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1 | INTRODUCTION

In a scanning electron microscope (SEM), the image is formed by sig-

nal electrons generated after the interaction of a primary electron

Abstract

The purpose of this paper is to find some general rules for the design of robust scin-
tillation electron detectors for a scanning electron microscope (SEM) that possesses
an efficient light-guiding (LG) system. The paper offers some general instructions on
how to avoid the improper design of highly inefficient LG configurations of the
detectors. Attention was paid to the relevant optical properties of the scintillator,
light guide, and other components used in the LG part of the scintillation detector.
Utilizing the optical properties of the detector components, 3D Monte Carlo
(MC) simulations of photon transport efficiency in the simple scintillation detector
configurations were performed using the computer application called SCIUNI to
assess shapes and dimensions of the LG part of the detector. The results of the
simulation of both base-guided signal (BGS) configurations for SE detection and
edge-guided signal (EGS) configurations for BSE detection are presented. It is demon-
strated that the BGS configuration with a matted disc scintillator exit side connected
to the cylindrical light guide without optical cement is almost always a sufficiently
efficient system with a mean LG efficiency of about 20%. It is simulated that poorly
designed EGS strip configurations have an extremely low mean LG efficiency of only
0.01%, which can significantly reduce detector performance. On the other hand, no
simple nonoptimized EGS configuration with a light guide widening to a circular or
square profile, with a polished cemented scintillator and with an indispensable hole in

it has a mean LG efficiency lower than 6.5%.
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light guide, MC simulation, scintillator, SEM electron detector

Research Highlights

A perfectly designed light-guiding part of the scintillation detector with high photon transport
efficiency is a significant benefit of the imaging system in SEM. The computer-optimized design
can improve the geometry and materials of the scintillation detector.

beam with a specimen surface (Reimer, 2013c). The image quality of
an SEM is largely determined by the performance of an electron
detector. Scintillation electron detectors (Everhart & Thornley, 2004)
are mainly used in SEMs to detect signal electrons. A priority feature
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of a high-quality scintillation electron detector is its strong modulation
transfer function (MTF). The MTF is a variant of the optical transfer
function (OTF) that neglects phase effects, but it is equivalent to the
OTF in many situations. Only the use of an extremely fast scintillator
with a short decay time and a low afterglow guarantees a strong MTF
of the entire imaging system (Goodman, 2005; Williams, 1998;
Williams & Becklund, 2002). Much attention is necessarily paid to the
MTF of the scintillation electron detector in the SEM (Bok &
Schauer, 2014b; Saiga et al., 2018; Schauer et al., 2019). However,
attention must also be paid to the detective quantum efficiency
(DQE) of the scintillation electron detector, which is based on the
signal-to-noise ratio (Comins & Thirlwall, 1981; Joy et al., 1996;
QOatley, 1985; Reimer, 2013b). The low efficiency of the detector
reduces DQE and thus the performance of the entire SEM imaging
system.

Unfortunately, the efficiency of the scintillation electron detector
is often simplified and is referred to as the electron-photon energy
conversion efficiency in scintillator cathodoluminescence (CL) centers,
and the utilization of generated signal photons is abandoned
(Everhart & Thornley, 2004; Frank, 2002; Healy & Mott, 2016; Nedela
et al., 2018). However, the process of photon collection can be greatly
inefficient. If the scintillator possesses high optical self-absorption, its
conductive coating has low optical reflectance, it is incorrectly
coupled to the light guide, and/or the light guide is incorrectly
designed, the photon collection efficiency at the PMT photocathode
of the scintillation electron detector can only be in the order of units
of percent or less. These problems need attention. Estimation and
experimental verification of the photon transfer efficiency of the scin-
tillation detection system are too time-consuming and expensive and
offer uncertain results. Therefore, in this paper, attention will be paid
to the relevant optical properties of the scintillator, light guide, optical
cement, and other components used in the scintillation electron
detector for SEM. Simulations of photon transport efficiency in the
simple scintillation electron detector configurations for SEM will be
performed and presented in this paper utilizing optical characteriza-
tion of the detector components.

The simulation of photon transport efficiency in the scintillation
electron detector for SEM has only rarely been published. Such a sim-
ulation can be based on a quantitative analytical or MC approach.
Both of these approaches can be implemented in either a simplified
2-dimensional (2D) or a full 3-dimensional (3D) layout. Unfortunately,
some publications offer only a 2D analysis of the photon collection,
simplifying the problem only to a rough estimate (Danilatos, 2012). If
a quantitative analytical approach is chosen, only simple system
geometries with a high symmetry can be calculated (Carrier &
Lecomte, 1990b; Filippov et al., 2001). A method that makes use of an
MC simulation is more generally applicable. It does not depend on the
simulated systems' symmetry, but some works are still limited to
parallelepipeds (Carrier & Lecomte, 1990a; Lerche et al., 2008;
Xiaoguang, 1984) and others to rotational symmetries (Schauer &
Autrata, 1992). The universal 3D MC method, intended for nearly any
scintillation detection system for S(T)EM, is the SCIUNI application
(Schauer, 2007). The MC simulations of light collection from the
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scintillators are more commonly used to design the detectors in the
field of high-energy physics, especially in medical scintillography tech-
niques. There are various commercial or freely available programs
such as ZEMAX (Bauer et al., 2009; Lorincz et al., 2010; Salomoni
et al., 2018) or GEANT (Badiei et al., 2019; Knyazev et al., 2021; van
der Laan et al., 2010). However, the common disadvantage of these
programs is that they are not suitable for an overly complex geometry
of the scintillator or light guide, which cannot be avoided in the SEM
detectors.

