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Abstract A particle induced y-ray emission methodology
employing the '*O(p.p’y)'*0 (E, = 1982 keV) nuclear
reaction is described for the non-destructive determination
of bulk oxygen in materials. The development of the
methodology follows a comprehensive measurement of the
thick target yields of the 1982 keV prompt y-rays in the
3.0-4.2 MeV proton energy region and a systematic
assessment of such analytical features as the limit of
detection, probing depth, precision and accuracy. The
methodology is validated by analyzing binary, ternary and
multinary oxides. It is simple and rapid, and in combination
with prompt y-ray producing reactions involving the other
constituents, enables the complete compositional analysis
of oxygen bearing materials.
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Introduction

The determination of oxygen has long been a subject of
interest due to the profound influence of the element on the
properties of materials [1, 2]. The materials can be thin
films or bulk compounds wherein oxygen prevails either as
a major constituent or as an impurity element. Amongst the
several different methods of oxygen determination, ion
beam analysis (IBA) holds an important position by virtue
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of its non-destructive nature and versatility. An account of
the capabilities of IBA for oxygen determination is
exquisitely presented in a review article published by
Cohen and Rose in early 90s [3]. The IBA methods, by
taking cognizance of their probing depths, can be sub-
sumed into two broad categories: those suitable for the
determination of surface oxygen and those applicable for
‘bulk’ oxygen determination. Techniques such as nuclear
reaction analysis (NRA), Rutherford backscattering spec-
trometry (RBS) and 3.05 MeV 16O(oz,oz)lGO resonant scat-
tering have a probing depth of a few microns and,
therefore, have been extensively used for the determination
of oxygen in films and in the surface regions of bulk
materials [4-6]. In fact, 160(0(,0()160 resonant scattering
with a detection sensitivity of ~ 1 at% and a depth reso-
lution of ~ 30 nm, is the most popular method of depth
profiling oxygen in materials [7]. Methods based on par-
ticle induced y-ray emission (PIGE), on the other hand,
have probing depths up to several tens of um and therefore
provide the determination of ‘bulk oxygen’ in materials.
But the instances of the applications of these methods are
far and few. In probably one of the most exemplary
applications, Vickridge et al. used PIGE for the precise
determination of oxygen in high temperature supercon-
ductors. In fact, the measurement was accomplished by the
16O(d,py)”O nuclear reaction (£, = 871 keV) and there-
fore, the authors referred to the method as the deuteron
induced gamma emission (DIGME) technique [8, 9]. The
other PIGE methods of oxygen determination utilize the
Op,p'y'°0 (E,=6.1, 69 and 7.1 MeV) and
18O(p,w)lsN (E, = 5.2 MeV) nuclear reactions [10-12].
The objective of the present study is to standardize a
simple and an easily adaptable PIGE methodology for the
routine determination of bulk oxygen in materials which, as
stated earlier, has not received much attention despite its
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immense importance. The '°O(d,py)'’O nuclear reaction,
though possessing excellent analytical attributes, has lim-
ited applicability in view of the fact that deuterons are
prolific neutron producers and laboratories operating deu-
teron beams must have adequate shielding against neu-
trons. The 16O(p,p’y)mO nuclear reaction, on the other
hand, has several limitations. For example, (a) it occurs
only above 6.8 MeV proton energy which precludes the
use of low energy accelerators and (b) it suffers nuclear
interference from '*F(p,oy)'®0, one of the most sensitive
nuclear reactions for fluorine [10]. The likelihood of a
significant neutron production at 6.8 MeV or higher proton
energy from nuclear reactions involving the other con-
stituents of the target is yet another drawback of the
method. Therefore, the 16O(p,p’ y)mO nuclear reaction is
not a favourable choice for routine applications.

