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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler The aim of this work is to investigate, in a wide range of gamma-ray energies, the validity of the “Virtual Point
Detector” (VPD) approach to evaluate Full-Energy-Peak Efficiency (FEPE) values for a Cerium-doped Lanthanum
Bromide scintillator (LaBrs:Ce). With VPD approximation, the detector is assumed equivalent to a virtual point
inside the crystal where all the interactions can be considered to occur. The distance of VPD from detector cap is
evaluated through experimental point source measurements. The knowledge of the trend of VPD depth as a
function of gamma radiation energy allows the evaluation of FEPE values starting from an experimental refer-
ence value.

The validation of the procedure has been performed by applying the VPD approach to measurement geom-
etries already characterized such as a disk source, an Havar foil irradiated inside a target of a medical cyclotron,
and a parallelepided sample geometry, an atmospheric particulate paper filter reduced to 6 cm x 6 cm x 0.7 cm
dimensions. FEPE values determined by VPD approach lead to radionuclide activities very close to the ones
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already obtained with measurements carried out with other detectors.

1. Introduction

The Cerium-doped Lanthanum Bromide scintillator (LaBrs:Ce) is not
yet widespread used with respect to other scintillators although its ap-
plications are present in various fields, as nuclear physics (Weisshaar
et al., 2008) medical diagnostics (Pani et al., 2006, 2007), nuclear
safeguards (Sullivan et al., 2008; Vo, 2008), dosimetry (Camp and
Vargas, 2014), and characterization of radioactive waste (Guarino et al.,
2007). The improved properties of a LaBrs:Ce scintillator, such as higher
energy resolution, faster response time, excellent energy linearity and
higher light yield than a common Nal(Tl) scintillator, make it a very
interesting tool for various measurement applications. It is noteworthy
the possibility of realizing a lightweight portable LaBrs:Ce device for “in
situ” gamma-ray spectrometry to be used for environmental monitoring,
characterization of contaminated sites or control around nuclear plants
(Garnett et al., 2017; Hasan et al., 2022; Ji et al., 2018; Milbrath et al.,
2007). However, its use is limited by the intrinsic activity due to the
presence of 1%®La and 2?’Ac in the detector, with the need for low ac-
tivity samples to subtract an energy-calibrated background spectrum
from the measured one. The use of the scintillator to determine the ac-
tivity concentration of a radionuclide in a sample requires the knowl-
edge of Full-Energy-Peak Efficiency (FEPE) for the energy of interest or a
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calibration curve of efficiency as a function of energy. This goal is full-
filled through experimental measurement of a calibrated source with the
same shape, composition and density as the sample. Most of the time this
source is not available and the efficiencies are determined through a
Monte Carlo simulation (Dias et al., 2002; Hasan et al., 2021; Helmer
et al., 2003; Vidmar et al., 2008), an analytical approach, if available
(Badawi et al., 2012; Boukeffoussa and Bouakaz, 2021; Hamzawy, 2014)
or an “efficiency transfer” method (Lepy et al., 2001, 2006; Piton et al.,
2000). Each of these methods can be a tedious and time-consuming task
that involves the knowledge of detector composition and dimensions.
An interesting opportunity is to extend to LaBrs:Ce detector the
concept of Virtual Point Detector (VPD), introduced by Notea (1971)
and reported in Debertin and Helmer (1988), to calculate an efficiency
value for a measurement geometry starting from a value measured in a
reference position. With the VPD approximation, the detector is
assumed to be equivalent to a virtual point at which all gamma-ray in-
teractions are considered to occur. Therefore, all physical quantities
vary with the square of the distance from the VPD and each efficiency
value can be computed from a value measured at a reference point,
usually the center of the detector cap. There is no need to know the
dimensions and composition of the detector as the evaluation of the VPD
distance from the detector cap is carried out by means of experimental
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Fig. 1. Gamma-ray spectrum of the background of a bare LaBr;:Ce detector.
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Fig. 2. '%8La decay scheme. Energy data in keV.

measurements of point sources.

