19.8%) and ''B
(80.2%). Due to the differences in neutron absorption cross
section they have different uses in nuclear fields. Because
of the low neutron absorption cross section of !'B it is used
as neutron reflector whereas '°B is used in nuclear industry
as control/shutoff materials. Boron based neutron absorb-
ers like boron carbide (natural and enriched with respect
to 10B), boron composites, transition and rare earth metal
borides play a vital role as control/shutoff material, burn-
able poison, neutron shielding, neutron sensors, and nuclear
material storage in advanced, fast and/or high temperature
nuclear reactors [1]. It is due to high thermal neutron absorp-
tion cross section of '°B ((n,a) cross section 3837 barn) and
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having superior thermo physical and mechanical properties
like high B mass fraction, refractory nature, low density,
high melting point and high temperature strength, chemi-
cal inertness, resistance to radiation damage and excellent
thermal and electrical characteristics. Borides have prop-
erties like high hardness and melting point and relatively
low thermal expansion and conductivity to make it ideal
for a number of industrial uses [2]. B,C is the third hard-
est material after diamond and cubic boron nitride. It finds
extensive application in nuclear industry. Ability to absorb
neutrons makes it popular as a material for absorbing neu-
tron in nuclear power plants. B,C is used as a control rod
in the nuclear reactor and as shut down pellets in a nuclear
power plant. B,C is used as the control rod in Boiling Water
Reactors (BWR) and '°B enriched pellets of B,C is a pro-
posed control rod material in Prototype Fast Breeder Reac-
tor (PFBR) in India [3, 4]. Boron composites like Ti-B and
Ti—Cr-B are studied as the materials for control rod and/or
neutron shielding applications in compact light water reac-
tors [5]. Due to additional neutron absorption cross section
of rare earth elements, hexa-borides of rare-earth elements
such as LaB4 and NdB can replace enriched B or B,C and
this would eliminate the cost of expensive enrichment pro-
cess [6].

Other materials like bocarsil (boron carbide in silicon
rubber) and polyboron (boric acid in polyethylene) can
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be used for the shielding the reactor neutrons and storing
nuclear materials [7]. For many practical applications,
borated paraffin and borated wood are used as neutron
shielding materials, wherein higher energy/fast neutron com-
ponents are first thermalized by low Z elements (like H and
C) and then absorbed by boron. The gamma-ray at 478 keV
obtained from '°B (n, ay) 7Li is shielded by lead. Jabroc is
a non-impregnated and densified wood laminates developed
commercially for a wide range of industrial applications.
Jabroc can be used along with other neutron shielding mate-
rials to form complex shielding structures. Additionally, due
to light weight and cleanliness in handling, it is a suitable
candidate for the standard design of neutron shielding equip-
ment. Jabroc can also be impregnated with boron up to a
maximum of 4% to control high gamma doses in the cases
where gamma radiation is produced on neutron capture.
Boron impregnated Jabroc wood also finds application in
power reactor system. The shielding property of this mate-
rial is optimized by incorporating requisite amount of boron
in wood. For the Chemical Quality Control (CQC) purpose
boron content in this material needs to be determined accu-
rately prior to its use as neutron shielding material. Chemical
characterization of materials is one of the most important
steps under CQC which ensures the material suitability as
per the specified composition [8, 9].

As a part of CQC exercise, total concentration and iso-
topic composition of B (°B/''B atom ratio) are very crucial
parameters for practical purposes like operation of reactor
effectively, assessing the thermo-physical and mechanical
properties and also for ascertaining the nature of compound
contains natural or enriched boron with respect to !B, it
is necessary to determine accurately total boron mass frac-
tion as well as its isotopic composition (IC) in the finished
product. The routinely used conventional wet-chemical and
spectroscopic analytical methods to quantify at low or high
concentration level for total boron determination for solid
and aqueous samples have disadvantages like their destruc-
tive nature as samples need to be brought to solution form,
involves cumbersome chemical dissolution for complex
matrix samples, separation and/or pre-concentration to
eliminate the matrix effect and, also, they are not free from
reagent blank [10, 11]. Among various mass spectromet-
ric methods like Thermal Ionization Mass Spectrometry
(TIMS), Secondary Ionization Mass Spectrometry (SIMS)
and ICP-MS which are used for isotopic composition (IC)
determination of B (°B/''B atom ratio), TIMS is the best
method for precise determination of IC of B [12-14].