The "*O(p,p’y)'®0 nuclear reaction that emits 1982 keV
v-rays, offers an alternate method of bulk oxygen deter-
mination using low energy accelerators. Although the thick
target yields of the y-rays have been measured on a few
occasions, the analytical capability of the reaction has not
been comprehensively probed [10, 13]. Presently, contin-
uing our endeavor to devise simple yet effective method-
ologies for oxygen determination, we have carried out a
systematic investigation on the analytical potential of the
18O(p,p’y)lgo nuclear reaction which involved (a) the
measurement of thick target yields of 1982 keV vy-rays in
the 3.0-4.2 MeV proton energy range, (b) an assessment of
analytical features such as limit of detection and probing
depth and (c) the identification of sources of interferences.
The applicability of the method was evaluated by analyzing
several binary, ternary and multinary oxides. The com-
pounds examined included lithium titanate and lithium iron
phosphate which are important energy materials. It is
shown that with the feasibility of oxygen determination,
PIGE, by virtue of its simultaneous multi-element detection
capability can enable the determination of the overall
atomic composition of these compounds in a single
measurement.

Experimental details

PIGE measurements

Target preparation

Calcium carbonate (CaCQOs) and several oxides which
included silicon dioxide (Si0,), titanium dioxide (TiO,),
zinc oxide (ZnO) and gadolinium oxide (Gd,0O3) of known
stoichiometry were used as targets. The former four

chemicals were of Merck origin whereas the last one was
procured from Acros Organics. CaCO5; was used for the
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measurement of thick target y-ray yields. CaCO; also
served as a standard for quantifying oxygen while the
oxides were used as samples for the validation of the
methodology. Subsequently, the method was applied for
the analysis of other materials such as zirconium oxide,
uranium oxide, tungsten (W) powder and tin sulphide of
unknown oxygen content. Incidentally, zirconium oxide
powders were synthesized from zircon while uranium
oxide was in the form of disc, obtained on sintering a green
disc of uranium oxide at 1700 °C in air. So far as W
powder is concerned, it was obtained from a fusion
research facility while the SnS powder was prepared wet-
chemically and was stored in the laboratory ambient for a
period of about 6 months before analysis.

In order to ascertain the applicability of the method to
the matrices of diverse elemental composition, lithium
titanate (Li,Ti,O4 and Li,TiO3), lithium cobalt oxide
(LiCo0O,) and lithium iron phosphate (LiFePO,) were also
analysed. Li,TiO; and LiCoO, were of Sigma-Aldrich
origin while the other two were from other laboratories:
Li,Ti,O4 was synthesized by solid-state reaction route
while LiFePO, was prepared by a surfactant based sol—gel
approach. Since the complete compositional analysis of the
materials is one of the objectives of the study, lithium
carbonate  (Li;CO3) (Qualigens), cobalt carbonate
(CoCO3), potassium dihydrogen phosphate (KH,PO,) (s d
fine chemicals) were used as the standards of Li, Co and P
respectively while single crystals of Si (Semiconductor
Wafer Inc.) and high purity (> 99.5%) foils (thickness
< 0.5 mm) of Ti, Fe and Zr (Alfa Aesar) were used as the
standards of the respective elements. The single crystal of
Si was etched in HF medium while the foils were abraded
under argon atmosphere before loading them in the scat-
tering chamber in order to remove the layers of native
oxide.

The compounds were in powder form. The purity of the
materials used as standard or for validation was better than
99.0%. The compounds, prior to measurements, were
mixed with 20 wt% high purity graphite powder and
pressed into 10-20 mm circular discs (thickness ~ 1 mm)
to serve as targets. The homogeneity of the mixtures was
ascertained by measuring the yields of 1982 keV vy-rays at
a particular proton beam energy at different locations on
the targets.

Irradiation and y-ray detection

The PIGE experiments were conducted with a
3.0-4.2 MeV proton beam (¢ ~ 3 mm) obtained from the
3 MV Tandetron (High Voltage Engineering Europa, The
Netherlands) at NCCCM, Hyderabad. The specimens of the
standard and the samples were fixed on an electrically
insulated manipulator mounted on a scattering chamber.
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The manipulator was surrounded by a negatively biased
secondary electron suppressor for current measurement and
charge integration. The chamber was maintained
at ~ 5 x 107° torr pressure during the experiments which
involved the irradiation of the targets at normal incidence
with protons of the requisite energy and the detection of the
prompt y-rays by a high purity germanium detector (HPGe)
(Bruker Baltic, efficiency: 36%, energy resolution:
1.78 keV at the y-ray energy of 1332 keV of ®Co) placed
in the direction of the beam in air. The detector subtended a
solid angle of 0.46 sr and was surrounded by a 2.0 cm thick
cylindrical lead shield.

