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Abstract

In the present work, selected dense rare-earth (RE) based scintillators such as gadolinium
tantalate (GdTaO,), gadolinium tantalo-niobates Gd(Ta0.8Nb0.2)Oy, lutetium based LuF;:Ce,
LUAP:Ce, Lu,03:Yb and Yh,0O3 have been investigated for their gamma-ray sensing efficacy.
The gamma-ray sensing properties of these RE scintillators have been confronted with modern
lead tungstate (PWO) and lead fluoride (PbF2) scintillators being employed recently in high
energy physics (HEP) experiments. The attenuation parameters namely linear attenuation
coefficient (u), half value layer (HVL) are compared for these rare-earth scintillators over wide
energy range 1keV - 100GeV using Photon Shielding and Dosimetry (PSD) software toolkit. We
also attempted to estimate build-up factors (BF’s) of these scintillation materials computed using
the online platform Py-MLBUF. Our calculations depicted that scintillators containing high-Z
rare earth elements exhibited better gamma-ray detection capabilities when compared with
standard lead based PWO and PbF; scintillators.

1. Introduction

Scintillators are the materials which are capable of absorbing the incident photon energy, or particles
and corresponding to that energy, scintillators usually emit photons of wavelengths that usually lie in
the UV-Vis spectrum. Due to the non-thermal origin of these light photons, these scintillators are also
termed ‘luminescent” materials. This feature of luminescence assists in the detection of ionizing
radiation such as a-particles, B-particles, X-rays, highly energetic y-rays, etc.

Scintillators have been explored for applications mainly in the medical imaging technology, diagnostic
equipment such as digital radiography, PET and SPECT scanners, X-ray computed tomography (CT),
etc. A highly desirable scintillator material should be able to attenuate the incoming radiation, or
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particles and effectively convert the energy absorbed into relatively low-energy photons. The
low-energy photon emission corresponds to the bright and sharp pulse spectrum in the detector set-up.

Scintillators bearing high density (p), and high-Z elements in their elemental compositions are vital
for effective photon shielding and stopping power of the absorber material. Moreover, a desirable
scintillator also is characterized by larger photon attenuation coefficient, higher light yield (in
photons/MeV), and faster decay time t (in ns) [1, 2]. In general, materials with high-Z constituent
elements and dense materials demonstrate better radiation attenuation properties as described in our
previous work on inorganic scintillators [3, 4], in which lead-based inorganic crystals of PWO and
PbF, were shown to have better radiation shielding capabilities against y-rays. The light yield is also
one of the important properties of the scintillation materials measured as the number of emitted
photons per MeV of photon energy lost by the incident particles (or, photons) within the absorber
medium. In high-energy physics (HEP) experiments, a minimum light yield of ~250 photons/MeV is
sufficient for the purpose of detection of incident highly energetic particles (and, radiations). The
scintillation decay time (1) is mainly dictated by the time taken by the exciton pairs from the ionization
track to reach the emission centers and the lifetime of the luminescence state of the activator. The
typical decay time is of the order of nanoseconds (ns) and is directly linked with the timing resolution
of the detector incorporating the scintillator. Shorter decay time is an utmost criterion for a scintillator
to be used in high counting rate applications such as Mu2e-1l1 experiment, MaRIE at LANL (Los
Alamos National Laboratory), TOF detectors and PET etc, where best timing resolution is an essential
requirement [5, 6, 7].