The VPD concept was extensively applied to Si(Li) detector (Alfassi
and Othman, 1977), HPGe detectors (Alfassi et al., 2006, 2007; Hoover,
2007; Mahling et al., 2006; Mohammadi et al., 2011; Presler et al., 2002,
2004; Rizzo and Tomarchio, 2010), NaI(Tl) and BGO scintillators
(Presler et al., 2006). Its validity has been demonstrated also for sources
located off-axis of the detector (Presler et al., 2002) as well as for volume
sources (Presler et al., 2004), while the dependence of the VPD position
on the detector size has been highlighted for HPGe detectors in (Mahling
et al., 2006) and for scintillators in (Chuong et al., 2020; Rubin et al.,
2019).

The aim of this work is to study the validity of the VPD simplification
to evaluate the efficiencies of a LaBrs:Ce, a detector not directly
considered in the above cited papers. The experimental validation has
been carried out referring to a disk-shaped source, an Havar foil acti-
vated inside a target of a medical cyclotron and substituted during pe-
riodic maintenance, and a parallelepiped source, a paper filter used for
the sampling of atmospheric particulate and reduced to a “packet-sam-
ple” with dimensions 6 cm x 6 cm x 0.7 cm. Both samples were already
characterized and radionuclide activities were previously determined
using other methods and detectors (Cannizzaro et al., 1994; Tomarchio,
2013, 2014).

2. Materials and methods
2.1. The LaBrs:Ce detector

A LaBrs:Ce crystal, supplied by Saint-Gobain™, type BrilLanCe-380,
size @2"x2’, directly coupled to a PMT Photonis XP5500 photo-
multiplier is used for this investigation (Saint-Gobain Crystals, 2009).
The scintillator, the photomultiplier and the magnetic screen are sealed
in an aluminum container to avoid hygroscopicity.

The detector is coupled to an ORTEC portable multichannel with
USB-Multichannel interface (1024 channels) mod. Digibase™. The
acquisition and analysis of spectrometric data is performed using the
EG&G ORTEC Maestro analysis software for Windows™, version 7.0

Radiation Physics and Chemistry 216 (2024) 111463

A

z

\4

VPD? H
LaBr;:Ce

D

Fig. 3. Schematic representation of the measurement geometry for a point
source with VPD approximation.

(ORTEC, 2012). The uncertainties associated with the photopeak areas
are computed using the peak analysis routine of the ORTEC software.
The same range of channels (ROI, Region of interest) has been adopted
in all the measurements to avoid errors related to ROI variations.

The characteristics of this type of detectors have been extensively
studied in (Alzimami et al., 2008; Iltis et al., 2006; Quarati et al., 2007;
Van Loef et al., 2002]. Fig. 1 reports a typical background gamma-ray
spectrum where the main features of the detector intrinsic background
can be recognized. In fact, with reference to the decay scheme of Fig. 2, a
significant peak around 32 keV (related to X emissions of Ba) and a large
multiplet between 1430 and 1470 keV (due to the photon emission at
1436 keV of 1%¥La and to the coincidence of the same emission with X of
Barium at 32 keV), are easily identified. In the last multiplet the
contribution of the 1460 keV emission of *°K, present in most environ-
mental sample measurements, can be considered included and unre-
solved with respect to other components. This somewhat impairs the use
of the instrument for measuring sample with potassium compounds.
Furthermore, the spectrum is characterized by a wide distribution due to
the continuous beta and the gamma emission of 789 keV (f~ decay)
which increases the detection limit in the referred energy range. Back-
ground peaks to be attributed to 22”Ac (half-life = 21.7 years) are not
highlighted in the spectrum of Fig. 1 because they fall within the
1800-3000 keV energy range (Saint-Gobain Crystals, 2009).

Despite this, its high density (5.29 g em™3), the good energy reso-
lution in the range of energies of interest (about 2.8% at 662 keV of
137Cs), low decay time (26 ns) and high light yield (63 photon per keV),
make its use particularly advantageous for the measurement of radio-
active samples with few and well-distributed gamma emissions in en-
ergy ranges of the spectrum free from background features.

