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Abstract

The article gives the summary of our R&D contributions of in situ current normalized particle induced gamma-ray emis-
sion (PIGE) method utilizing proton beams from accelerators to quantify low Z elements from Li to Ti in various samples.
Measurement of prompt gamma-rays from proton induced reactions was performed by HPGe detector system coupled to
MCA. PIGE methods were utilized for non-destructive quantification of low Z elements in glass, ceramics like lithium titan-
ate, Li-ion batteries and archaeological artifacts, environmental and food samples, and simultaneous quantification of total
B and its isotopic composition in boron-based neutron absorbers, alloys and refractory materials.

Keywords Low Z elements - PIGE - In situ current normalization - Glass - Ceramics - Neutron absorbers

Introduction

Chemical characterization of fabricated or developed materi-
als is the most important step under chemical quality control
(CQC) to ensure the material suitability as per the specified
composition. CQC involves quantification of major, minor
and trace elemental concentrations by a suitable analytical
method with adequate accuracy and precision. The materi-
als of interest are solid samples having matrices like met-
als and alloys, glass and ceramics, various oxides, carbides
and refractory materials as well as other matrix samples of
geological, biological and environmental origin. The rou-
tinely used analytical methods are mostly wet-chemical and
spectroscopic techniques like atomic absorption spectros-
copy (AAS), inductively coupled plasma optical emission
spectroscopy (ICP-OES) and ICP mass spectrometry (ICP-
MS) and chromatographic techniques. Though these tech-
niques serve the purpose even at low concentration levels,
they are destructive in nature involving cumbersome chemi-
cal dissolution using stronger acids and separation and/or
pre-concentration and, also, they are not free from reagent
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blank. The method of choice for analysis of solid samples
mainly are X-ray fluorescence (XRF) [1], nuclear analyti-
cal techniques (NATSs) namely neutron activation analysis
(NAA), prompt gamma-ray NAA (PGNAA) [2-5], photon
activation analysis (PAA) [6] and charge particle activation
analysis (CPAA), laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) [7], laser induced break-
down spectrometry (LIBS) and ion beam analysis (IBA)
techniques like particle induced X-ray/gamma-ray emission
(PIXE/PIGE) [8-15]. NATs like PGNAA, INAA, CPAA,
PAA and PIGE are isotope specific techniques and have
several advantages like simultaneous multielement deter-
mination capability, non-destructive in nature (as direct solid
samples are used), negligible matrix effect, high sensitivity
and selectivity for many elements, and inherent precision
and accuracy in the analytical results.

In samples like ceramics, glass, soil, sediment and geo-
logical origin, low Z elements like Si, Al, Na, K, Mg, and
Ca are the major matrix elements whereas in samples like
lithium based ceramics and boron carbides, again low Z ele-
ments are the main constituents. Low Z elements are also
minor and trace constituents in various samples. Thus, quan-
tification of low Z elements in these solid samples without
sample destruction is a challenge to the analyst. INAA, XRF
and PIXE techniques are mainly used for determination of
medium and high Z elements in solid samples, and thus
not suitable for low Z elements. INAA is a very good non-
destructive technique used for determination of the elements