Depending on the nature of the matrix, the proton beam
current during irradiation ranged from 3 to 50 nA; the
lighter matrices were irradiated with lower beam currents
while the heavier matrices, with higher beam currents. The
duration of the measurements varied accordingly; it ranged
from ~ 45 (heavier matrices) to ~ 90 min (light matri-
ces). The data was acquired on a PC based 8 K multi-
channel analyzer.

Quantification

The content of oxygen or the atomic composition of a
material was determined by the relative method. A binary
oxide can be represented by a general formula A,O, where
A is an element and x + y = 1. The atomic ratio i.e. x/y in
the binary oxides was determined using the following
formula that was derived from the standard thick-target
yield equation [14]:

x_ Ca(stdy X Ra X €o(sta) )

Y Copsy X Ro X &a(s)

where

Yi(samp)

R, = .
Yi(sta)

(2)
In Eq. (1) Castay and Coay represent the concentration of
element A and oxygen in their respective standards, Y; is
the charge-normalised yield of the characteristic y-rays of
the element i (A or oxygen) in the sample (samp) or
standard (std); €acway and eoesay are the stopping cross-
sections of the proton in the standards of element A and
oxygen respectively. It is worthwhile mentioning that
Eq. (1) it is valid for cases wherein the standard of the
element A and that of oxygen are two different chemical
entities but it can be suitably modified if the same com-
pound serves as the standard for both elements.

It is implicit that the Eq. (1) is applicable for compounds
whose constituent A is also sensitive to PIGE (Table 1).
However, if this is not the case or there is a lack of a
suitable standard of A, it is more appropriate to represent

Table 1 List of nuclear reactions and their respective characteristic
prompt y-rays [13]

Element Nuclear reaction Ey(keV)
Li "Li(p,p'y)"Li 478
0 Bop,p'y)'f0 1982
Si 2Si(p,p'y)si 1779
P 3Sp(p,p'y)*'P 1266
Ti BTi(p,p'y)**Ti 981
Fe 3Fe(p,p'y) °Fe 843
Co *Co(p.p'y)*°Co 338
Zr Zr(p,y)°'Nb 1082

the compound by the formula A;_,O, and the concentra-
tion of oxygen in terms of atomic fraction (i.e. x) can be
calculated using the formula
12Mean + NWae
x= __ (2Mey + NWacc) (3)
12M(L“d>+ (ea — so)) + Nec(Wa — Wo)

RoCo(s)

where ¢4 and &g are the stopping cross-sections of element
A and oxygen respectively while M and N represent the
weight fractions of compound (A;_,O,) and the graphite in
the target respectively. Also, W, and W are the atomic
weights of element A and oxygen respectively.

The ternary (e.g. LiCoO,) or quaternary (LiFePO,)
oxides can be represented by chemical formula A,B,O, or
AByC,0O, where the sum of the atomic fractions of all the
elements in a compound is unity. The atomic composition
of these compounds can be calculated using formula sim-
ilar to Eq. (1) which is not mentioned here for the sake of
brevity. Importantly, it is presumed that all the constituent
elements of the compounds are sensitive to PIGE. The
reactions involving these and several other elements rele-
vant to the present study and their characteristic prompt -
rays are listed in Table 1 for referencing [13]. The stopping
cross-sections of the elements and compounds obtained
from SRIM-2013 were used in calculations [15].

Proton elastic backscattering spectrometry (p-EBS)