2.2. The VPD approach

With reference to the scheme of Fig. 3, the FEPE value at energy E,
e(E,r,h), relative to a point source placed at the coordinate position r and
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h, can be computed using the VPD method with the simple relationship
(Presler et al., 2002)

ho(E)?

e 1
72 4 [h+ ho(E))? )

S(E7 r7 h):g(E7 07 O)

where, ¢(E,0,0) is FEPE value measured at the center of detector cap and
hy(E) is the distance of the VPD from the detector cap for gamma radi-
ation energy, E. To determine hy(E) values, a series of spectrometric
measurements of gamma radiations of different energy emitted by
“single line” sources, i.e. that emit a single gamma line, has been carried
out. For each energy E, assumed the center of the detector as the origin
of the reference system (see Fig. 3), the value hy(E) is the inverse of the
slope of a linear fit to the experimental values of

C(E,0,0) =
C(E,0.h) -l= ho(E) @

where C(E,0,0) and C(E,0,h) are the count rates under the photopeak
corresponding to the energy E at the reference position (r = 0; h = 0) and
at the coordinate point (r = 0, h), respectively (Alfassi et al., 2006,
2007).

The experimental count rates have been obtained by measuring
“single-line” point sources of 241am, 109¢q, 57co, ¥7Cs, >*Mn, %°Zn
supplied by CEA and Eckert&Ziegler (activity uncertainties: 1.5-3%; for
1094 59). Point single-line sources of 198A4 (gamma emission at 411
keV, half-life = 2.69 days) and 2°*Hg (gamma emission at 279 keV, half-
life = 46.6 days), produced by neutron activation in a neutron irradiator
with 4 Am-Be sources, each with 111 GBq activity, have been added
(Buffa et al., 2013). The precision and accuracy in determining the ac-
tivity of the latter sources is not of concern since the evaluation of hy(E)
is carried out by calculating the count rate ratios.

In all measurements performed on axis of the detector, the counting
time was enough to ensure good statistical uncertainties (<1%; peak
area >10* counts). The use of single-line sources avoids coincidence-
summing corrections for measurements carried out at low distances
from the detector, while source activities are such as to reduce the dead
time and the pile-up correction to not significant values.

For sources with low half-life a correction for decay during a
counting period is needed and has been performed with the simple
relationship (Nir-El, 2013)

prass

Clio) =€) 7=y

3

where Ty, T¢ are respectively the decay time and the real count time, 4
the decay constant and C(ty) is the correct count rate at a reference date
(to)-

The use of “non single-line” sources is not recommended due to
coincidence-summing effects at close distances from the detector cap.
However, coincidence-summing correction factors can be calculated
through a Monte Carlo simulation, as suggested in (Chuong et al., 2020),
or using suitable relations as the ones reported in (Tomarchio and Rizzo,
2011) still considered valid for LaBrs:Ce scintillator. The last procedure
is more complex due to difficulties on determination of total efficiency
and FEPE for each distance from the detector cap. The main source of
error concerns the total efficiency calculation for which is needed a
“zero-energy” extrapolation both for the source and background spec-
trum. Differentiating contribution of the background spectrum as the
one presented in Fig. 1 from the one related only to the source is a
complex task the result of which may not be reliable.

More interesting is to take into account measurements performed at a
distance from the detector cap more than a reference one, xy, with the
hypothesis that at xp coincidence-summing effects can be considered
statistically negligible. Following these assessments, sources of %°Co,
13%Ba and '52Eu, supplied by Amersham (activity uncertainty: 3%) have
been also used. For the latter sources, relation (2) was modified with C
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Fig. 4. Linear interpolation to the experimental values of R(E,0, h) -1 as a
function of the distance from the detector cap. Uncertainties are quoted for a
coverage factor k = 1.

(E,0,xp) the count rate at the reference distance while C(E,0,h) is the one
at a distance h > xp on detector axis. However, the choice of the refer-
ence distance xo must be done carefully because increasingly low count
rates with distance may involve significant increase in statistical
uncertainties.

The same VPD approach can be used for a volume source, consid-
ering the absorbing matrix as constituted by a quite large number of
elementary volumes (assumed as point sources) whose gamma emis-
sions are attenuated in the path length traveled by the photons in the
sample. The attenuation coefficient is variable with energy E and related
to the composition of the matrix (Presler et al., 2004). Assuming as
reference position the center of the detector cap, relation (1) is therefore
changed to

ho(E)?

e H(E) ds 4
72+ [+ ho(E))?