It is advantageous to have an alternative method for IC
and total B mass fraction determination with respect to
conventional methods. PIGE, an accelerator based on-line
ion beam analysis (IBA) technique, is capable of simul-
taneous determination of mass fractions of B at major to
trace concentration levels and its IC as well as other low Z
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elements (from Li to S) using low energy (about 2—-5 MeV)
proton beams non-destructively. It is isotope specific and
it involves measurement of prompt gamma-rays from '°B
(p,ay) "Be, 1B (p, p'y) '°B and ''B (p, p'y) !'B reactions.
Particle Induced Gamma-ray Emission spectroscopy (PIGE)
is a powerful technique for material characterization and
it has been used since the early 1960s in different fields of
applications to determine low Z elements in reactor materi-
als to environmental samples, cultural heritage etc. [15]. As
we don’t have any certified reference material for isotopic
composition of enriched B,C, attempt was made to prepare
in-house reference standard of enriched B,C of four dif-
ferent '°B atom% namely 30, 40, 50 and 60 atom%. These
samples were prepared by homogeneously mixing natural
(19.8 atom% of '°B) and enriched (67 atom% of '°B) B,C
samples. These samples have been analysed by PIGE method
for '°B/''B atom ratio calculations.

We have developed an in situ current normalised PIGE
method using 4 MeV proton beam for non-destructive deter-
mination of total B concentration as well as its IC in boron
based compounds having complex matrices [1]. IC values in
natural B,C, '°B enriched B,C along with four synthetically
in house prepared enriched B,C samples have been deter-
mined simply by taking peak area ratios of their character-
istics gamma rays with boric acid standard and total boron
concentrations in neutron shielding materials such as borated
wood, neutron absorbers like NdBg, SiBg, Ti and Cr boride
and natural B,C have been determined by in situ current
normalized PIGE method non-destructively. Total boron
concentration determination in refractory neutron absorb-
ers/shielding materials is difficult by sensitive conventional
wet chemical analysis techniques. The conventional analyti-
cal techniques which are destructive require cumbersome
sample preparation for complex matrices like borides, car-
bides and composites. The accuracy of these methods also
depends on complete dissolution of samples which requires
HF digestion or Na,COj; fusion method. Total B concentra-
tion for some samples is compared with ICP-OES as a part
of quality assurance purpose. Results of IC of natural B,C
and total B in stoichiometric compound natural B,C were
used for method validation. Matrix effect study taking vary-
ing masses of B,C has been studied which shows the efficacy
of the in situ current normalized method.

Experimental

Preparation of targets for PIGE

In order to prepare in house reference standards for B,C
having different OB atom %, natural B,C (19.8 atom% of

19B) and enriched B,C (67 atom% of '°B) were used to get
in between enriched B,C. Four synthetic composition of B,C
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(30, 40, 50 and 60 atom% of '°B) were prepared by appropri-
ate mixing of natural and enriched B,C using agate mortar
and pastel. Boron standard pellets were prepared by homoge-
neously mixing varying amounts of boric acid (25-250 mg)
with fixed amount of CaF, (having 5 mg effective mass of
F) in a cellulose matrix to get the calibration curve. Differ-
ent B,C samples with varying '°B atom%, neutron absorb-
ers (NdBg, (T1,Cr)B,, SiBg) and neutron shielding material
(borated wood) were prepared in pellet form of total weight
750 mg, diameter 2 cm, and thickness 0.2 cm in a cellu-
lose matrix applying 2 ton pressure using hydraulic press
after homogeneous mixing of sample (100 mg) for about
2 h, constant amount of CaF, and cellulose as the matrix for
the PIGE experiment. Fluorine in the form of CaF, acts as
in situ current normalizer as it is absent in the sample. Repli-
cate samples (N =6) were prepared to evaluate the reproduc-
ibility/precision of results. A blank pellet except the sample
was prepared to check any gamma ray interference from the
CaF, and cellulose matrices. Method validation was carried
out with targets of stoichiometric compounds namely borax
and natural boron carbide.

