
Demonstrating Light Yield and Energy Resolution trends for different sized
Scintillators using Monte Carlo Simulations

Contact: adam.illoul@stfc.ac.uk

A.R.L Illoul
School of Physics,
University of Bristol,
BS8 1TH, United Kingdom

C.D. Armstrong
Deparment of Plasma Physics,
Central Laser Facility, RAL
OX11 0QZ, United Kingdom

1 Abstract

Light yield loss due to larger scintillator dimensions has
been documented for a number of different scintillators
[1] [2]. This was explained using the overlap between the
characteristic emission and absorption spectrum of the
scintillator - causing self absorption, an effect which rises
with respect to the average photon path length. Monte
Carlo simulations were used to demonstrate that the in-
crease in surface area of a diffusely reflecting surface
wrapped around the scintillator will produce a similar
trend, independent of self-absorption. The aspect ratio
of two sides of the scintillator was varied to observe its ef-
fect on the light yield measured, showing a gradual climb
in yield as the ratio increased. There is indication that
the detector planes surface area is not driving this in-
crease independently. The energy resolution of scintilla-
tors of a given length were established, producing higher
resolutions at smaller scintillator lengths. Increased res-
olution was also found for higher reflection coefficients of
the reflective wrapping. A literature comparison is also
shown to demonstrate the simulations consistency.

2 Introduction

Radiation detection is an important diagnostic compo-
nent in Laser-plasma physics. Laser-plasma interactions
produce a range of ionising particles and photons, the
characteristics of which can be used to describe the in-
teraction. These tunable characteristics also allow for
non-destructive testing of objects, which is currently in
demand in the aerospace and security sector [3]. The
ability for Laser driven radiation to repetitively, and
promptly probe materials with a controlled spectra al-
low for a range of densities and thicknesses to be imaged
frequently.

One technique to convert the radiation into a read-
able electronic signal is use scintillators with a photo-
detector. Scintillators convert ionising radiation into vis-
ible light, and have been used for radiography purposes
for interior probing using laser-driven radiation sources
[3] [4], gamma/X-ray spectroscopy for laser-plasma diag-
nostics [5] [6], and are frequently used in the medical in-
dustry [7] [8] in PET scans. Two important components
of a scintillator are its light yield and energy resolution.

The light yield refers to the efficiency at which the
scintillator is able to convert the incident radiation en-
ergy into optical light [9]. Using scintillators with a low
light yield results in a lower photon emission, which will
reduce the reliability of measurement.

The energy resolution measures the consistency at
which the scintillator can convert the incident energy. If
a single ionising photon is absorbed by the scintillator,
the detector will measure an equivalent light response.
By repeating this, variations in this response will be ob-
served. This may be due to the emitted optical photons
taking different paths within the scintillator, that may
include more reflections at the surface - resulting in a
lower average amplitude. The scintillators ability to con-
sistently convert the same incident energy into the same
amount of optical light determines the precision at which
it can measure the incident radiations’ energy. This res-
olution is partly dependent on the light yield, due to the
Poissonian nature of photon-counting.

One parameter than contributes towards these two
fundamental properties is the dimension of the scintil-
lator used, and is the focus of this report. Using Monte
Carlo simulations, the effect of the length of the scintil-
lator on the light yield and energy resolution is observed.
Furthermore, the effect of the aspect ratio between two
and three dimensions of a scintillator is varied to observe
the change in light yield. In the Discussion section, the
results are compared to the literature.

3 Motivation

High flux X-ray spectrometry can be employed using
scintillators. Rusby et. al [6] placed blocks of Bismuth
Germanate (BGO) scintillators in a rail-like setup and
the light yield was observed orthogonal to the incident
radiation, as demonstrated in Fig.1. The crystals are
wrapped in Polytetrafluoroethylene (PTFE), which is a
reflective coating to improve the optical light yield. By
increasing the length (Z-axis dimension) of each block
the surface area is increased for the face between the
scintillator and the source. For radiation sources that
emit spherically, this will result in more X-rays on av-
erage being converted into an optical light signal. How-
ever, directional X-ray beams [3] would only necessitate
the scintillator to encompass the beams cross-section to
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observe any gain in signal. Scintillators that are unnec-
essarily larger in surface area may incur more reflections
from the individual photons, and thus become less effi-
cient at converting the radiation into a light signal. The
trends of the light yield and energy resolution for dif-
ferent sizes are therefore of importance in producing a
reliable light signal for radiation diagnostics.

Figure 1: Scintillator based X-ray spectrometer schematic, where
the scintillators measured response (blue) to the X-rays (red) dims,
the further the X-ray source is from the crystal. An array like the
one depicted is coined a ’rail’ in the motivation. The coordinates
system is referenced throughout the paper, including Y which trav-
els into the page.