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-018-6319-x&domain=pdf

1728

Journal of Radioanalytical and Nuclear Chemistry (2018) 318:1727-1735

starting from Na. Non-destructive approaches of PIXE and
XRF techniques are not suitable for low Z elements due to
lower X-ray yield and higher Compton background at low
energy region. Practically, XRF and PIXE techniques are
used for the elements starting from K, though in some cases
reports are there from Si onwards. Other two activation tech-
niques namely PAA (using Bremsstrahlung radiation from
electron beam accelerators) and CPAA (using energetic
charge particles like p and a from particle accelerators) can
determine low Z elements, however many of the products of
low Z elements are neutron deficient decaying by 511 keV
annihilation gamma-ray (non-characteristic), which makes it
difficult to determine simultaneously as well as non-destruc-
tively. PGNAA is a suitable technique for a few low Z ele-
ments including H, neutron poisons like B, Cd and Gd and
rare earth elements (REEs). On the other hand, PIGE is the
most suitable nuclear analytical method for simultaneous
determination of low Z elements from Li to S using low
energy proton beam (2-5 MeV) [9-14] and for C, N, O as
well as medium to higher Z elements using medium energy
proton beam (7-9 MeV) [15]. PIGE involves measurement
of prompt gamma-rays when energetic charged particles (p,
d and a) are bombarded on the target. The proton induced
reactions involve measurement of prompt gamma rays from
inelastic-scattering (p,p"y) or from nuclear reactions like
(p,aty), (p,ny) and (p,y). For quantitative information on ele-
mental concentrations using peak areas under characteristic
gamma-ray spectra, it is important to have the knowledge of
parameters like gamma-ray yields or cross-sections, stopping
power of material and beam current. Table 1 gives some
relevant reactions of low Z elements and corresponding thick
target gamma-ray yields at two selected proton energies (4
and 7 MeV) [14, 15]. The thick target gamma-ray yields are
facility independent and efficiency normalized values and,
thus, they give idea about relative sensitivities of low Z ele-
ments for same and different proton energies and also for
different gamma-rays of same elements like in the cases of F,
Li, B, Na, Al, Si, Mg and Ti (Table 1). The most prominent
reaction is (p,p"y) compared to (p,y), (p,ny) and (p,ay) reac-
tions. Though many elements like Li, F, B and Al have good
sensitivity at 4 MeV proton beams, elements like C, N, O,
Al P, S, Cl, Mg, K and Ti have better sensitivities [except
for (p,y) reaction] in higher energy (7 MeV) proton beam
due to higher effective cross sections or higher thick target
gamma-ray yields. Thus PIGE, a complementary technique
to PIXE, XRF and INAA, has several advantages like simul-
taneous determination of low and medium Z elements, often
solid sample for analysis, thus non-destructive in nature, less
matrix effect for thick and diluted pellet samples and no or
very less spectral interference.

In addition to above PIGE literature references, vari-
ous samples of geological, archaeological, ceramic, steel,
dust, aerosol and biomedical origin have been analyzed by
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Table 1 Thick target gamma-ray yields (counts/uC/Sr) of some rel-
evant proton induced reactions of low Z elements [14, 15]

Element Reaction Ey (keV)  Yield at Yield at
4 MeV 7 MeV
proton proton

Li ®Li(p,y)"Be 429 1.1x107 NA

"Li(p.p'y)"Li 478 8.1x107 3.6x 108

"Li(p,ny)'Be 429 2.6x10’ 43%107
Be °Be(p,ay)°Li 3526 2.5%10° 1.95x 108
B 0B (p,ay)’Be 429 1.1x107 NA

9B (p,p'y)'°B 718 3.0x10° 1.2x108

"B(p.p)!''B 2125 1.1x10° 2.8x 108
C 2cp,py)tc 4439 NA 7.5%108

Beppy)tc 3089 4.1x10* NA

N “N(p.p )N 2313 5.4x10* 1.8x107

o) 1%0(p,1)'70 495 2.2x10° NA

160(p,p'y)'°0 6129 NA 1.2x107
F YE(p.p'y)'°F 110 1.1x10’ NA
YE(p.p'y)'°F 197 4.3%10’ NA
YE(p,p'1)"°F 1236 6.8x10° NA
YE(p,a'y)1%0 6129 5.0% 107 9.4 x107
Na Na(p,p'y)*Na 440 3.9%10’ 6.7 x108
BNa(p,p'y)*Na 1636 NA 48x%108
BNa(p,p'y)*Na 1951 2.6x10’ NA

Mg BMg(p,p'y)* Mg 417 45%10° NA
AMg(p,p'y)* Mg 585 1.2x10° NA
HMg(p,p'y)* Mg 1369 NA 7.3%108

Al T Al(p,p'y)* Al 844 7.5%10° 3.8x108
T Al(p,p'y)* Al 1014 1.6x107 5.0x108

Si BSi(p,p'y)?Si 1779 1.0x 107 2.1x108
PSi(p,p'y)?Si 1273 8.7x10° NA
BSi(p,y)*'P 1266 3.6x10° NA

P SPp.p'y)*'P 1266 8.9x10° 9.7x10’