Irradiation and measurement in PIGE

Quantification of total boron in boron based neutron
absorbers and shielding materials,isotopic composition
of boron in natural, enriched and synthetically prepared
enriched boron carbide samples have been done by in situ
current normalized PIGE method using 4 MeV proton
beam from FOlded Tandem Ion Accelerator(FOTIA),
Mumbai,India. The 4 MeVproton beam is suitable for
this experiment as a higher count rate under the peak of

interest is obtained with lower counting statistical error
and there is no interference from the gamma rays due to
matrix at this energy. The targets of samples and stand-
ards, mounted on a stainless steel ladder, were kept under
vacuum (< 107 Torr) inside a scattering chamber. The tar-
get pellets were placed at 45° to the beam direction during
irradiation. HPGe detector was placed at 90° to the beam
direction and target to detector distance was 7 cm. The tar-
gets were irradiated for 20-30 min with current 15-20 nA
depending on the sample to accumulate counts of the order
of 10 for in situ current normalizer and 20,000—-80,000
for boron peaks and the dead time was kept below 5%.
Energy calibration of the HPGe detector was done using
standard '3?Eu source and a multielement target to cover
up to energy range 2125 keV of !'B placed in the target
position. Gamma ray measurement was done with a 50%
relative efficiency HPGe detector having energy resolution
1.9 keV at 1332 keV of ®*Co. The detector was coupled to
a PC based 4 k Multi Channel Analyzer (MCA). Gamma-
ray spectra obtained using 4 MeV proton beam and F as
in situ current normalizer for borated wood and 50 atom%
of 1°B enriched B,C samples are shown in Figs. 1 and
2, respectively. The acquired spectra were analyzed using
peak-fit software called Pulse Height Analysis Sof Tware
(PHAST) for peak areas (net counts) determination [16].
Efforts were taken to analyze higher degree of homog-
enised pellet samples and standards. To check the homoge-
neity of sample pellets, a few representative samples were
irradiated at three different locations and the percentage
differences of counts under the peak of interest of boron
(429, 718 and 2125 keV) from multiple measurements
were about 0.5%.
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Fig.2 PIGE spectrum of 10° 5
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Total B concentration determination in borated
wood using conventional ICP-OES method

The wood sample flakes were wetted with saturated barium
hydroxide solution and dried under IR lamp. The sample
was ashed in a muffle furnace at 600 °C for 2 h. The residue
was dissolved in hydrochloric acid and made up to a known
volume. An aliquot was titrated against standard alkali in the
presence of a polyhydric alcohol to determine the boron con-
tent. The method was validated by dissolving the samples by
two additional methods viz. microwave digestion and alkali
fusion. The sample solutions were then analysed for boron
content using Titrimetry as well as ICP-OES [17].

Calculation
Determination of total boron concentration by PIGE

Concentration of total boron was determined using rela-
tive methods of PIGE. Relative method requires a previous
knowledge in the composition of sample in order to choose
the standards. As we are determining boron high pure boric
acid (99.5%) standards are used. In this work both samples
and standards were irradiated under similar experimental
conditions like fixed beam energy, target to detector distance
and fixed target angle with the beam direction. In case of
relative method of PIGE, it is not required to measure abso-
lute current for sample and standard. In the present case we
added F in the form of CaF, as in situ current normalizer to
the solid samples and mixed homogeneously.

@ Springer

T
1000

Energy( in keV)

1500

The count rate of the gamma-rays of interest is normal-
ized with the sensitivity of fluorine [count rate of F per unit
concentration (in ppm or mg kg~!)] both for sample and
standard, (Scy) £ samssia t0 account for any fluctuation in
beam current during irradiation. The concentration of an
analyte, ‘x” in sample (Cg,, ) can be determined by using
the following expression.