e(E,r,h)=¢(E,0,0)

where u(E) is the linear attenuation coefficient for the sample material
at gamma energy, E, and d; is the path length traveled by the photon in
the sample. The determination of d; for various volume samples and
measurement geometries can be obtained through formulations re-
ported in literature as a function of angle ¢ (Fig. 3) with more or less
complex relationships with reference to the measurement geometry, e.g.
in (Abbas et al., 2020; Badawi et al., 2014). In the case of volume
samples placed on the detector cap and in axis with the scintillator,
equation (4) can be specified in
~u(E) <W i (B) >

e(E,r,h) ZE(EOO)LE)ze
” R L4 ho(E)T
5)

and the trend of the coefficient y(E) can be obtained with reference to
data reported in most used manuals, e.g. in (Hubbell and Seltzer, 1996).
Otherwise, when specific data for the matrix under examination are not
available, an experimental determination of u(E) can be carried out by
setting single-line reference sources in a collimator around the detector.
In this way, from the measurement of the source without any
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quoted for a coverage factor k = 1. Data are fitted with a power function (R* =
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Fig. 6. FEPE trend for point sources located at the center of the cap of the
LaBr3:Ce detector. Uncertainties are quoted for a coverage factor k = 1. Solid
line represents the best fit to experimental data, dotted lines highlight 95%
confidence interval around the fit.

attenuation (Ip) and the one with interposed the matrix of interest (I), the
value of the attenuation coefficient for a given energy E is obtained
through the simple relationship

In ('}’ég)
(6)

X

H(E) =
where x is the thickness of the sample.
3. Results and discussion

3.1. The hy(E) curve

Fig. 4 shows the trend of the ratio (2) for some gamma emissions
originating from single-line sources. Trends for other energies are not
reported for clarity of representation. It should be noted that the cor-
relation coefficients for each linear interpolation are quite high (R2
ranges between 0.988 and 0.999). The inverse of the slope of the linear
fit represents the value of hy(E). An analogous trend occurs for non
single-line sources with measurements carried out with distances more
than a value xy equal to 10 cm.

The hy(E) behaviour as a function of energy is shown in Fig. 5. The
experimental data are well fitted with a power function (correlation
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Fig. 7. (a) Trend of VPD point source FEPE values vs radius for 662 keV energy
of 1¥7Cs at various positions around the detector compared with experimental
values (filled symbol). Uncertainties are quoted for a coverage factor k = 2. (b)
Percentage differences computed as A% = 100- (eexp(662,r;h) -eypp(662,r,h))/
€exp(662,1;h).

index R = 0.956, p-value <0.0001). The same Fig. 5 shows also the
values of hy(E) reported in (Chuong et al., 2020) for a NaI(T1) scintillator
with the same dimensions of the LaBrs:Ce detector. It can be seen that
the values differ significantly in the low energy range, due to different
densities and efficiencies of the detectors, while the difference is
reduced in the high energy range. However the hy(E) values for LaBrs:Ce
detector are always larger than the ones of a similar NaI(Tl) detector
with an almost flat variation trend with energy.

3.2. Efficiency evaluation

The knowledge of hy(E) behaviour allows to determine the effi-
ciencies for a point source in the position of coordinates (r,h) through
relation (1). For volume source with a given absorbing matrix, the use of
relation (4) allows to obtain the elementary efficiency for a portion of
source to be integrated over its whole volume. The only necessary data
are efficiency values in a reference position, for example the values at
the center of the scintillator cap, £(E,0,0), normally available for any
detector. Fig. 6 reports for the LaBrs:Ce detector the experimental effi-
ciencies at center of the cap, &(E,0,0), in the energy range 60-1332 keV,
fitted with a 4™ degree polynomial curve referred to logarithmic values.
The goodness of fit is verified by a correlation index R? = 0.997, a p-
value less than 0.0001 and highlighting a 95% confidence interval
around the fit computed following the method reported in (Brown,
2001).

As an example of the method application, Fig. 7 a) report the trends
of VPD evaluated point source efficiency values for 662 keV emission of
137Cs (empty symbols) with reference to a system whose origin is the
center of the detector cap. For comparison, the values of experimental
FEPE measured with a'’Cs point source at various distances both along
the axis of the detector and in the radial direction are also reported
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Fig. 8. Photograph of an Havar® foil replaced during maintenance after an
irradiation cycle.

(filled symbols). The percentage differences showed in Fig. 7 b)
demonstrate the goodness of ho(662 keV) evaluation as values are
almost all less than 5%.

