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Abstract

External (in-air) Particle Induced Gamma-ray Emission (PIGE) setup of FOlded Tandem lon Accelerator (FOTIA), Bhabha
Atomic Research Centre (BARC) was utilized for determining concentrations of low Z elements (Si, Na, Al and F) in
geological samples by a simple and novel sample preparation method using thin Mylar films to pack direct solid samples.
Low energy proton beam was utilized and the current-normalized count rates of analytes were obtained using the count
rate of tantalum, the beam exit window material. Meticulousness of the method was ascertained by analysing different
CRMs and compared with conventional pelletisation method. Proposed method was adopted for elemental analysis in
uranium ore samples for possible nuclear forensic applications.
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Introduction

Chemical characterisation of geological matrices is important
in various fields including nuclear forensics. Both destructive
and non-destructive methods were adopted by chemists for
their characterisation. The method that can analyse these sam-
ples non-destructively with accuracy is preferred especially for
application in forensic science. Conventional spectroscopic
methods are destructive in nature and required sample disso-
lution, elemental pre-concentration, radiochemical separation
followed by estimation of elements. The most challenging pro-
cess among these steps is the sample dissolution, especially in
case of materials of geological origin. Routinely adopted sample
dissolution methods are the conventional open vessel wet acid
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digestion followed by extraction with concentrated reagents,
alkali fusion methods and microwave digestion methods. All
these methods involve the usage of reagents to break the sam-
ple matrix and hence susceptible to reagent blank. Preparation
and analysis of reagent blank is warranted in these dissolution
procedures to tackle the actual elemental concentration in the
samples since these elements may be present in the reagents
in trace levels. Moreover, sample dissolution is carried out at
high temperatures that may result in loss of volatile element of
interest. This is more crucial in case of absorption, emission
and mass spectrometric techniques where ultra-trace levels of
elements are needed to be estimated. Hence the sample dis-
solution procedure should be stringent in case of destructive
analysis. To overcome these setbacks, non-destructive methods
for sample analysis is preferred. Nuclear analytical techniques
like Neutron Activation Analysis (INAA), Particle Induced
Gamma Emission (PIGE) and Particle Induced X-ray Emis-
sion (PIXE) are non-destructive in nature. In case of INAA, the
interaction of neutrons with the element of interest in the target
samples followed by measurement of the emitted characteris-
tic delayed gamma rays from corresponding activation product
by a High Purity Germanium detector (HPGe) are considered.
In case of PIGE and PIXE, instead of neutrons, accelerated
charged projectiles preferably proton or deuteron of a few MeV
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Sample pellet

A

Fig-1 External (in-air) PIGE setup along with HPGe detector at
FOTIA. Pelletised sample is placed in ion beam (4), Mylar packed
sample is placed in ion beam (B).

energy are bombarded onto the target samples and the emit-
ting characteristic prompt gamma rays are quantified using an
online HPGe detector simultaneously. INAA and PIXE meth-
ods are best suitable for high Z elements because of its higher
sensitivities towards higher Z elements. PIGE technique using
low energy proton beam (2-5 MeV) is used for quantifying
low Z elements (typically, Z < 16), and medium energy proton
beam (7-9 MeV) is used for quantifying medium to higher Z
elements [1-3]. The conventional (in vacuum) PIGE setup at
FOTIA, BARC is extensively used for quantification of low Z
elements in geological, archaeological, and forensically impor-
tant samples including glass and ceramics. Some of the typical
applications utilising PIGE technique are listed in the refer-
ences [4-15]. In case of geological samples, the conventional
sample preparation is done by hydraulic pelletisation method.
A suitable weight (typically, 200 mg) of finely powdered sam-
ple is homogenously mixed with cellulose along with an in-
situ proton beam current normaliser (Li or F, ~2750 ppm). The
mixture is then transferred to a hydraulic press and a force of
about 2.5 tonnes is applied to confine the powdered sample into
adisc shape pellet of 1 mm thickness and 20 mm diameter (Fig-
1(A)). This pellet is then exposed to proton beam using particle
accelerator and the prompt gamma rays from the elements
are utilized for their quantification. The advantage of samples
mixing in cellulose matrix is that it nullifies many parameters
required for their quantification like stopping power/geometry
effect. The selection criteria for the in-situ current normaliser
element is that it should be absent in the sample and its current
sensitivity should be high. In Nuclear Forensic point of view,
estimation of metallic impurities could give insights about the
source and chemical processing history of those confiscated
nuclear materials which are out of regulatory control [16-25].
Though many analytical techniques are used for elemental
composition analysis, non-destructive techniques find an edge
over others. It will also be beneficial if the sample could be
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preserved after the elemental analysis as material evidence.
One of the main advantages of non-destructive sample analysis
is that the sample itself can be retained for further analysis or
can even be presented as evidence when required by the law
authorities.