(CPSx)Sam

CSam,x = 1
(SCN) Fsam X SN M

where (Sg,;,)y is the in situ current normalized sensitivity
of standard of an element (x) is obtained using the follow-
ing relation,

(CPS)su

Sqs)y = — x4
( S )N (Sen)Fsia X Csiax

@

where Cg,, , represents the concentration of ‘x’(mg kg™")in
the standard pellet, (CPS,)g4/s:4 18 the count rate of x in
sample or standard [1, 8]. (Sc) £ sumssia 18 given by

Count rate of 197 keV peak of ° F in Sam /Std
Concentration of F (in ppm) in Sam /Std pellet

(SCN)F,Sam/SLd =

Determination of isotopic composition of boron
by PIGE

The prompt y-rays of '°B (429 keV, 718 keV),!'B (2125 keV),
and "°F (197 keV) from 10B(p,ocy)7Be, 10B(p, p'y)lOB, 11B(p,
pv)!'B and"’F(p, p'y)'°F reactions, respectively, were detected



Journal of Radioanalytical and Nuclear Chemistry (2020) 323:1359-1366

1363

by High Purity Germanium (HPGe) detector both for samples
and standards. Boron peaks at 429, 718 and 2125 keV not
interfered in the present case due to absence of Li, Cl, and S.
If they are present in the sample, the 2125 keV y-ray of !'B(p,
p'y) ''B will be interfered from**S(p, p'y) **S and *’Cl(p,
ay)**S whereas 429 keV of °B(p, ay)’Be will be interfered
from’Li (p, ny)’Be. Interferences from Cl and S are less at
4 MeV proton beam compared to Li as per the proton induced
thick target y-ray yield data. A blank pellet except the sam-
ple was prepared to check any gamma ray interference from
the CaF, and cellulose matrices. No gamma ray interferences
from the above isotopes have been observed. The absence of
478 keV gamma ray from "Li (p, p'y) Li having high thick
target yield at the 4 MeV proton beam in the samples ensures
the absence of Li. The IC of B was calculated using Eq. (3) by
taking simply peak area (PA) ratio of sample to standard [1,
8]. IC determination does not require peak areas of the in situ
current normalizer.

IOB _ (PA(]OB)/PA(”B))SampIe G(IOB)
<@>Amm_ (PA(19B) /PA('B)) “NO8) /e

Reference
3)

where the isotopic abundance (0) ratio in boric acid standard
(6("°B) /6("'B) ) geterence 18 0-2473 £0.0002.

The '°B at% can be calculated from (°B/'!B)
using Eq. (4) as follows

Atom ratio

(IOB>
"B J Atom ratio % 100

0B(Atom%) = | ———Aemre
(ﬁ ) +1
Atom ratio

“

Results and discussion
Total boron concentration determination

The total boron concentrations of the samples were deter-
mined by in situ current normalized PIGE using Eq. 1
for 718 keV of '°B and 2125 keV of !'B and are given in
Table 1.

The uncertainties (£2 s) at 95.5% confidence level
reported in Table 1 for total boron concentration from three
replicates are in the range of 1.9-3.3% using 718 keV of
198, 0.8-3.8% using 2125 keV in PIGE and 2.2-3.1% in
ICP-OES. Combined uncertainty at+ 1 s was calculated
by propagating individual uncertainty components like
uncertainties (counting statistics) on peak areas of sample,
standard and in situ current normalizer, uncertainty due to
pellet homogeneity and uncertainties on their corresponding
absolute masses. Finally, the expanded uncertainty at+2 s
(k=2, at 95.5% confidence level) was calculated and val-
ues are 2.3-3.1% for 718 keV and 2.0-2.9% for 2125 keV.
The individual uncertainties are: counting statistics error of
sample in the range of 0.6-1.2% at 718 keV and 0.5-1.1%
at 2125 keV and of standard about 0.7% at 718 keV and
0.5-0.7% at 2125 keV, counting statistics error for in situ
current normalizer F at 197 keV is 0.2%, uncertainties due
to masses of samples, standard and current normalizing
standard are in the range of 0.05-0.2% and the uncertainty
on pellet homogeneity was about 0.5%. Total boron concen-
trations for natural composition samples obtained indepen-
dently from 10g (using 718 keV) and ''B (using 2125 keV)
are in good agreement. The B concentrations using conven-
tional ICP-OES method for borated wood and natural B,C
have also been performed and given in Table 1. The results
obtained from both PIGE and ICP-OES method are in good
agreement with an absolute error below 2.5%. The results
of total boron concentration in natural B,C by PIGE and
ICP-OES can be treated as the method validation and the