4 Theory & Method

The Monte Carlo simulation reproduced the photon
transport within a scintillator once the X-ray signal was
converted into visible light. The photons are treated
as a particle when interacting with the PTFE, with a
starting amplitude of 1. We assumed that it is wrapped
around homogeneously, so that the reflectance coefficient
around the entire scintillator was uniform. The diffuse
reflectance of PTFE was implemented on all surfaces ex-
cept the face imaged by the detector. Typically the re-
flectance coefficient of PTFE is ≥ 0.97 [10] for most scin-
tillators’ emission spectrum, but variation is expected for
different thicknesses of PTFE, as shown by Janecek [11].
As of such, the range of reflectance coefficients used in
the simulation was restricted between 0.95-1.

The face imaged by the detector will transmit and
reflect a fraction of the light depending on the angle of
incidence - calculated using the Fresnel equations. Addi-
tionally, total internal reflection was applied to the sim-
ulation. Each of these physical processes are dependent
on the refractive index of the two mediums between this
face. Generally the scenario observed is where the exter-
nal medium is air, and this was the case for all simula-
tions except the comparison of Cherry et. al’s work [7].
Cherry et. al used optical grease between the scintillator,
and the photo-detector, and was therefore implemented
into the simulation too. An optical grease refractive in-
dex value of 1.5 was used, closely resembling the common
market values [12] [13].

X-ray attenuation occurs in the direction at which
they travel, and is described by the Beer-Lambert law
in Eq.1 illustrating the decay in X-rays that have passed
through a medium of length l. The law takes into ac-
count the density ρ of the medium and the cross-section
σ for a photon of given energy.

N(l) = N0e
−ρlσ (1)

Two scintillators were used as models; Lutetium-
Yttrium Orthosilicate (LYSO) and BGO, the densities
of which were sourced from Saint Gobains’ data sheets
[14] [15]. The cross-section was calculated using NIST’s
XCOM database [16] attempting to replicate the char-
acteristic 511keV emission from sources such as Na-22.

Using Fig.1’s coordinate system as reference, the as-
pect ratio effect on yield, the height (Y) was varied be-
tween 1 − 10mm, while constraining the length (Z) di-
mension to a value of 10mm, and depth (X) to 2mm. The
number of photons simulated was maintained at 105 par-
ticles, as this corresponded to a consistent yield through
repetition. The reflectance coefficients of interest were
0.95, 0.97, and 0.99.

The energy resolution was determined by measuring
the full-width half-maximum (FWHM) value of a his-
togram of energy readouts. For each event, 1,500 par-
ticles were seeded at a single random point within the
scintillator to replicate the physical aspect of energy res-
olution measurements done by Pepin et. al [17], and
the total intensity registered on the detector screen was
recorded. This was repeated 10,000 times to produce
a distribution of light yields; a pulse height histogram.
The characteristics of LYSO were used, where the detec-
tor planes immediate external medium is air.

An increase in the length from 10− 50mm of the scin-
tillator was applied per simulation, and the integrated
light yield was determined, with the reflectance coeffi-
cient of the reflector 0.95 and 0.97. Finally, the variation
in yield and resolution was observed as a function of as-
pect ratio of the scintillator face upon which the X-rays
were incident. To evaluate the simulations competency,
a comparison between data from Cherry et.al’s work [7]
and the simulation was made regarding the trend in light
yield as the geometry of the scintillator varied.

5 Results

For a 2 × 10 sized detector plane, a larger length corre-
sponded to a lower light yield as shown in Fig.2. This
was fitted with the 2R model (Eq.2). The key parame-
ters LY(0) and µ found to fit for each simulation with a
given reflectance coefficient is referenced in Table. 1.

LY (l) = LY (0) × 1 − exp(−2µl)

2µl
i (2)

iLY(l) defines the light yield after attenuation through a
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Figure 2: Simulated light yield for a 2×10×Z scintillator wrapped
in PTFE of reflectivity 0.95 and 0.97, where Z is the scintillator
length. The 2R Model approximation was fitted to the data.

R LY(0)(%) µ (mm−1)

0.95 88 ± 3 3.8 ± 0.2
0.97 96 ± 1 3 ± 0.06

Table 1: Values fitted to the Light yield(%) vs Scintillator Length
as seen in Fig.2 using the 2R model. Pearson’s R2 were both found
to be > 0.999 for the two light yield simulations.

The yield as a function of aspect ratio can be seen
in Fig.3, and is the case where all dimensions are con-
strained except for the Y (height) axis. A comparison
was made to a case where both X and Y varied linearly,
with a constrained Z length and is shown in Fig.4. The
particle number was kept constant.

A distribution of energy readouts in the form of a
Gaussian distribution was found for all lengths of Z.
They were fitted to a Gaussian function, through which
the FWHM was calculated. This parameter was plotted
for all lengths and reflection coefficients 0.95, 0.97, and
0.99 as seen in Fig.5.

6 Discussion

The accuracy of the simulation can be validated by draw-
ing comparisons from literature on light yield. A single
source was used to maintain consistency. Cherry et.al
[7] measured the light yield for BGO for an array of di-
mensions, and a comparison can be seen in Fig. 6. The
measurements by Cherry, and the simulation’s were nor-
malised to the 3×3×5 mm3 scintillator light yield from
Cherry. The three sections are divided due to the differ-
ent dimensions labelled within the plot. The simulations
results best fitted these data points with a reflectance
coefficient of R = 0.92. This is likely to be an underesti-
mation of the true reflectance coefficient the experiment

medium of length l, µ is a loss parameter that includes absorption
and scattering. LY(0) is the intrinsic light yield of the scintillator.