In addition to PIGE, the specimens of lithium titanate and
lithium iron phosphate were also analysed by p-EBS. The
experiments were performed with 1.5 or 2.0 MeV protons
in another scattering chamber maintained at ~ 5 x 107°
torr pressure. The samples were in the form of 10 mm
diameter discs prepared by pressing the compounds with-
out any additive i.e. graphite. The beam diameter was
about 1.5 mm while the beam current was about 5 nA. The
beam was incident normally on the samples and the
backscattered protons were collected by a Si surface barrier
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detector positioned at a backward angle of 165 (£ 0.3)°.
The atomic composition of the compounds was determined
by simulating the experimental data using SIMNRA [16].
Since the scattering of 1.5-2.0 MeV protons from lithium,
carbon or oxygen is non-Rutherford, the experimentally
determined differential cross-sections of 6Li(p,p)6Li,
"Li(p,p)’Li, C(p,p)C and O(p,p)O scatterings were used in
the simulations [17-20]. In fact, the cross-sections for the
®Li(p,p)°Li scattering reported in Ref. [17] are for 164°
angle but were used for simulations due to the absence of
the data for the scattering at 165° angle under the premise
that the cross-sections at the two angles are not signifi-
cantly different. Furthermore, any discrepancy in the
overall atomic composition arising from the application of
the data at 164° angle is expected to be marginal since the
compounds contain Li in natural isotopic abundance.
Incidentally, the Rutherford scattering cross-sections for P,
Ti and Fe at the relevant energies were used in
the simulations.

Results and discussion
Analytical features

Figure 1 shows a typical prompt y-ray spectrum recorded
with the HPGe detector on irradiating the CaCO; disc with
3.0 MeV proton beam. The 1982 keV y-rays emitted from
the "®*O(p,p’y)'®0 nuclear reaction are prominently present
in the spectrum. The spectrum also contains 495 and
871 keV  y-rays, attributable to the l(’O(p,y)”F
(Q = 0.596 MeV) and 17O(p,p’ "0 nuclear reactions
respectively. These reactions occur simultaneously with the
80(p,p'y)'®0 reaction during irradiation. It is important to
note that the relative natural abundance of the '°0, 70 and

/L

77
a- 495 keV ("°0)
b - 871 keV ('0)

18
44, c-1982 keV ("0O)

511 keV

10000 -

1000 -
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1800 2000

560 ' 10b0
y-ray energy (keV)
Fig. 1 Prompt y-ray spectrum of a target consisting of 75 wt%

CaCO; and 25 wt% high purity graphite recorded at 0° with HPGe
using a 3 MeV proton beam

@ Springer

80 isotopes is 99.758, 0.037 and 0.204% respectively. A
perusal of energy level schemes reported in references
[21, 22] shows that the 495 keV y-ray results from the
transition from the first excited state with J = 1/2* to the
ground state with J = 5/2% of the '"F nucleus; the 871 keV
y-ray, from the first excited state with J = 1721 to the
ground state with J = 5/2" of the '"O nucleus while the
1982 keV y-ray emanates following the transition from the
first excited state with J = 2% to the ground state with
J = 0" of the "®O nucleus.

In order to ascertain the analytical proficiency of these
reactions, the thick-target yields of the 495, 871 and
1982 keV y-rays were measured at 0° as well as 90° angles
(with respect to the direction of the beam) in the
3.0-4.2 MeV proton energy range at 200 keV energy
intervals. The counts under a y-ray peak obtained after the
subtraction of a linear background were normalized to the
total charge and the solid angle of the measurement which
served as the yield of the corresponding y-ray. The yields
of the y-rays measured as a function of beam energy at 0°
and 90° angles are shown in Fig. 2 for illustration. The
important inferences drawn from the yield measurements
are: (a) the yield of the y-rays, more pronouncedly that of
the 1982 keV y-rays, increases with proton beam energy,
(b) amongst the three, the 1982 keV 7y-ray has the highest
yield above E, = 3.6 MeV and (c) the 495 as well as
871 keV vy-rays have, irrespective of incident beam energy,
nearly identical yields at 0° and 90° while the 1982 y-rays
have a comparatively higher yields at the 0° detection
angle. The near constancy of the yields of the 495 or
871 keV y-rays at 0° and 90° angles is consistent with the
angular isotropic distribution of y-rays emitted as a result
of the transition from a J = 1/27 state.