3.3. Experimental validation

As a validation, the procedure has been applied for the analysis of an
Havar foil (30 mm in diameter, 50 pm thick) of a IBA CYCLONE 18/9
target irradiated at the Nuclear Medicine Center “S. Gaetano” in
Bagheria (a town near Palermo, Italy) and replaced during a mainte-
nance. Fig. 8 reports a photograph of the Havar foil.

The verify is performed by comparison of radionuclide activity de-
terminations through VPD approach with the ones obtained in (Tom-
archio, 2014). Assuming an uniform activity distribution on disk source
of radius R, placed on the cap of the detector, disk source efficiency
e4isk(E) can be computed using the relation (Radu et al., 2009)

R

2z / & (E,r) rdr

0

ek (E,R) = 7

R?
where ¢,(E,r) is the VPD efficiency of a point (elementary) source placed
on the detector cap (h = 0) at distance r from the detector axis. As the
thickness of foil is very small, does not take into account any absorption
correction. The measurement geometry is shown in Fig. 9 a). For the
evaluation of the disk efficiency at the various energies, reference values

/VPD
LaBr,(Ce)

c.p.s. per channel
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¢(E,0,0) have been derived from curve shown in Fig. 6. The value of
elementary efficiency ¢(E,r), representative of an annulus with a mean
radius r and a 0.1 mm thickness (difference between outer and inner
radius) can be obtained through eqn. (1). Following eq. (7), the value of
the disk efficiency at a given energy is obtained summing all the con-
tributions normalized over the whole disk area.

The gamma-ray spectrum of Fig. 9 b) detected on the Havar foil after
4400 days decay time allows to highlight peaks of %’Co, **Mn and ®°Co
and to evaluate activities to compare with the data reported in (Tom-
archio, 2014). For 122 keV emission of 57Co, an efficiency value equal to
0.28 + 0.04 counts/gamma and an activity of 192 + 13 Bq is computed
and, taking into account the decay time, an extraction activity value of
(2.01 + 0.13) x 10* kBq is derived. This value is to be compared with
the value reported in (Tomarchio, 2014) of (1.91 £ 0.05) x 10* kBq,
with a percentage difference of 5.2% that is not significant in relation to
data uncertainties.

For 834 keV emission of >*Mn an efficiency of 0.091 + 0.008 counts/
gamma and an activity value of 101 + 10 Bq is calculated, which,
considering the decay time, leads to a value of 2480 + 250 Bq against
the 2420 + 80 Bq value reported in (Tomarchio, 2014). In this case the
percentage difference of about 3% is well below the statistical un-
certainties of the measurements.

For %°Co, computed the efficiency values of 0.06 + 0.01 and 0.05 +
0.01 counts/gamma for gamma emission at energies 1173 and 1332
keV, respectively, a mean activity value of 656 + 86 Bq was obtained. At
extraction time, calculated activity of 3.44 + 0.45 kBq is compared to
3.6 + 0.1 kBq value reported in (Tomarchio, 2014), with a percentage
difference of about 5%.

The same VPD approach has been adopted for a volume source
consisting of a cellulose filter used for the filtration of atmospheric air
particulate and reduced, at the end of the suction, to strips which are
then stacked and pressed by a means of a 15-tons press to obtain a
volume of 6 cm x 6 cm x 0.7 cm. The final density is approximately 0.8
g em 3. Fig. 10 report photographs of a filter at the end of suction and

Fig. 10. Photographs of Sofiltra-Poelman HYN-75 45 cm x 45 cm cellulose
filter paper at the end of air particulate collection and reduced to a 6 cm x 6 cm
x 0.7 cm packet-sample [Cannizzaro et al., 1994].
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Fig. 9. (a) Schematic design of Havar disk measurement geometry. (b) Gamma-ray spectrum detected with LaBr;:Ce on Havar foil after 4400 days decay (b).
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Fig. 11. (a) Sketch of the measurement geometry for the air particulate filter (reduced to a packet sample) on the top of LaBrs:Ce detector. (b) Gamma-ray spectrum
of filter No. 944 taken on May 01, 1986, and measured on September 30, 2019 (decay: 12,205 days) which highlights the presence of only 662 keV peak (**’Cs).