3P(p,ay)?8Si 1779 1.1x10° 5.2x107

S 328(p.p'y)*%S 2230 8.9%10° 6.2x107

Cl 3Clp,p'y)>Cl 1763 6.8x10° 9.5x107

K FK(p.py)’K 3019 NA 1.8x107

HK(p.p'y)"'K 1214 1.4x10° NA
Ca Dcappy)Ca 3736 NA 7.4%107
Dcappy)Ca 3904 NA 8.6x 10’
Ti BTi(p,p'y)*Ti 983 NA 6.15x 107
BTi(p,p'y)*Ti 1312 NA 4.34x%10°

conventional PIGE since 1960. Sippel and Glover [16] for
the first time showed that gamma-rays emitted by using ener-
getic protons of the order of MeV could be used for deter-
mining low Z elements like Li, Be, C, N, O, F, Na, Mg Al
and P in geological samples. PIGE using deuteron beam was
used for carbon and 4 MeV proton beam was used for Si in
different kind of steel samples [17]. Fluorine was quantified
by PIGE in SiF, etch residues on silicon using 197 keV of
19F [18]. The PIGE technique was utilized for determination
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of C, N, O, Si and S in coal samples using 9.5 MeV proton
beam [11]. Coote, in 1992 reviewed specifically the nuclear
reactions for PIGE analysis of F and other low Z elements in
different materials including biological (like teeth, bone and
fish scales), archaeological and atmospheric samples [19].
PIGE was employed to determine Li, Be, B and F in the indi-
vidual grains of micas using alpha particle beam of energy
1-3 MeV [12]. Clay samples were analyzed by Savidou et al.
using 4 MeV proton beam for low Z elements namely Li,
B, F, Na, Mg, Al, Si and P [14]. Nsouli et al. analyzed F
concentration in a drug as a part of CQC exercise [20]. A
number of glass samples of archaeological importance have
been studied using PIGE-PIXE combination, wherein PIGE
was used to determine Na, Mg, Al and Si [21]. Different
samples of geological importance and environmental refer-
ence materials have been analyzed by Valkovic et al. using
PIGE methods [9]. In addition to in-beam PIGE, external
PIGE (beam in air) keeps promise for analysis of many solid
and non-standard geometry samples of importance includ-
ing archaeological samples/ceramics. Using external PIGE,
Saarela et al. determined low Z elements like Na, Mg, Al,
P and Mn in plant samples using 3 MeV proton beam [22].
Sunitha and Kumar et al., have determined O in materials
and '°B/''B atom ratio in B,C by conventional PIGE meth-
ods [23, 24].

In the above mentioned literature surveys, mainly conven-
tional PIGE methods using RBS or charge (uC) normalized
approaches have been used to the best of our knowledge.
Present article gives a summary of our work on develop-
ment and application of in situ current normalized as well
as conventional PIGE methods for quantification of low Z
elements using proton beams (4-8 MeV) from accelerators
and their applications to various samples including glass,
ceramics, carbides and alloys [25-39].

Experimental

In the present work, both conventional and in situ current
normalized PIGE methods were standardized using 4 and
5 MeV proton beams from tandem particle accelerators in
India namely FOlded Tandem Ion Accelerator (FOTIA),
BARC, Mumbai and 3 MV Tandetron of Ion Beam Labo-
ratory (IBL), Institute of Physics (IOP), Bhubaneswar and
8 MeV proton beam from BARC-Tata Institute for Funda-
mental Research (TIFR), Mumbai. Samples analyzed were
glass, lithium based ceramics, clay ceramics, and boron
based neutron absorbers as well as geological, environmental
and biological samples. Samples were in pellet forms either
in cellulose or graphite matrix, keeping in mind of similar or
negligible stopping power. Samples were irradiated in vac-
uum (~ 107 torr) with proton beam current in the range of
10-50 nA. In the present work, we have followed an in situ

current normalization method in which either F or Li (not
present in the sample) was mixed in the sample and standard,
the details of the method is described below. Otherwise con-
ventional RBS approach using thin gold foil and conduct-
ing target using graphite matrix were employed for beam
current monitoring/normalization. The prompt gamma-rays
of low Z elements were measured by HPGe detector based
conventional high resolution gamma-ray spectrometry in
the range of 110 keV (*°F) to 6129 keV (1°0). The typical
gamma-ray spectra of samples in PIGE using proton beams
(4, 5 and 8 MeV) are given in the Figs. 1, 2, 3 and 4: Fig. 1
for soda-lime glass using 4 MeV proton beam showing Si,
Al, Na peaks along with 1236 keV of '°F (as in situ current
normalizer), Fig. 2 for lithium titanate sample using 8 MeV
proton beam showing Li, Ti and O peak, Fig. 3 for ZrB, sam-
ple using 5 MeV proton beam showing peaks of 1°B and !'B
along with 197 keV of '°F (current normalizer) and Fig. 4
for rock phosphate reference material (BCR No. 32) along
with Li as in situ current normalizer, showing gamma-rays
of low Z elements like Si, Al, Na, P and F. Gamma-ray spec-
tra were analyzed using peak-fit software called pulse height
analysis software (PHAST) for the peak area determination.
For obtaining lower counting statistical errors, higher counts
(peak area) were acquired for the analyte of interest in the
range of 20,000-1,00,000 as well for the in situ current nor-
malizers (like Li, F or Al) in the range of 50,000-2,00,000.