Figure 3: Simulating 105 particles to produce light yield for dif-
ferent aspect ratios of the scintillator; Y/Z, where Y is the height
and Z is the length (orthogonal to the detector face). The length
was kept constant at 10, while the height was increased to observe
the change in yield.

Figure 4: A comparison between the earlier regime in which the Y
was varied, and one in which X and Y are varied simultaneously,
maintaining a square shaped detector plane. The equivalent areas,
yet different yields indicate that the detector plane area is not the
driving factor in yield increase. This figure uses the data for the
reflectance coefficient 0.95, and a constrained length Z = 10.
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Figure 5: The FWHM of the fitted function from each pulse height
histogram as a function of the length of the scintillator for each
reflectance coefficient (legend).

had, as stated earlier that typical reflectance coefficients
of PTFE are greater than 0.95. The possible sources that
cause this may be the untreated self-absorption, a par-
asitic effect that is caused by the scintillator absorbing
its own emission. This would sharpen the descent of the
simulations trend with increased length if implemented,
and likely reduce the difference seen in Fig.6.

The general decrease in light yield with respect to
length found in Fig.2 has been documented in scintil-
lators [7] [18] and is similar to a decrease found by Wo-
jtowicz et. al [1] for LuAP and LuYAP scintillators.
However the proposed mechanisms for this loss in the
literature is not accounted for in the simulation. Wo-
jtowicz proposed Eq.2 as a model to approximate the
light loss due to self absorption, which was accurate at
predicting the light yields for lengths 0.1cm and 1cm
scintillator lengths, and further studies using the model
by Janus et. al [2] for a range of lengths between 0.13cm
to 1.02cm. The simulation shows that the model reliably
predicts the light yield for lengths between 1-5cm.

The absorption coefficient µ as seen in Table.1 is the
loss parameter and affects the rate of light loss as the
scintillator length is increased. The 2R model has been
verified experimentally using LYSO [19], with an absorp-
tion coefficient from LYSO of 0.33cm−1, and so demon-
strates the simulations ability to accurately reproduce
the trends of light yield as the dimensions are varied.

In our simulation parasitic absorption was ne-
glected due to the model scintillator LYSO’s absorp-
tion/emission spectra having a minimal overlap, despite
being the primary motivation of the 2R-model. Yet a
similar trend to the model Wojtowicz proposed is ob-
served. It is put forth that the two properties (self ab-
sorption & the diffuse reflectance loss for a given length)
coalesce within the loss parameter from Eq.2 in the lit-
erature.

With regards to the aspect ratio of the height and

length, an increase in the detector surface area naturally
increases the light yield, as the solid angle between the
initialisation point of a particle and the detector plane
has expanded, increasing the likelihood the photon will
travel towards it. This is supported by the gradual climb
in yield as the ratio increases. Rusby et. al [6] used a
2 × 12

The ratio of the depth and the height also play a role,
as shown in Fig.4. For equivalent surface areas of the
detector plane, distinctions can be made between cases
where the ratio X/Y are different, indicating that yield is
not entirely dependent on the detector plane area alone.
While slightly inaccurate to keep the particle number
constant when the depth increases, it is not anticipated
that any difference would be noted for the light yields
found. Large increases in particle number made little
to no change on the resulting yield. For example, an
increase from 105 to 2 × 105, the average yield collected
over three runs was found to deviate by 0.01%, and was
not compensatory for the increase in computation time.

Fig.5 shows that using a more reflective coating and
smaller length scintillator reduces the FWHM of the
pulse height histogram. Literature values for LYSO de-
scribe higher FWHM typically between 8−15% [17] [19]
[20] for a 662keV source. When subtracting the contri-
butions of the electronic and multiplication noise, Pepin
et. al [17] calculated an intrinsic energy resolution of
2.9 ± 0.7%. Phunpueok et. al [20] and Yawai et. al
[19] completed the same procedure, however produced a
much higher intrinsic resolution of 7.5% and 8.2% respec-
tively. However, unlike Pepin’s scintillators, they are not
of a similar geometry to the ones used in this report, and
they do not stipulate the use of a diffuse reflective wrap-
ping. Further work should simulate photon transport for
a number of different dimensions and reflection regimes
in order to validate the findings of these reports, and es-
tablish whether the differences can be entirely explained
by the geometry and reflective wrapping alone.

7 Conclusion

The simulation demonstrated that light yield as a func-
tion of scintillator length can be modelled using the 2R
model, and that smaller scintillators are preferable where
a high light yield is necessary. The same was true with
the energy resolution, which demonstrated a decrease
as the scintillator length reduced, however, the reduc-
tion of scintillator surface area will reduce the capture
rate of spherically emitting radiation, and so a balance
is necessary. Increasing both the depth and height of
the scintillator simultaneously appeared to increase the
light yield significantly higher than when one of these
dimensions was increased, indicating that detector area
alone cannot be used as a metric for measuring the light
yield for varying dimensions.
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