Figure 2 also shows the limits of detection (LOD) of the
nuclear reactions in the calcium carbonate (25 wt%) and
graphite (75 wt%) mixture at different bombarding ener-
gies and detection angles. The LODs are calculated on the
basis of three times the standard deviation of the back-
ground under the relevant y-ray peaks. These follow the
trend witnessed for thick target yields and accordingly, the
best LOD of ~ 1.7 at% is obtained for the '*O(p,p’y)'*0
nuclear reaction for measurements at 0° angle with the
4.2 MeV proton beam. The LODs of '"°O(p,y)'’F and
17O(p,p’ y)”O nuclear reactions, on the other hand, mea-
sure about 18 and 14 at% respectively under similar
experimental conditions. Therefore '*O(p,p'y)'®0 is the
most suitable reaction for oxygen determination. The
analysis of different materials showed that the LOD of the
reaction varies considerably with the nature of the matrix.
In materials composed of high Z elements that are not
prolific prompt y-ray emitters (e.g. lanthanides, tungsten,
uranium etc.), the 18O(p,p’y)lgO nuclear reaction has a
LOD of about 2 at%. Conversely, in materials consisting of
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Fig. 2 Thick target yields of the 495, 871 and 1982 keV y-rays
emitted from the '°O(p,y)'’F, "O(p,p'y)'’0 and "O(p,p'y)'*0
nuclear reactions at a 0° and b 90° angles of detection. The curves

low Z elements which are sensitive to PIGE (e.g. B, Li, Na,
Al etc.) the LOD of the reaction is 15-20 at% due to a
higher background around 1982 keV in the y-ray spectra.
Notably, for such elements as Al, P and S, the peak of
1982 keV y-rays is situated on the Compton edge of the
2211, 2230 or 2230 keV y-rays emitted from the
TTAIp,p' AL P'P(p,y)**S and 2S(p,p’y)*S nuclear
reactions respectively. This is well illustrated by the y-ray
spectrum of SnS powder containing oxygen as an impurity
in Fig. 3.

Apart from nuclear or spectral interferences, the preva-
lence of moisture in the compounds can also be a cause of
concern, as it may result in an overestimation of their
oxygen contents. Presently, though an independent mea-
surement on the content of moisture in the samples was not
performed, it, if existing, is presumably removed during the
creation of the vacuum. This is manifested in the stability
of the targets under proton beam irradiation which is
indicated by the constancy of the charge normalized yields

Beam energy (keV)

in ¢ and d represent the limits of detection of the reactions at 0° and
90° angles of detection respectively

800

328
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400 -
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200 A

180

1800 ' 2000 ‘ 2200
y - ray energy (keV)

Fig. 3 Prompt y-ray spectrum of SnS acquired with 4.0 MeV protons
of the 1982 keV vy-rays for repeated measurements. So far

as the probing depth is concerned, for the *O(p,p'y)'*0
reaction it is ~ 60 um in SiO,;, ~ 40 um in TiO,
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and ~ 30 pm in UO, at E, = 4.2 MeV considering that
the reaction commences at E, = 3.0 MeV. In view of the
rather large probing depth, the method can be conveniently
employed for the determination of bulk oxygen in
materials.

Validation and analytical results

The analytical efficacy of the "*0(p,p’y)'®0 nuclear reac-
tion was ascertained by analysing several binary oxides
with well-defined stoichiometry. Table 2 lists the measured
contents of oxygen in some of these oxides along with their
theoretical oxygen stoichiometry. The prompt y-ray spectra
of representative oxides of low, mid and high Z elements
namely SiO,, TiO, and Gd,O; respectively used for the
determination are shown in Fig. 4 for illustration. The
spectrum of SiO, consists of a strong y-ray peak at
1779 keV and that of TiO,, at 981 keV attributable to the
BSi(p,p'y)*®Si and  *®Ti(p,p'y)*®Ti nuclear reactions
respectively. However, gadolinium emits low energy 7-
rays and therefore these are not shown in the spectrum. The
quantitative analyses of SiO, and TiO, specimens were
carried out using Eq. (1) and, for the sake of comparison,
also using Eq. (3) while the content of oxygen in Gd,0O3
was determined using only Eq. (3) due to the unavailability
of a proper standard of gadolinium. It can be observed from
Table 2 that the measured contents of oxygen in the first
three and also in the other materials are in good (3-7%)
agreement with the respective theoretical concentrations.
Insofar as the Eqgs. (1) and (3) are concerned, the former is
expected to yield more accurate results since it utilises
standards for both the elements. However, as evidenced by
the data in Table 2, both the equations provide nearly
identical results. This inference underscores the adequacy
of the Eq. (3) for the determination of oxygen in matrices