Table 1 Total B concentration

) R Sr. no. Sample Total B concentration in wt% (absolute +2 s) Total B concentration
obtamefi using in situ current in wt% (absolute+2 5)
normalized PIGE method
and its comparison with (PIGE) (ICP-OES)
conventional ICP-OES method 718 keV (1°B) 2125 keV (''B)

1 BW-1 1.07(2) 1.06 (1) 1.07(3)
2 BW-2 1.34(4) 1.33 (1) 1.37(3)
3 NdBg 30.6(7) 30.4 (10) NA

4 SiBg 69.2(15) 69.0 (14) NA

5 (Ti,Cr)Boride 21.6(6) 21.6 (5) NA

5 B,C (N) 78.4(26) 78.6 (30) 78.5(24)

NA not available, absolute uncertainties at 95.5% confidence level (+2 s) from triplicate sample analyses
are given in bracket () e.g., 78.4(26)=78.4+2.6
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obtained results are in good agreement within +2% of their
expected or calculated values.

Matrix effect study in B,C samples by in situ current
normalized PIGE method

PIGE analysis is usually performed with the help of the
standards but for better result the standard matrix should
be similar to the sample being analysed [18]. Hence study
on matrix effect is required for determination of B in dif-
ferent matrices. In situ current normalized PIGE method
has been established by us for quantification of total B in
various boron compounds using boric acid as the standard.
Samples are prepared with cellulose as the major matrix
(90% or more). Thus, the matrix effect is negligible in order
to have appreciable effect on results as the stopping power
of sample and standard for 4 MeV proton beam has been
assumed as the same. In order to study the matrix effect
of boron determination keeping constant amount of boron
standard in cellulose matrix, PIGE experiment was carried
out for varying masses of samples (50-250 mg, effective
boron atoms different in samples compared to standard) of
B,C. The count rates of all three peaks at 429 and 718('°B)
and 2125 keV('!B) per unit mass of the sample normalized
with cps of 197 keV(!°F) were determined and the results
are shown in Table 2. It is interesting to note that the matrix
effect is not seen for total boron concentration determination
using in situ current normalized PIGE method. The results
indicated the variation (% RSD) of the mass and current
normalized cps in in situ method are 10.0% (429 keV), 6.9%
(718 keV) and 4.3% (2125 keV) indicating a very good
agreement of the values and stopping power effect is negli-
gible, which is due to presence of in situ current normalizer.
As expected the 2125 keV (!!B) which is higher in energy
has got least variations due to lower matrix effect (attenua-
tion) compared to 429 and 718 keV. Thus for samples like
B,C, variation in sample masses to get total B is not an issue

Table2 Mass and current normalized cps using in situ current nor-
malized PIGE method to study the effect of matrix with varying
amount of B,C masses

Mass of BC  Mass and Current normalized CPS

429 keV of B 718 keV of 1B 2125 keV of !'B

25 0.0068 0.0029 0.0052
50 0.0068 0.0027 0.0052
100 0.0074 0.0028 0.0054
200 0.0065 0.0025 0.0050
250 0.0083 0.0030 0.0056
Average 0.0072 0.0028 0.0053
%RSD (x15s) 10.0 6.9 4.3
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with in situ current normalized PIGE as linearity holds good
for 10 fold differences in masses of the sample (25-250 mg).