Our study aims at developing a rapid methodology for non-
destructive quantification of low Z elements (Si, Al, Na and
F) in geological samples with least sample preparation. We
have used thin Mylar films (a type of polyester film devoid
of trace metals) to tightly pack the finely powdered geological
samples of nearly 300 mg to expose to 3.75 MeV proton beam
instead of using a pellet. Mylar films having an area of 25 cm?
and thickness of 25 pm were used for packing the samples.
The characteristic prompt gamma rays were measured using
an HPGe detector. The four elements namely Si, Al, Na and
F were determined in all samples and geological reference
materials using Ta as an external current normalizer by exter-
nal PIGE method. The accuracy of results was confirmed by
estimating Z-score with different certified/standard reference
materials. The obtained results were also compared with the
conventional PIGE method using sample pelletisation method.

Experimental
Materials

Certified reference materials (CRMs) USGS-G2, USGS-
Syenite STM-1, NRCAN-REE-1 and NBS-SRM-1633a were
analysed for quality assurance of the results. AR grade cellu-
lose and Li,CO; were obtained from Merck, India and used for
making the sample pellets. The ore samples were obtained from
Uranium Corporation of India Ltd (UCIL), Jharkhand, India. A
jaw crusher was used to initially crush the samples to coarse
aggregate. These coarse aggregates were then finely powdered
in a ball mill and sieved with 75 um pore size. Sieved samples
were then ashed in a furnace at 450 °C to destroy moisture and
organic matter (if any) and sealed in air tight containers until
sample preparation.

Gamma-ray spectra were recorded using a liquid nitro-
gen cooled portable HPGe gamma detector having relative
efficiency of 50 % and resolution of 2.0 keV at 1332 keV
peak of *°Co coupled with an 8 k MCA. BARC developed
PHAST software was used to analyse the spectra [26].

Sample preparation

About 25 cm? sheets (weighing ~ 35 mg each) of Mylar were
used to pack the samples. About 300 mg of finely powdered
samples were taken in these sheets and tightly packed into a
bulb shape (as shown in Fig-1(B)) and labelled after taping.
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The sample pellets were prepared in cellulose matrix as fol-
lowing for comparison of result. Constant amount of lithium
(i.e. 2750 ppm) was added in these pellets to monitor the
fluctuations in the proton beam current during experiment
and to normalize the gamma spectrum for concentration cal-
culation of element of interest in the targets. The mixture
was then homogenously mixed manually with a mortar and
pestle and later transferred to a 2.5 tonne hydraulic press
to convert to disc shape (20 mm diameter and 1 mm thick-
ness). CRMs were also prepared in Mylar films (USGS-G2,
USGS-Syenite STM-1, NRCAN-REE-1 and SRM-1633a)
and also as pellets (USGS CRM G2 and NRCAN-REE-1).
Fig-1 represents the external (in air) PIGE setup installed at
FOTIA, BARC. These samples were subjected to 3.75 MeV
proton beam exposure for further analysis. Concordance of
the results were ensured by replicate sample analysis.

External (in-air) PIGE setup

The experimental details of external (in-air) PIGE setup
in Folded Tandem Ion Accelerator (FOTIA) installed at
BARC were well explained in references [11-14]. The
external PIGE experiment was carried out taking initial pro-
ton energy (5 MeV) from the accelerator with the terminal
voltage of 2.5 MV. Briefly, 3 mm thick collimated proton
beam is extracted to the air through a very thin tantalum
window (25 um) kept at the exit end of the stainless steel
flange of vacuum chamber. The sample pellet as well as
Mylar packed samples were placed in this end. All the tar-
gets including reference materials were irradiated with pro-
ton beam of 3.75 MeV energy (as calculated by SRIM 2010
software) [27]. The HPGe detector was kept at right angle
with the proton beam direction and nearly 7 cm away from
the sample (Fig-1). Necessary lead shielding was provided
for minimising background radiation and human exposure.
Typical sample exposure times were optimised in the range
of 600 to 1800 s so that sufficient net peak areas were accu-
mulated for better statistics. The samples were exposed and
counted twice to ensure the reproducibility of results.