Table 2 Concentration of oxygen in different binary oxides deter-
mined using '*O(p,p’y)'®0 nuclear reaction (triplicate or higher
number of measurements)

Oxide

1000
(a) 2s;j
100 +
18
10 4 o
100:(1 : ! i\ A "ul“ .,7_ .fl\
3 1710 1800 1890 1980
48,49
g 10k (b) Ti
g 1k 4 18
S — o
8 100 4 h
10 L] L] III L L)
of0 960 1000 1950 1980
1(c) 18
(0]
40
23 2, -
Na ’Si
0 A...L \
L] L] L]
1600 1800 2000

Reference (at%)

Determined (at%)

Equation (1)

Equation (3)

Silicon dioxide 66.7 673 £ 1.0 65.0 £ 1.5
Titanium oxide 66.7 673 £ 1.0 66.5 + 1.3
Zinc oxide 50.0 - 485+ 1.2
Zirconium oxide® - 68.5 + 1.2 66.5 + 1.0
Zirconium oxide® - 66.2 + 1.0 633+ 1.5
Gadolinium oxide  60.0 - 64.0 £ 1.0
Tungsten powder - - 15.7*

Uranium oxide - - 62.6 = 1.0

b . . . .
* ®Two different samples of zirconium oxide

* Single measurement
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y-ray energy (keV)

Fig. 4 Prompt y-ray spectra of a SiO,, b TiO, and ¢ Gd,O3
acquired with 4.0 MeV protons respectively

composed of heavy metals, many of which do not produce
prompt y-rays (e.g. Sn, La) in the proton energy range used
in the present study. In fact, the absence of strong prompt
v-ray producing reactions facilitates measurements with
better precision (~ 1%) in heavier matrices as compared
to the precision of ~ 3% observed for the lighter matrices.

The method was utilised to determine oxygen in a sin-
tered disc of uranium oxide (UOy) and tungsten powders.
Figure 5 shows the prompt y-ray spectra of the two kinds
of samples acquired with 4.2 MeV protons wherein the
peaks due to the 1982 keV vy-rays are conspicuously pre-
sent. Uranium does not emit any prompt y-ray and the
1001 keV y-ray in the spectrum of uranium oxide has its
origin in ***™Pa, a progeny of **U. Tungsten, on the other
hand, emits 101, 111 and 122 keV vy-rays by way of the
182W (p.p/'y) B2W, BW(p,p'y) W and W (p,p'y)'SW
nuclear reactions respectively. The 1014 or 1779 keV -
rays in the spectra are due to minor (~ 1 wt%) impurities
of Al and or Si prevailing in the samples. The concentra-
tion of oxygen in the two specimens calculated using
Eq. (3) is presented in Table 2. It is important to mention
that the precision of the oxygen content in the UOy spec-
imen, estimated on the basis of five measurements with
each lasting for about 45 min at a beam current of about
50 nA, is about 1%. The method, therefore, is well suited
for the determination of oxygen and, indirectly O/U ratio,
in uranium oxide samples with non-destructive analysis,
rapidity and insensitivity to uranium oxidation states being
the major advantages. So far as the other specimen is
concerned, it serves as yet another example to demonstrate
the applicability of the method to high Z matrices.
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Fig. 5 Prompt y-ray spectra of o /o
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Moreover, W powders are extensively used in fusion
research and the method can be applied to study oxygen
pick up and or its retention during processing.