Determination of IC ratios in in-house prepared
enriched B,C samples

The homogenized enriched B,C powder samples with '°B
atom% of 30, 40, 50 and 60 were analysed by PIGE method
using 4 MeV proton beam to determine the IC. The results
obtained for different B,C samples are given in Table 3.
The isotopic composition of boron ('°B/''B atom ratio)
was determined by comparing peak area ratios of 429 and
2125 keV of sample to boric acid standard using Eq. 3 and
9B atom% was calculated from the atom ratio using Eq. 4.
The IC values from six replicates were in between 0.248 and
2.022 that corresponds to 19.9-67 atom% of '°B. The IC
values obtained from two gamma energies of 1°B at 429 keV
and 718 keV and 2125 keV of !'B are in good agreement
(within+ 1%) and it gives the self-validation using PIGE
[1]. The uncertainties (+2 s) at 95.5% confidence level
reported in Table 3 for IC of boron from six replicates are
0.8-2.4% and 1.0-2.7% for 429/2125 keV and 718/2125 keV
of 1°B/!'B peaks, respectively. We have also calculated the
expanded uncertainty at+2 s (k=2, at 95.5% confidence
level) by propagating individual uncertainty components like
uncertainty (counting statistics) on peak areas of sample and
standard. The advantage of PIGE for IC determination of
boron is that the uncertainties due to mass and current nor-
malizer are not input parameters as the peak areas of two
peaks of !B and !'B are used for calculation from same sam-
ple. The corresponding expanded uncertainties on IC values
are found to be 1.7-2.0% and about 2.4% for 429/2125 keV
and 718/2125 keV of '°B/!'B peaks, respectively, which are
found to be similar compared to that obtained due to uncer-
tainties from un-weighted standard deviation from replicate

Table 3 Isotopic Composition of B ('°B/''B atom ratio) and '°B
atom% in synthetically prepared in house reference standards for '°B
atom% enriched B,C obtained from PIGE

Sample Using 429 keV of 1°Band ~ Using 718 keV of '°B and
2125 keV of ''B 2125 keV of ''B
10B/11B atom 9B atom% '°B/''B atom 1B atom%
ratio (abso- ratio (abso-
lute+2 s) lute+2 s)
B,C(N) 0.248 (2) 19.9 0.250 (2) 20
B,C(E) 2.020 (32) 66.9 2.022 (30) 66.9
B,C(30) 0.427 (6) 29.9 0.425 (8) 29.8
B,C(40) 0.669 (16) 40.1 0.662 (18) 39.8
B,C(50) 0.997 (24) 499 1.010 (22) 50.2
B,C(60) 1.462 (34) 59.4 1.450 (30) 59.1

Absolute uncertainties at 95.5% confidence level (2 s) from six rep-
licate sample analyses are given in brackets () in columns 2 and 4



Journal of Radioanalytical and Nuclear Chemistry (2020) 323:1359-1366

1365

samples as given in Table 3. The obtained results will be
considered as the in house prepared values rather than the
calculated or added isotopic concentration values. This is
the first step for preparations of in-house reference standard
for IC of B using PIGE method and the results are found
encouraging.

Method validation

We have used borax, B,C and synthetic samples for in situ
current normalized PIGE method validation in the case of
total boron concentration determination in the absence any
CRMs/SRMs. On the other hand, boric acid isotopic SRM
951a from National Institute of Standards and Technology
(NIST) was used for method validation for the IC of boron,
wherein the 'B/!'B atom ration is 0.2473 +0.0002 with
10B(atom%) 19.827 +0.013 and ''B(atom%) 80.173 +0.013.
Our determined values by PIGE for IC and total '°B
atom% in SRM 951a are found to be 0.2473 +0.002 and
19.85 +0.12, respectively, and are in good agreement with
certified values.

Conclusions

The work carried out using PIGE is a unique one having
promising application to boron based neutron absorbers.
PIGE method has been advantageously applied to sam-
ples which could be analyzed without chemical dissolution
for obtaining intended results of either total B concentra-
tion and/or IC of boron. The developed method has been
extended to prepare in-house reference standard for isotopic
composition of boron and the feasibility run has shown
promising results in the range of 30-60 atom%. Matrix
effect study taking varying masses of B,C has been studied
which shows the efficacy of the in situ current normalized
method. This work is the first step of preparation of in house
reference materials for IC of enriched boron carbides. The
results of total boron data were in good agreement with two
gamma-rays °B (718 keV) and ''B (2125 keV) for all sam-
ples and also in good agreement with conventional ICP-OES
method for borated wood and B,C samples. The main advan-
tage of the standardized PIGE method is that it is an online
method for quick quantitative analysis for determination of
total B and its isotopic composition in solid samples directly,
i.e., without any chemical dissolution/destruction.
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