Concentration calculation using tantalum as
an external current normaliser in external
PIGE method

Comparative method was adopted for the estimation of
elemental concentration in the samples. In case of absolute
method, characteristics of proton beam like energy, inten-
sity and proton current should be known and maintained.
Accurate determination of these parameters is difficult to
obtain. The benefit of comparative/relative method is that

the accurate determination of beam parameters is not war-
ranted. In the two methods adopted for elemental deter-
mination, the current normalized count rate of elements
of interest is used for the concentration calculations. The
count rate of Li (added as in-situ in case of pellet targets)
and count rate of Ta (in case of direct sample in Mylar)
were used as the current normalizer. The count rate for Li
i.e. proton induced nuclear reaction of lithium, "Li (p, p'y)
"Li—478 keV is utilised for elemental concentration estima-
tion. In case of direct sample analysis, count rate of the Ta
(used as exit window) acts as the current normaliser. Here
the count rate of prompt gammas emitting from Ta window
due to the '*!Ta (p, p'y) '¥1Ta — 136 or 165 keV is recorded
for current normalisation.

In the comparative method, the ratio of count rates (cps)
of element ‘i’ in sample and standard R“;‘“" is given by
Eqn-1. d

R’i‘mp _ Cimp (Io)smp E.std (1)

*;;cd C;td <I(]>st(l ‘ismp

Where Cémp and Cistdare the concentration of element ‘i’ in
the sample and standard respectively. ‘I;,’denotes the beam
current and & denotes the stopping power. Suffixes ‘smp’
and ‘std’ stand for sample and standard respectively.

In case of pelletised samples, matrix matching reference
materials with almost similar elemental constituents are
used for analysis. Since the samples and reference materials
are diluted in the cellulose matrix uniformly, the stopping
powers in sample and standard may be considered as similar
and is nullified. The Eqn-1 can be written as,

R.lsmp - C;mp <I())smp (2)

i i
Rstd Cstd ao)std

The ratio of beam current need not be estimated in case
of comparative/relative method of PIGE analysis. In this
method, the possible current variation during the sample
exposure, if any, is monitored by the count rate of in-situ
current normaliser added to the sample matrix (Li in our
study). Any such fluctuation in beam current, the sensitivity
(count rate per unit mass of current normaliser) can be used
to counteract. The ratio of sensitivities of current normaliser
in sample and standard is proportional to the absolute beam
current ratio in sample and standard. Sensitivity of current
normaliser [S;inp] in the sample is defined according to
Eqn-3.
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Table 1 Characteristics of some relevant proton induced nuclear reac-
tions.

Element Reaction Ey Yield at Detection
(keV) 4 MeV proton limit
(counts pC~"  (mgg™h)
Sr 1)
Ta B1Ta (p,p'y) ¥ Ta 136 NA Current
81Ta (p,p'y) '¥'Ta 165 NA normalizer
Li Li (p,p'y) 'Li 478  8.1x107 Current
"Li (p,y) "Be 429 2.6x%10 normalizer
SLi (p,ny) 'Be 429  1.1x107
F YF(p,py) °F 110 1.1x10’
PFE (ppy) °F 197 43x107 0.08
YE@(p,py) °F 1236 6.8x10°
Na Na (p,p'y) >*Na 441 3.9x%10’ 0.4
BNa (p,p'y) ®Na 1636 NA
Al 2TAl (p,p'y) 27Al 844  7.5%x10°
27AL (p,p'y) Al 1014 1.6x107 1.3
Si 2Si (p,p'y) 2si 1779 1.0x 10’ 2.0
Si (p,p'y) ¥Si 1273 8.7x10°
S (p,y) 3'P 1266 3.6x10°
S;inp _ (CPL?Ll)smp (3)
( CN) smp

[(CPSLQsmp} and [(CEN)W} are the count rate (cps) and

concentration of Li (mg kg™!) in the sample. Similarly the
sensitivity of current normaliser in the standard [S ] is also
estimated.

The concentration of analyte ‘i’ in the sample is calcu-
lated using Eqn-4.

i Li
Rsmp Sstd Ci
i SLi - Mstd (4)

'std  Psmp

Cl (mgkgfl) =

smp

Where, [C., ]is the concentration of element ‘i’ in the stan-
dard (mg kg™ ).