There exists a class of inorganic scintillators based upon tantalates, tantalo-niobates, fluorides,
aluminates, and oxides of several rare-earth (RE) metals (i.e. Las; to Lu,;) which exhibit the desirable
properties such as high atomic number (Z), high density (p) and high stopping power. Some of these
recently developed RE elements based scintillators are listed in table 1. The important characteristics
of these scintillators include high density values ranging from 8.3 to 9.4 g/cm?®, higher light yield, and
faster decay time. In view of these important features as enlisted in table 1, it would be worth
interesting to explore these materials for radiation attenuation capabilities. Apart from their shielding
efficiency, these scintillators also exhibit faster decay time (t) profiles. For instance, the
GdTaggNbo O, scintillator possesses a decay time (t) as fast as 12 ns with no slow component [4].
Lu,Os:Yb bears an ultrafast decay time of 1.3 ns, while Yb,0; exhibits a sub-ns decay time of 0.22 ns
which is faster than the standard decay time of 0.5 ns possessed by the ultrafast BaF,:Y scintillator [6,
8]. BaF,:Y also possesses a slow component suppressed by the optimal doping concentration of
Yttrium ions. Gadolinium-based tantalates i.e. GdTaO,4 (GTO) are observed to have a high density of
8.94 g/cm® and there have been developments in manufacturing crack-free high-quality crystals [9].
This is the highest density value achieved among the currently employed single crystal scintillators.
Further, GdTaO, and GdTaggNbg .0, scintillation materials are also reported to have light yields,
respectively, 3 and 13 times that of PWO [4, 9]. It can be inferred that PWO may not be bright enough
for most applications as the light yield of PWO is only 250 photons/MeV. In experiments related to
high-energy physics calorimeters, advanced RE based scintillators can offer higher stopping power in
combination with adequate light yield and short decay time. [10]. In view of these peculiar features, it
is worthwhile to investigate these high density scintillators for photon attenuation properties and
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confront the observations with those of currently employed high density PWO scintillators. This
knowledge is of paramount importance to select the best scintillation material for faster and more
effective radiation detection. An optimal scintillator with a combination of high density, enhanced
light output and shorter decay time (t) is LUAP (LUAIQs;). Lutetium Fluoride (LuFs3) is another very
useful RE-based scintillator that displays scintillation spectrum in the vacuum ultraviolet (VUV)
region. LuF;is widely employed in micro-pattern gaseous detectors (MPGDs). Moreover, these
materials are cost-effective and promising crystals for large area detection applications with competent
spatial resolution [11, 12].

In the present research work, we shall aim to compute the photon attenuation parameters namely
linear attenuation coefficient (LAC) and half value layer (HVL) values using Phy-X/PSD online
software [13] over broad energy range from 1 keV to 100 GeV. We shall also attempt calculating
buildup factors (BF’s) of investigated scintillators using the recently developed software toolkit
namely "py-MLBUF’ [14].

2. Methodology
The Interaction mechanism of incident radiations (or, particle) with absorber /detector material
depends upon the incident energy of photon/particle. For instance, low energy and extremely high
energy gamma-ray photons are completely absorbed (i.e. via photoelectric effect and pair production
phenomena, respectively). Interaction of photons having intermediate energy leads to Compton and
Rayleigh scattering phenomena. These interaction processes bear respective interaction cross-sections
measuring the likelihood of these phenomena. The interaction cross-sections depend upon the incident
energy of the gamma-rays as well as the composition of sensing material. If the gamma radiation is a
mono-energetic, narrow beam and the material layer in question (i.e. sensing material) is thin, then the
attenuated intensity after passing through the material layer is given by the following equation:

I = [,e™#*, Eqg. (1)
Here, I, is the intensity of incident gamma-radiation, ‘x’is the thickness of the material (in
centimeters), and u is the linear attenuation coefficient (in cm™). This equation is the well-known
Lambert-Beer law [13] which is applicable only if the above-mentioned conditions are satisfied. If the
experimental narrow beam transmission setup fails to meet any of these requirements, the deviation
from the Intensity equation Eq. (1) is adjusted by inserting a multiplicative factor B. This corrective
factor is known as the build-up factor (BUF). The build-up factor (BUF) takes into account the
multiple-scattering of gamma-ray photons within the absorber material. The minimum value for BF is
1 indicating that conditions for narrow beam transmission through a thin layer of sensing material are
satisfied. The corrected intensity equation (or, Lambert-Beer law) takes the form:

I = Ble™#* Eq. (2)
The linear attenuation coefficient u is usually obtained from mass attenuation coefficient (MAC)
denoted by u,,. This parameter is a measure of the probability of interaction of the incident
radiation/particle with per unit mass of the absorber and encompasses the total attenuation. It is usually
measured in units of cm?/g. For a material composed of different elements, it is determined using the
mixture rule given by Jackson and Hawkes [15]:

Um = % = 2iwi (m);.- Eq. (3)
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Table 1. Elemental composition, density, and other important properties of rare-earth-based
scintillation materials.