Table 1
Uncertainty budget.
Geometry Source of uncertainty Magnitude  Notes
Point source Photopeak area <1% Eqn. (1)
Source activity <3% Manufacturer data
Emission probability <1.5% Literature data
Live time, Source Negligible MCA option
position Eqn. (2), Data fit
ho(E) <2% Eqn.(1), Eqn.(3)
Decay correction <0.1 % Single-y emitter
Coincidence-summing Negligible source
Pile-up correction Negligible
Combined uncertainty <4 %
Volume attenuation coefficient <3% Eqn. (4)
source Combined uncertainty <5%

reduced to a “packet-sample” dimensions useful to perform spectro-
metric measurements. It can be considered constituted by a quite large
number of elementary volumes (considered as point sources) whose
gamma emissions are attenuated in the path length traveled by the
photon in the sample with an attenuation coefficient related to gamma
energy and the composition of the matrix. The overall efficiency is
determined by integration of elementary efficiencies over the whole
volume through the relationship (5). The measurement geometry is
represented in Fig. 11 where the thickness of 1 mm Plexiglas of the filter
container used for the measurement is also highlighted. The attenuation
coefficient ;(662) is determined experimentally by measuring a source
of ¥Cs in a collimated system, without and with a variable number of
packet-sample interposed. From respective count rate values, a coeffi-
cient u(662 keV) = 0.051 cm ! is evaluated through the relation (6).
Similarly, an attenuation coefficient of (662 keV) = 0.1 cm ! has been
experimentally determined by interposing a thickness of Plexiglas. The
last result is very close to the value of 0.107 cm ™" calculated from data
reported in (Hubbell and Seltzer, 1996) for polymethyl methacrylate
(Plexiglas) composite material.

Taking into consideration only a quarter of the sample, due to
symmetry of the geometry, the values of elementary efficiencies for 252
vol of 0.5 cm x 0.5 cm x 0.1 cm dimensions are computed. Then,
integrating over the whole volume of the sample the contribution of
each volume element, a value of 0.057 counts/gamma of 662 keV is
obtained, including the attenuation of the interposed Plexiglas thick-
ness. There are no significant variation if the number of volume ele-
ments are increased (e.g. with volumes of dimensions 0.2 cm x 0.2 cm X
0.1 cm the difference is not greater than 1%). This value is then
compared with the experimental efficiency value of 0.055 counts/
gamma of 662 keV, obtained from the measurement of the particulate
sample collected in the period of maximum concentration following the
Chernobyl accident, whose '*’Cs activity was well characterized in
previous analyses (Cannizzaro et al., 1994). The gamma-ray spectrum
detected on the last measurement on the sample is showed in Fig. 11 b).

The difference between the two values of about 3.6 % is not significant
in relation to the uncertainties related to measurement data, activities of
the source and attenuation coefficients.

Indeed, with reference to equations (1)-(4), the uncertainty budget is
mainly related to errors on evaluating reference efficiencies, ¢(E,0,0), to
determination of hy(E) values, and, for volume sources, to the attenua-
tion coefficients.

Table 1 reports the evaluation of the uncertainty budget, set
following directions reported in (Ceccatelli et al., 2017) and taking into
account the variability of data for each radionuclide. Finally, the com-
bined uncertainties to be associated to FEPE values can be considered
acceptable as estimated less than 5 %.

4. Conclusions

The technique of assimilating the detector to a virtual point allows to
determine the efficiencies for a LaBrs:Ce scintillator for a given mea-
surement geometry quite simply and quickly with biases less than 5 %
with respect to experimental values. After determining the trend of
variation of the depth of the VPD in the crystal as a function of energy,
the only necessary data are the FEPE values in a reference point, usually
available for each of gamma radiation detectors. The values of the ef-
ficiencies in various points around the detector can be then calculated
with a simple spreadsheet, avoiding more complex procedures or Monte
Carlo simulation.

The aim of this work is fulfilled since the VPD approach is verified to
be applicable to LaBrs:Ce detector and the corresponding efficiencies,
even with volume samples, does not differ significantly from the cor-
responding experimental values. Therefore, VPD simplified approach
represents a reliable tool for LaBrs:Ce scintillator efficiencies evaluating
and radionuclide activity determining in samples of various shape.
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