In case of direct sample analysis, the current normaliser,
Ta is fixed externally to sample and standard. As the concen-
tration of Ta is the same, the ratio of count rates of gamma
line of 136 keV would be sufficient for current normalisa-
tion. As the amount, matrix and major elemental constitu-
ents of sample and reference material are similar and the
packing of samples in Mylar is tight, it can be assumed that
the packing are thick and uniform to proton beam. The ele-
mental concentration was estimated using Eqn-5.

i RT‘rL
i 1.—1) __ " smp std i
Csmp (ngkg ) - Ri 'RTH‘ “Mstd
std

‘smp

)
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Fig-2 Typical PIGE spectrum of CRM USGS-G2 obtained by proton
irradiation using in-situ pelletised sample (A) and Mylar packed sam-

ple (B).

[Rgtzl] and [Rgﬁp] are the count rates (cps) of Ta, 136 keV
gamma line (window material of PIGE setup) in standard

and sample respectively.

Results and discussion

Standardisation and quality control of the proposed
Mylar method

Table-1 summarises some of the physical characteristics of
PIGE reactions relevant to our study. The concentration of
elements in the samples were estimated using the following
reactions, 2°Si (p, p'y) 2°Si — 1273 keV, 28Si (p, p'y) 28Si —
1779 keV, Al (p, p'y) >’Al — 1014 keV, **Na (p, p'y) **Na
— 441 or 1636 keV, Y F (p, p'y) Y F — 197 keV. Fig-2(A)
and Fig-2(B) depicts a typical PIGE spectrum of a pelletised
reference standard USGS-G2 irradiated in 3.75 MeV proton
beam of FOTIA, BARC and the gamma spectrum of the
same reference standard packed in Mylar sheet irradiated
for almost the same period of time. The detection limits of
elements (F, Na, Mg (585 keV), Al and Si in mg g™ ') esti-
mated as described elsewhere [11] were 0.08, 0.4, 6.0, 1.3
and 2.0 respectively.

In case of pelletised samples, the current normalisation
was carried out using Li added in-situ to the pellet utilising
the reaction "Li (p, p'y) 'Li — 478 keV. The concentration
of elements (Si, Al, Na and F) were estimated using Eqn-
4. For Si, the concentrations determined by both 1273 and
1779 keV energies were in good agreement and the reported
result was calculated using 1779 keV. Current normalisation
in Mylar packed samples were estimated using the proton
reaction '8'Ta (p, p'y) '8'Ta — 136 keV, and the concentra-
tion of elements were calculated using Eqn-5. In case of
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Table 2 Concentration of elements estimated in Mylar packing method and comparison with conventional in-situ pelletisation method for CRM

USGS-G2.
Element USGS-G2 (mg g™ 1) (+20)
Certified Mylar Deviation (%) Zeta Score Pellet Deviation (%) Zeta Score
Si 321.4+25 318+4.5 -1.1 0.7 321.5+4.8 0.03 0.02
Al 81.5+0.9 85.1+1.4 4.4 22 80.4+1.4 -1.3 0.7
Na 30+0.3 30.1+0.4 0.3 0.2 29.0+0.7 -3.3 1.3
F 1.28" 1.23+0.01 -4.1 - 1.23+0.03 -4.1 -

“Information value without uncertainty provided in the certificate

Table 3 Concentration of elements estimated in Mylar packing method and comparison with conventional in-situ pelletisation method for CRM

NRCAN-REE-1.
Element NRCAN-REE-1 (mg g™") (+20)
Certified Mylar Deviation (%)  Zeta Score  Pellet Deviation (%)  Zeta Score

Si 313.6+3.8 3062+4.0 -24 1.3 325.6+6.8 3.8 1.5
Al 359+1.2 34.6+0.7 -3.6 0.9 351+09 22 0.5
Na 14.4+0.8 139+02 -3.5 0.6 13.84+0.5 -4.2 0.6
Table 4 Concentration of elements estimated in Mylar packing method for CRM USGS-Syenite-STM-1 and SRM-1633a.
Element  USGS-STM-1 (mg g~ ") (+20) SRM-1633a (mg g~ ') (+20)

Certified Mylar Deviation (%) Zeta Score Certified” Mylar Deviation (%) Zeta Score
Si 278.1+2.3 275.1+3.6 -1.1 0.7 228 +8 227+3 -0.4 0.1
Al 97.4+1.2 93.7+1.6 -3.8 1.8 14310 142 +2 -0.7 0.1
Na 66.3+1.5 64.6+1.0 -2.6 0.9 - - - -
F 0.9+0.1 0.98+0.02 8.9 0.8 - - - -

*Confidence level of uncertainty is unknown. Z-score values were calculated assuming the given uncertainties are 95% confident

external PIGE, the proton reaction of '*!Ta results in two
prompt gamma emissions, 136 and 165 keV. The ratio of
count rates of '8!Ta gammas [Sﬁgiggﬂg] in the samples were
in the range of 4.2 to 4.5. Hence any of the count rates of
two gamma lines of '*!Ta can be used for proton current
normalisation. In present work, 136 keV gamma line from
181Ta was used for the concentration calculation due to bet-
ter counting statistics.