Rare-earth Elemental Lightyield  Decay Density, p | Ref.(s)
scintillators composition (photons/  time, T (g/cm®)
(wt.%) MeV) (ns)
43.5874% Ta 1236.2
16.3178 % O
GdTaggNbo 0, | 41.7566 % Gd  ~3250 12 8.37 [4]
36.3152 % Ta
4.9341 % Nb
16.994% O
(0.04 at %) 24,5640 % F
0.0242 % Ce
LUAIO;: Ce 72.2317 % Lu 21000 18 8.34 [11, 20]
(0.11 wt. %) 7.8431 % Al
19.8150 % O
0.1100 % Ce
Lu,O3: Yb 500 1.3 9.4 8,21,22
(0230/3 stoms of | 87-7088 % Lu [ ]
Lu. rei)laced by 12.0304%0
.2610% Yb
Yb) 0.2610 %
Yb,0; 87.8201 % Yb - 0.22 9.2 [21, 22, 23]
12.1799% O
PWO 45.5337 % Pb ~250 5-15 8.28 [2, 24]
40.4023 % W
14.0640 % O
PbF, 84.5038 % Pb <1000 30,6 7.77 [25, 26]
15.4962 % F

Here, w; is the weight fraction and (u,,); is the mass attenuation coefficient of the ith element
present in the mixture. The next important sensing parameter is half-value layer (HVL). It is defined as
the thickness of the absorber material (or, scintillator in present work) that attenuates the intensity of
incident radiation to half of its original value. It is obtained from the linear attenuation coefficient u
using the relation [13]:

HVL = "Zﬁ Eq. (4)
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The build-up factor (BUF) is of two types: Energy Absorption Build-up Factor (EABF) and Exposure
Build-up Factor (EBF). EABF is related to photon energy deposition within the scintillator medium,
while EBF deals with the exposure and absorption in the air. Theoretically, these build-up factors are
evaluated for different thickness layers of the scintillator material and over wide incident energy from
0.015 MeV to 15 MeV. We shall evaluate exposure build-up factor (EBF) as functions of photon
energy range and different penetration depths (in mfp) using the online toolkit ‘py-MLBUF’.

3. Analysis and Discussion
The linear attenuation coefficient (LAC) is the sum of interaction cross-sections for all absorption and
scattering modes. Relative cross-sections for these different modes of interaction are dependent on the
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Fig 1. Linear attenuation coefficient (LAC) computed as function of gamma-ray energy for various
inorganic high-Z scintillators using online Photon Shielding and Dosimetry (PSD/Phy-X) software
tool. Inset of Fig. 1 shows the magnified view of LAC vs photon energy curves.
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Fig 2. Variation of half value layer (HVL) w.r.t. gamma-ray photon energy in the range 1 keV-100
GeV computed using online Photon Shielding and Dosimetry (PSD/Phy-X) software tool. Inset of Fig.
2 shows the magnified view of HVL vs photon energy curves for E, > 4 MeV.

absorber material (inorganic scintillators, in present case) properties such as density, atomic number Z
of the constituent elements, and the energy of the incident gamma radiation.

In Fig. 1, we display linear attenuation coefficient (LAC) computed for selected inorganic scintillators
as function of photon energy E.,. Below photon energy 500 keV, all scintillation materials possess
higher values of LAC. The linear attenuation coefficient values decrease as we go towards higher
photon energies, this is because the dominant photo-electric absorption process for which interaction the
cross section varies as opp o« Z47°/E3> [27, 28, 29]. As clear from the Fig. 1, better radiation
attenuation capability is displayed by rare earth (RE) based scintillators namely Lu,O5:Yb and Yb,03
which is further comparable with those of high density lead based PWO and PbF, scintillators. PWO and
PbF, scintillators are best sensing materials at lower energies owing to their high Z constituent elements
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and and higher density values. There are observed sharp spikes in the LAC versus photon energy curves
particularly in lower energy regime owing to the occurrence of absorption edges. In the intermediate
energy regime upto 3 MeV, dominant interaction mode is Compton scattering of incident gamma-ray
photons for which interaction cross-section moderately dependent on Z and the incident photon energy
[27]. As aresult, the attenuation behavior by all scintillators in this energy regime follows a similar trend
and Lu,O3: Yb and Yb,Os scintillators exhibit the highest values of LAC. For higher photon energies E,
> 3 MeV, linear attenuation coefficient increases gradually again. In this energy regime, complete
photon absorption occurs via pair production phenomenon for which interaction cross-section varies as
opp X Z? - log E, [27, 29]. Since most of the inorganic scintillators are to be used for detection
applications in the high energy radiation environment, so we are more concerned with investigation of
nuclear absorption characteristics of high-Z rare earth based scintillators in high-energy regime.