The in situ current normalized PIGE method
for concentration calculation

The count rate R (counts per second, cps) of gamma-rays of
interest emitted in bombardment of a thick target by a proton
beam of energy (E,,,,) is given by [35],

440 keV (*Na)
511 keV

1633 keV (**Na)
1779 keV (* Si)

1236 keV ("°F)

Counts
1014 keV (% Al)

10° 4

T T T T
1000 1250 1500 1750

Energy(in keV)

T T
500 750 2000

Fig.1 Gamma-ray spectrum of a soda-lime glass sample in PIGE
irradiated using 4 MeV proton beam
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Fig.3 Typical PIGE spectrum of a ZrB, sample with F as in situ cur-
rent normalizer irradiated with 5 MeV proton beam

_ p-N,.0.C 0 &(E)E
R(cps) = [—M ].Io.er.Er{ux —(dE/dx)E (1)

where N, is the Avogadro number, M is the atomic mass, p
is elemental density (in g cm™), ¢, is the absolute detection
efficiency, 0 is isotopic abundance of analyte, /, is the beam
current, o(E) is the energy dependent gamma-ray produc-
tion cross-section for a particular nuclear process, (dE/dx)g
is the stopping power of target (S) at the beam energy E and
C is the concentration (wt% or mg kg~!) of analyte in the
pellet. The count rate ratio of a gamma-ray corresponding
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Fig.4 Gamma-ray spectrum of the rock phosphate reference material
in PIGE using 4 MeV proton beam

to an element/isotope in the sample (Sam) and the standard
(Std) is given below.

— (IO)Sam % SStd
Rya  Cisu (Io)sm SSam

RSam _ CXVSam

(@)

When exact sample composition is unknown the stopping
power correction is difficult. In the case of powder samples,
they are mixed with cellulose or graphite as the major matrix
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and care is taken to achieve same stopping powers of sample
and standard pellets for the proton beam and thus the ratio
becomes unity. Then the above equation becomes simple as
given below.

Rgum — Cx,Sam (IO)Sam 3)
Rsa  Cosu (I)gy

Now it is necessary to know the value of beam current ratio
[(1))sam/U,)siq], Which is an important aspect of accelera-
tor based experiments. The beam current variation in thick
sample is monitored or normalized by measuring the current
directly from the conducting sample [27] or by RBS method
using thin foils like Au and Ag in which backscattered par-
ticles are measured using a Si based surface barrier detector
kept at a fixed backward angle with respect to the ion beam
[25, 35]. In the present work, we have optimized an in situ
current normalization approach wherein an element namely
F or Li not present in the sample and having higher sensi-
tivity in PIGE, is mixed homogenously in the sample and
standard in constant amount. If it is difficult to mix with the
samples like paraffin wax or any metal and alloy, the in situ
current normalizer (like Al) can be kept or wrapped over the
sample and standard [35]. The variation of beam current, if
any, is obtained by measuring simultaneously the count rate
of element of interest and the in situ current normalizer. This
method does not demand sample to be conducting and also
does not require a separate arrangement (like RBS set-up)
for current measurement. The count rate (R in counts per
second, CPS) of the gamma-ray of interest is normalized
with the sensitivity (S=CPS per unit mass or concentra-
tion) of the added element to account for the current vari-
ations, if any, during the experiment. This normalization
procedure makes the analysis independent of any fluctua-
tion in beam current during irradiation as the count rate of
the current normalizing standard as well as the element of
interest changes proportionally with the beam current. For
concentration calculation of analyte in sample, the in situ
current normalized count rate of sample is simply compared
with beam current normalized sensitivity of standard using
the following relation,

where Cg,, 1> (R )sam» (S15)sam @and (Sgq )y are the concentra-
tion of analyte ‘x” (mg kg™") in the standard pellet, count rate
of gamma-ray of interest of analyte in sample, sensitivity of
in situ current normalizer (CN) for sample pellet and cur-
rent normalized sensitivity of elemental standard (normal-
ized CPS per mg kg™! of standard element), respectively.
Further details of calculations are found in our publications
[25, 30, 35].