Table-2 and Table-3 summarise the estimation of elemen-
tal concentration (+20), deviation from the certified value
and the Z-score (estimated using Eqn-6).

’ (h=x) ©
\/(UCR,M)2 + (Uesp)?

Where K and x are the mean certified concentration of
element in CRM and experimentally estimated concentra-
tion respectively. [Ucry] and [Ueyp] denotes the certified
and experimentally measured uncertainties (+2c) in CRM
respectively.

The absolute deviation of elemental concentration esti-
mated using Mylar package analysis were in the range of 0.3
to 4.4 % for both CRMs (USGS-G2 and NRCAN-REE-1).

The corresponding deviation in estimated elemental con-
centrations using conventional in-situ current normalisa-
tion method varied from 0.03 to 4.1 %. The Z-scores for the
standardised Mylar packing method and in-situ pelletisation
methods were <2.2, indicating good accuracy for the newly
adopted method.

Table-4 summarises the concentration estimation of ele-
ments in CRMs USGS-Syenite-STM-1 and SRM-NBS-
1633a using Mylar packing. In case of NBM-SRM-1633a,
the declared uncertainty does not specify the confidence
level, hence it was assumed that the declared uncertainties
are 95% for estimating Z-score. The Z-scores estimated
using Eqn-6 for elemental concentration were <1.8. The
results strongly indicate the feasibility of external in-air
PIGE analysis using Mylar packing for rapid and accurate
determination of low Z elements in case of geological mate-
rials, as compared to the conventional in-situ pelletisation
method.

Application of proposed method for estimation of
low Z elements in powdered ore samples for forensic
applications.

Fig-3(A) depicts a typical gamma spectrum of powdered
ore pellet sample irradiated in PIGE setup and Fig-3(B) por-
trays the gamma spectrum of the same ore sample packed
in Mylar sheet and irradiated for almost same period of
time as that of pelletised sample. Table-5 summarises the
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Fig-3 Typical PIGE spectrum of powdered ore sample (LOC-1)
obtained by proton irradiation using in-situ pelletised sample (4) and
Mylar packed sample (B).

comparison of estimated concentrations of four elements in
mg g~ ! (+20) (Si, Al, Na and F) in five different powdered
ore samples by the new developed method as well as conven-
tional pelletisation method. The concentrations estimated
were well agreeing with each other. The result confirms fea-
sibility of the newly developed method of packing finely
powdered geological samples in Mylar films, showing it can
well be used for the estimation of low Z elements in place of
conventional cellulose pelletisation method, thereby avoid-
ing lengthy sample preparation methods. Small sample size
requirement and its non-destructive nature are more advan-
tageous for this developed method which can be utilised in
nuclear forensic applications.

Conclusion

The external (in-air) PIGE setup of FOTIA, BARC was used
to develop a rapid, non-destructive and simultaneous multi-
elemental analytical method for the estimation of concentra-
tion of low Z elements in geological samples (Si, Al, Na and
F). Finely powdered geological samples were tightly packed
in thin Mylar films (~25 cm?). The samples were irradiated
in 3.75 MeV proton beam with a current of 10-15 nA. The
developed method utilised the external Ta window installed
in the PIGE setup as proton current normaliser. The relative

method of analysis was used for the estimation of elemen-
tal concentration. The new method was also compared with
the conventional pelletisation method which utilises added
in-situ (Li) as current normaliser. The accuracy of the new
method was ascertained by analysing matrix and constitu-
ent identical certified/standard reference materials. The
Z-scores of the new procedure was ranged from 0.2 to 2.2
indicating good accuracy of the method. Average observed
deviation from the certified value obtained for concentra-
tion estimation of low Z elements using Mylar packing
was 3.3 %. The proposed method was also adopted for the
estimation of elemental concentration of low Z elements in
few ore samples and the results were compared with con-
ventional cellulose pelletisation method. The concentra-
tions of elements estimated by both methods were in good
agreement. The developed method can be used for a rapid
determination of low Z elements in geological samples like
ore samples for possible forensic applications. In Nuclear
Forensic view point, the low Z elements in the confiscated
material could provide an insight of its provenance and the
chemical procedure. Since the method is non-destructive,
it is an added advantage that the analysed samples could
be retained for future use or could be produced before law
enforcing authorities if needed.
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