The method is equally applicable to ternary oxides,
namely lithium titanate and lithium cobaltate as well and
provides their analysis with reasonably good accuracy and
precision. A typical PIGE spectrum of lithium titanate is
shown in Fig. 6(a) while the measured atomic composi-
tions of the titanate and cobalate ceramics are presented in
Table 3. PIGE exhibits high sensitivity (~ 10 ppm) to
lithium. As a result, the spectrum consists of a very strong
peak of the 478 keV vy-rays emitted from the "Li(p,p’y)’Li
reaction. The higher sensitivity also requires the acquisition
of data at a proton beam current of 2-3 nA to keep the dead
time within acceptable (< 5%) levels. Furthermore, the
peak due to the 1982 keV y-rays of oxygen is situated on
an elevated background caused by the "Li(p, y)*Be nuclear
reaction that emits 17.6 MeV vy-rays [23]. As a result, the
data are collected for a comparatively longer period of time
(~ 90 min) in order to ensure measurements with good
statistics.

y-ray energy (keV)

Lithium titanate and lithium cobaltate are important
energy materials but are analytically intractable. It was,
therefore, considered worthwhile to the analysis of the
titanate ceramics by p-EBS in order to cross-validate the
PIGE results. It is important to mention that p-EBS, by
virtue of higher cross-sections of the '®O(p,p)'°O scatter-
ing, has previously been utilised for analysing oxygen
bearing materials including high temperature supercon-
ductors, for instance yttrium barium copper oxide
(YBa,Cu30y) [24, 25]. The spectrum (of Li,Ti,O4) shown
in Fig. 6(b) represents a typical proton-backscattered
spectrum of titanate ceramics wherein the signal of O and
also that of Ti/Li are distinctly observed. Notably, as is
evident by the superimposed curve, it was simulated sat-
isfactorily for quantification. The data presented in Table 3
show that the backscattering spectrometry technique pro-
vides good results too but these are not entirely consistent
with the theoretical compositions or those measured by
PIGE. Rutherford backscattering spectrometry (RBS) is an
absolute method but the accuracy of the method, as
described recently by Colaux et al. depends on a number of
parameters [26]. p-EBS is analogous to RBS except that the

@ Springer
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Fig. 6 Analysis of Li,Ti;O4: (a)
a a PIGE spectrum and b a 40k ~
proton backscattered spectrum .

recorded with 4.0 and 2.0 MeV

. . O 30k -
protons respectively. The inset = 7
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Table 3 Atomic composition of ternary oxides determined by PIGE
and p-BS

Oxide Chemical formula Determined [Li:Ti(Co):0]

PIGE P-BS
Lithium titanate Li,;TiyOy4 1:1:2.2 1:1.1:2.6
Lithium titanate Li,TiO; 2:1:3.2 2:0.8:3.3
Lithium cobaltate  LiCoO, 1:0.9:2.1 -

scattering cross section is non-Rutherford in nature. As a
result, the accuracy of p-EBS depends, in addition to the
factors applicable to RBS, on the accuracy of the experi-
mentally or theoretically determined scattering cross-sec-
tions as well. Therefore the accuracy of the differential
cross-sections of °Li(p,p)°Li, “Li(p,p)’Li, and O(p,p)O
scattering and the assumption that scattering cross-sections
for Ti and Co are entirely Rutherford may be among the
factors behind the discrepancy in the compositions deter-
mined by p-EBS. The present method, however, does not
suffer from such limitation and, therefore, can be consid-
ered to be superior to p-EBS. It is, in fact, superior even to
the PIGE method described in Ref. [11] (which is per-
formed with 8 MeV protons and is susceptible to inter-
ference from fluorine) and thus is the preferred choice for
the complete compositional analysis of titanate and

cobaltate ceramics. Furthermore, it is instructive to

@ Springer
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mention that due to the sensitivity of PIGE to Cr and Mn,
the methodology can be extended to the analysis of LiCrO,
and LiMn,O,4 which are also important energy materials.
In order to further probe the potential of the method, it
was applied to multinary compounds such as LiFePO, and
LiFePO4/C which, understandably, are analytically more
complex and challenging than the titanates. LiFePO, and
its composite with carbon (i.e. LiFePO,/C) are promising
cathode materials for Li-ion batteries. Figure 7 shows the
PIGE spectrum of LiFePO, acquired with 4.0 MeV protons
wherein the peaks of the constituent elements are vividly
present. However, two features of the spectrum need spe-
cial mention. Firstly, the signal of oxygen is relatively
weak since it is riding over the Compton edge of 2230 keV
y-rays emitted from the *'P(p, v)**S reaction. Secondly, the
v-peak at 843 keV, attributable to Fe, is unusually broad
and consists of a shoulder around about 837 keV. The
origin of the 837 keV y-rays lies in the *Ge(n,y)"*Ge and
"2Ge(n,n"y)"*Ge reactions taking place in the Ge crystal of
the HPGe detector [27] while the neutrons involved in
inducing these reactions are produced from the "Li(p,n)’Be
reaction (Q = — 1.664 MeV) occurring in the LiFePO,
target. Therefore, the true contribution of Fe was deter-
mined by fitting the envelope around 843 keV into two
components. Meanwhile, the content of carbon in the
LiFePO,/C composite specimen was determined by means
of the "*C(p,p'y)'>C reaction that emits 3089 keV y-rays
[28]. The compositions of the compounds thus measured
are listed in Table 4. The combined uncertainty of the
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Fig. 7 Analysis of LiFePOy:
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Table 4 Atomic composition of different quaternary oxides deter-
mined by PIGE and p-EBS