Results and discussion

Barium borosilicate glass (BaBSG) is a promising matrix for
nuclear waste vitrification and such glass samples with vary-
ing composition of Si, B, Al and Na with F were prepared
to examine the retention or loss of F during vitrification at
a higher temperature. Both conventional and in situ current
normalized PIGE method were utilized for determination of
total F as well as other low Z elements (Si, Al, Na, B and/
or Li) as a part of chemical quality control (CQC) exer-
cise [25, 26]. The concentrations ranges of different ele-
ments determined were 0.1-3.8 wt% (F), 0.7-1.0 wt% (Li),
4.5-10.0 wt% (B), 8.0-13.0 wt% of Na, 16.0-18.0 wt%
(Si) and 1.8-3.0 wt% (Al). The total propagated uncertain-
ties in the results were less than +3.0%, which are due to
uncertainties on peak areas of analyte of interest of sam-
ple, standard and in situ current normalizer and their cor-
responding masses. Application of PIGE was very important
to determine F and other low Z elements without any sample
destruction of the complex glass matrix.

The PIGE methods were extended to other glass samples
(soda-lime, Fig. 1) and archeological clay ceramics (potter-
ies and bricks) and (certified) reference materials from NIST
and IAEA for quantification of low Z elements (Si, Al, Na
and/or B) [27, 28]. Typical results of low Z elements in glass
samples, clay ceramics and NIST SRM 1645 (sediment) are
given in Table 2. Glass objects are widely studied by IBA
techniques (PIXE/PIGE) for forensic applications [29].

The in situ current normalized PIGE method (using F
as current normalizer) was extended for the determination
of lithium and other low Z elements in sol-gel synthe-
sized (1) Li doped neodymium dititanate and (2) lithium

(R)sam titanate (Li,TiO5) and lithium aluminate (LiAlO,), which
Coamx = )
(SCN)Sam X (SStd,x)N
Table2 Quantification of low Sample Si (Wt%) Al (Wt%) Na (wt%) B (Wt%)
Z elements in borosilicate and
soda-lime glass, clay ceramics Barium Borosilicate glass 15.9+0.2 1.84+0.02 9.34+0.08 5.85+0.08
and reference materials by Soda-lime glass 31.8403 0.71+0.03 10.3+0.08 NA
in situ current normalized PIGE
using 4 MeV proton beam Clay ceramic 31.6+0.3 0.90+0.02 9.0+0.1 NA
NIST SRM 1645: this work 241413 2.18+0.06 5315+90 NA
NIST SRM 1645 certified value 23.3+2.7 2.26+0.04 5400+120 NA

NA not available

@ Springer



1732

Journal of Radioanalytical and Nuclear Chemistry (2018) 318:1727-1735

are difficult to be analyzed using wet chemical methods.
Concentration of Li was estimated in both heat-treated
(at 800 °C) as well as precursor samples of Li doped neo-
dymium dititanate for studying the ferroelectric properties.
The concentrations of Li were found to be lower by 5-35%
with respect to precursor samples [30]. PIGE method using
4 MeV proton beam was further used for the determination
of Li and Ti in Li,TiO;5 and Li and Al in LiAlO,, which are
important proposed tritium breeder blanket materials in pro-
posed D-T based fusion reactor under ITER programme [31,
32]. Li concentrations in the range of 11.0-12.7 wt% and
Ti concentration in the range 42.7-44.7 wt% (by PIGE and
INAA) with less than + 3% uncertainties were determined.
As O could not be determined using 4 MeV proton beam,
PIGE method using 8 MeV proton beam was developed for
simultaneous determination of Li, Ti and O (Fig. 2) [33].
Experiments were carried out using samples in graphite
matrix and RBS method using thin Au foil for the current
measurement. The concentrations of Li, Ti and O were in
the range of 11.8-12.7, 43.3-43.8 and 43.7-44.3 wt% with
respect to their stoichiometric concentrations of 12.67, 43.51
and 43.85 wt%, respectively. The corresponding propagated
uncertainty values within +3%, +3% and +8%.