Next we evaluate the half value layer (HVL) as function of photon energy using user friendly Photon
Shielding and Dosimetry (PSD) software tool [13]. HVL being inversely proportional to the first
power of LAC, thus displays a reverse trend for HVL versus photon energy curves as displayed in Fig.
2. In other words, HVL values are found to increase sharply with photon energy. In the lower energy
region, high-Z Pb based scintillators PbF, and PWO exhibit the least HVL values. In the intermediate
and higher energy regions, however, rare earth based Lu,O3:Yb and Yb,Os scintillators offer better
gamma-ray sensing capabilities. This is clearly evident from lowest HVL values as illustrated in inset of
Fig. 2. At higher photon energies (> 100 MeV), HVL values almost saturate for all materials with
minimum value registered for Lu,03:YDb (0.89 cm) and Yb,05 (.92 cm), while lead based PWO and PbF,
display relatively higher values of 0.98 cm and 1.03 cm, respectively at 150 MeV photon energy. This
comparative analysis of HVL values gives an idea about the extent to which thickness of scintillation
detector material can be reduced by using the material with lowered half value layer values in
high-energy radiation environment.

In case the thickness of the absorber material is not sufficiently low, there would be enhanced
production of secondary photons attributing to higher photon build-up factor (BUF) values. Meanwhile,
the scattering phenomena such as Compton scattering of photons directly contributes to the photon
build-up and thereby increase in exposure buildup factor (EBF) value. The variation of EBF with
gamma-ray energy for investigated inorganic scintillators is shown in Figs. 3(a) and 3(b) at penetration
depths of 1 mfp and 20 mfp, respectively. The EBF values are close to unity (=~ 1) for lower incident
photon energies (below 30 keV) owing to complete removal of photons via photoelectric absorption
process. In the energy range between 0.03 MeV to 0.15 MeV, the build-up factor values attain peak
values are maximum as evident via peaks in curves corresponding to different scintillator materials.
These peaks are commonly attributed to the absorption edges of the different constituent elements
present in scintillation detector materials. In photon energy range 0.08 - 0.2 MeV, LUAIO;:Ce (Lutetium
aluminum perovskite) and Gd(Ta0.8Nb0.2)O, exhibit minimal EBF values. In the intermediate and
high energy domain 0.2 -3 MeV, the Compton scattering of gamma photons and pair production are the
dominant processes, respectively. Compton scattering of incident is the major contributor for multiple
scattering events and rise of secondary gamma-ray photons. In pair production domain, photons are
absorbed again and there is rise in multiple scattering events [30, 31]. Thus, we observe a steady
increase in the EBF values in the intermediate energy regime. For 20 mfp penetration depth, EBF values
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obtained were higher, while these were lowest at 1 mfp. In other words, deviation from the
Beer-Lambert law is the least for 1 mfp penetration depth. Interestingly, rare-earth elements based
scintillators Lu,03:Yb and Yh,O5 exhibit minimal EBF values as compared to other RE based inorganic
scintillators which are further comparable with those of lead containing PbF, and PbWO scintillators in
the intermediate energy domain. After 3 MeV photon energy, pair production is the most probable
interaction mode with scintillation detector material. Electron-position pair thus created may further
interact with host material and will result in release of electromagnetic radiation after annihilation. The
EBF values of these materials would further rise again with photon energy. After 6 MeV, the build-up
factor increases with further increase in energy and saturate to similar values for all scintillation
materials at higher photon energies as shown in Fig. 3.
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Fig 3. Exposure build-up factor (EBF) versus gamma-ray energy curves plotted at (a) 1 mfp and (b) 20
mfp penetration depths.

4. Conclusions

Present analysis investigates radiation shielding and sensing characteristics of selected dense rare-earth
and lead containing scintillators across wide range of incident photon energies. In particular, lead based
PWO and PbF; scintillators are found to bear higher LAC and lower HVL values in lower energy
regime. That is, highly dense and high-Z lead based scintillators offers better attenuation against gamma
radiations at lower photon energies. For higher energy regime, however, high density rare-earth
containing Lu,0s:Yb and Yh,0s scintillators exhibit highest LAC values and consequently, lowest HVL
values. In view of the fact that Lu,; and Ybq, based scintillators require lesser thickness layer as
compared to Pb-based scintillators, these RE based materials can prove to prospective candidates for
development of scintillators operating in high energy domains. Variation of EBF values with photon
energy analyzed at penetration depths of 1 mfp and 20 mfp indicated significant influence of elemental
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composition, density and gamma-ray energy incident. One can infer from this comparative analysis that
RE based Lu,0s:Yb and Yb,O; scintillators are superior candidates for gamma-ray attenuation and
sensing applications in high energy physics experiments.
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