Chemical formula Determined [Li:Fe:P:O(C)]

PIGE p-EBS
LiFePOy, 1:1:0.9:3.6 1:0.9:0.8:3.4
LiFePO,/C 1:1.2:0.8:4.4 (1.9) 1:1.1:1.1:4.6 (2.2)

analysis which has contributions from the peak area mea-
surement, the stopping cross section and the charge inte-
gration of the sample as well as the standard is estimated to
be about 5% for the binary and about 8% for the quaternary
or multinary compounds. In fact, standardless PIGE mea-
surements can provide results with much better uncertainty,
however, it requires a precise knowledge of reaction cross-
sections over a wide range of proton energy, the efficiency
of the detector for y-rays of different energies and other
parameters appearing in the equation relating the yield of
the y-rays with the concentration of the elements [29].
For the sake of cross-validation, the multinary com-
pounds were also analysed by proton backscattering spec-
trometry with a typical backscattered spectrum of LiFePOy4
shown in Fig. 7(b). Though the signal (step) of Fe, P or O
is prominent, that of Li is not as prominent as in the
spectrum of Li,Ti,O4 in Fig. 6(b) due to its comparatively
lower content in the compound and relatively higher
background. An examination of the data presented in

T T T T T T T
800 1000 1200

Backscattered energy (keV)

1400

Table 4 shows that for LiFePO, the PIGE and p-EBS
results are in good agreement but for LiFePO,/C, a dis-
agreement in values for Fe and, particularly for P prevails
which, apart from the uncertainty associated with the dif-
ferential scattering cross-sections of the different isotopes,
may also arise due to the inhomogeneous distribution of the
elements. It is to be noted that as compared to the probing
depth of tens of microns of PIGE with 4.0 MeV protons,
EBS performed with 1.5 MeV protons has a probing depth
of only about 8 micron in LiFePO,. These considerations
suggest that PIGE provides a more effective approach for
the compositional analysis of this important class of
materials.

Conclusions

The "O(p,p’y)'®0 nuclear reaction emitting 1982 keV -
rays is employed in PIGE measurements for the determi-
nation of bulk oxygen in materials. The method is simple,
rapid and non-destructive. It is endowed with a detection
limit of ~ 2 at% in heavy matrices and > 15 at% in light
matrices, and has a probing depth of more than 30 pm at
the 4.2 MeV proton energy. High precision measurement
of oxygen in mid and high Z matrices is one of the dis-
cerning features of the method. It can, therefore, be applied
to determine subtle changes in the oxygen stoichiometry in
such materials. The method is largely free from nuclear or
spectral interferences. However, due to the higher sensi-
tivity of PIGE to low Z elements such as Li, B, Na, Al etc.,
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the presence of these elements in high abundance can
impair its detection limit and rapidity. Nevertheless, the
simultaneous multielement detection capability of the
technique can be exploited to determine the complete
elemental composition of such compounds. It is amply
demonstrated by analyzing complex oxides such as
Li,TiO; and LiFePO,. Finally, though not probed explic-
itly, the simultaneous occurrence of the 16O(p,y)”F,
0(p,p'y)'"0 and "*O0(p,p'y)'*0 nuclear reactions emitting
495, 871 and 1982 keV vy-rays raises the possibility of
isotopic analyses of oxygen in favourable materials.
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