The in situ current normalized PIGE method applied to
Lithium iron phosphate (LiFePO,) based Li-ion recharge-
able batteries. While synthesizing these samples lithium has
a tendency to sublime, hence a more amount of lithium is
used. In order to know exact amount of Li in synthesized Li-
ion batteries with respect to added Li, PIGE method using
F as in situ current normalizer was applied [34]. The results
of Li concentration are given in Table 3, clearly indicating
loss of Li during preparation. It helped us to take slightly
higher Li during preparation, so that intended stoichiometric
compound can be prepared for its desired application.

Boron and its compounds, composites and alloys find
extensive applications in various fields including nuclear
technology due to its high thermal neutron absorption cross
section. Various solid boron based materials (like boric acid,
boron carbide, rare-earth and Ti and Ti—Cr based refractory
borides) are extensively used in nuclear industry as neutron
sensors, shielding against neutrons, control/shutoff rods and
in nuclear material storage. Isotope specific nature of PIGE

Table 3 Concentrations of Li (in wt%) in Li-ion battery samples
before and after heat treatment

Sample Sample Calculated Li  Determined Li % Loss
content (wt%) content (Wt%)

Sample 1 LiFePO4 4.40 3.73+£0.02 15.2

Sample 2 Li, (,FePO4 4.48 3.82+0.02 14.7

Sample 3 Li, ,sFePO4  4.61 4.12+0.02 10.6

Sample 4 Li, ;FePO4 4.82 4.71+0.03 2.3

@ Springer

was advantageously utilized for simultaneous quantification
of total boron as well as its isotopic composition (IC) i.e.,
108/!B atom ratio in natural and enriched boron based sam-
ples. In situ current normalization was carried out using F
(by mixing in the target pellet) or thin foil of Al (using as a
single wrapper) for total boron concentration determination.
In addition to the knowledge of total boron, isotopic com-
position ('°B/!"'B atom ratio) and '°B atom% (which gives
0B enrichments) with respect to their natural abundances
of 19.8 atom% ('°B) and 80.2 atom% (''B). The total boron
concentrations obtained in various boron based compounds
and materials were in the range of 5-78 wt% and '°B atom%
was in the range of 19.8-67% [35-37] as shown in Table 4.
The PIGE method was simple for determining the IC values
as current normalization is not a requirement. Results of
IC and total boron concentrations in natural stoichiomet-
ric compounds were used or evaluating the accuracy of the
method. For method validation, total boron concentrations
were also determined by conventional ICP-OES and titrim-
etry (Table 4). It has been observed that for complex matrix
samples including carbide and refractory matrices, PIGE is
a simple and fast method for determination of IC as well as
total B as compared to TIMS and ICP-MS.

Additionally, PIGE method has been used for determi-
nation of F in environmental and food samples like soil,
sediment, coal, coal fly ash, and food (rice, wheat and tea)
samples. Soil and food samples from Fluoride affected and
unaffected areas were collected and analyzed by in situ cur-
rent normalized (taking Li as current normalizer) PIGE
method using 4 MeV proton beam [38, 39]. F concentra-
tions in the range of 40-1500 mg kg~! in soil (still higher
in some locations) and 25-200 mg kg~! in rice and wheat
samples were determined. Samples containing F concentra-
tion > 500 mg kg~! in soil and > 50 mg kg™ in food, were
observed in fluoride affected regions. Tea samples were
found to have higher concentration of F i.e., in the range of
250-600 mg kg~'. PIGE method is being applied for quan-
tification of F and other low Z elements in various refer-
ence materials as well as environmental samples. The Fig. 4
shows a typical gamma-ray spectrum of a Rock Phosphate
Reference Material (BCR No. 32) irradiated using 4 MeV
proton beam at FOTIA, BARC.

Quality assurance/quality control (QA/QC) of PIGE
method

The in situ current normalized PIGE methods were validated
(as a part of QC) by analyzing stoichiometric chemical com-
pounds and/or reference materials from NIST and IAEA. Since
in many cases, it was difficult to obtain suitable reference
materials, the methods were validated by analyzing synthetic
samples in cellulose or graphite matrix. As a part of QA/QC, in
addition to validation of methods, total propagated uncertainty
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Table 4 Boron isotopic

- Sample 108/!'B atom  Current Total B conc. Total B conc. (%unc) Chemical method
composition values by PI(,}E ratio (%unc)  normaliza- (%unc) by PIGE by chemical method
fmd'total boron conceiptrzzltllg)lrlclgz (°B atom%)  tion
and conventional methods in by PIGE
various boron-based samples B4C (N) 0.249 (0.9)  Insitw-F  78.5(1.3) 78.6 (0.6) Titrimetry
(19.9)
B4C (E) 2.035 (0.9) In situ-F 77.8 (1.4) 77.3 (0.5) Titrimetry
(67.0)
TiB, 0.247 (1.0) In situ-F 29.4 (1.3 28.5 (2.0) Titrimetry
(19.8)
ZrB, 0.250 (1.1) In situ F 19.2 (2.0) 19.0 (2.5) Titrimetry
(20.0)
Borax 0.248 (1.1) Insitu F 11.2 (2.5) 11.0 (2.5) Titrimetry
(19.9)
BSG-1 NA RBS-Au 5.53(2.2) 5.6 (1.9) ICP-OES
BSG-2 NA In situ Li 6.43 (3.0) 6.3 (1.6) ICP-OES
Borated wood NA In situ Li 1.35 (2.0) 1.40 (1.2) ICP-OES
Paraffin wax ~ NA In situ-Al 0.95 (2.2) 0.90 (5) 1C

NA isotopic composition value is not available; however they are natural sample (19.8-20.2 atom% of '°B),
IC ion chromatography, BSG borosilicate glass

in the measurements and detection limits all elements of inter-
est were evaluated. The total propagated uncertainties were
arrived at from the (1) counting statistics of samples, stand-
ard, in situ current normalizer, (2) uncertainties on their cor-
responding masses, and (3) uncertainty on the concentration of
current normalizer. The energy uncertainty of the proton beam
is about 0.2% for 4 MeV proton beam which was arrived from
+2 kV uncertainties at 2 MV of terminal voltage of accel-
erator. The propagated uncertainties for elements of interest
like F, Li, B, Si, Na, Al and Ti were in the range of + 1-5%
except for O in which propagated uncertainty was about +8%.
The 3¢ detection limits determined using 4 MeV proton beam
were in the range of 5-50, 4-40 and 5-25 mg kg™ 'for F, Li
and B, respectively, depending on the experimental conditions
and energy of gamma-rays (197 keV for F, 478 keV for Li
and 429 and 2125 keV for B). The detection limits estimated
for Li, Ti and O were 4, 8 and 136 mg kg™', respectively, in
lithium titanate sample using 8 MeV proton beam. In sum-
mary, PIGE methods developed were simple, sensitive and
non-destructive in nature and applied for quantification low Z
elements (in addition to isotopic composition of B) in various
materials including that are relevant to nuclear technology. The
results helped in obtaining desired elemental concentration
non-destructively, process/preparation method optimization as
well as CQC of finished products.

Conclusions

PIGE using proton beams is a simple, sensitive and faster
technique for non-destructive quantification of most of the
low Z elements in various matrices including complex matrix

samples like glass, ceramics, carbides, alloys and refractory
materials. This method in conjunction with PIXE is capa-
ble of complete compositional characterization of materials
in several cases. In addition to conventional PIGE method,
efficacy of the in situ current normalized PIGE method has
been successfully demonstrated utilizing 4-8 MeV proton
beams for quantification of low Z elements in nuclear tech-
nology materials as well as in Li ion batteries and other
samples. Most important is that PIGE method is capable of
giving quantitative information on isotopic composition of B
(1°B/!'B) and total B simultaneously in boron based materi-
als. Quantification of Li in Lithium based ceramics as well
as simultaneous determination of Li, Ti and O is important
contribution for method optimization purposes. Composi-
tional characterization of glass and ceramic samples will
be of help for quality control purposes as well as forensic
applications. All the results obtained by conventional and
in situ current normalized PIGE methods are useful under
CQC of prepared/synthesized materials, which are other-
wise difficult to be analyzed by other radioanalytical and
wet-chemical methods. Utilization of PIGE method using
medium energy proton beam (7 or 8 MeV) will enhance the
elemental capability (up to Z=30 or higher) with improved
sensitivities and detection limits. PIGE keeps promise for
its application to various samples of environmental, biologi-
cal, biomedical and pharmaceutical importance as well as
to advanced and energy related materials including reactor
materials, namely zircaloys, Zr—Nb alloys, stainless steels
and other ceramics/oxides.
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