Two different basic image modes are used in the SEM
(Reimer, 2013d). These are (1) the secondary electron image mode
(SE mode), where the detector is located outside the primary electron
beam, and (2) the complementary backscattered electron image mode
(BSE mode), where the detector must be located above the specimen
in the primary electron beam path of the SEM (Reimer, 2013a; Zhou
et al., 2006). The SE mode makes use of the standard Everhart-
Thornley detector (Everhart & Thornley, 2004), that is, a base-guided
signal (BGS) rotationally symmetric scintillation detection system. The
BSE mode requires the use of a Robinson-type flat plate scintillator
with a hole for the primary electron beam and thus allows the light
signal to be collected only from the side edge of the scintillator
(Robinson, 1980). Therefore, the BSE mode must use an edge-guided
signal (EGS) system that has a much lower symmetry than the BGS
one and is thus much less suitable for efficient light collection from
the scintillator. Furthermore, the EGS detector design must comply
with the space available in the microscope chamber. All these facts
can result in complicated EGS detector geometry.

To simulate the photon transport efficiency in the scintillation
electron detector for SEM, it is necessary to obtain and use not only a
suitable computer application for the simulation, but also to know or
experimentally determine the input simulation parameters. The simu-
lation parameters, in this case, are the CL emission spectrum of the
scintillator and the optical properties, shapes, and dimensions of all
components (objects) of the entire scintillation detector configuration.
Appropriate methods must be used to prepare the samples of the
components and to determine their spectral properties. The compo-
nents must be examined by suitable methods and later entered into
the simulation. The following components are considered here: (1) the
scintillator and (2) its anticharging coating, (3) the light guide, and
(4) the optical cement. Only on the basis of high-quality optical char-
acterization of these detector components it is possible to proceed
with the implementation of the photon transport efficiency simulation
in the scintillation electron detector. A sufficiently useful value of such
a simulation can only be guaranteed when using a high-quality 3D MC
model.

In our previous papers, some topics have been focused on the
computer-optimized design (COD) of the light-guiding (LG) parts of
the scintillation electron detectors for SEM (Schauer, 2007; Schauer &
Autrata, 2000; Schauer et al., 2021). However, these previous studies
usually do not allow comparing the influence of individual parameters
of the LG systems, such as the configuration, shape, or size. The pur-
pose of this paper is not to determine the efficiencies of specific com-

plex scintillation electron detectors for specific microscopes, but to
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find some general rules for the design of the robust scintillation elec-
tron detectors for an SEM that possesses an efficient LG system. Such
design rules can give at least some general guidance on how to avoid
the improper design of extremely inefficient configurations of the
scintillation electron detectors. These general design rules would be
the basis for choosing a shape and material, but it is not possible to

get the best efficiency without subsequent optimization.

2 | MATERIALS AND METHODS

2.1 | Simulated materials

The YAG:Ce single crystal (Ce* activated yttrium aluminum garnet-
Y3Als04,:Ce®") was chosen as the scintillator for the simulation. The
YAG:Ce scintillator, grown with the Czochralski method in Crytur Ltd.
and finished as described in our previous papers (Schauer et al., 2019;
2021), was used for experimental determination of its CL emission
spectra and its optical properties. The dimensions of the scintillator
for the simulation are given in Table 1 together with the dimensions
of the other simulated materials. The size of the hole in the scintillator,
which is indispensable for the passage of the primary electron beam
in the EGS scintillation systems for BSE detection, is also tabulated.

A thin film of Al in the rotationally symmetric BGS configurations
for SE detection and a thin film of indium tin oxide (ITO) in the EGS
configurations for BSE detection were chosen as anticharging coat-
ings of the scintillators for the simulation. To experimentally deter-
mine the optical properties of both coatings, the films were deposited
onto quartz substrates using a radiofrequency (RF) sputtering unit
with 152 mm cathodes in the RF mode as schematically drawn in our
previous paper (Schauer et al., 2021). Reactive sputtering was per-

formed in argon and argon-oxygen atmospheres, respectively. The

argon and oxygen fluxes were regulated with high-accuracy by mass-
flow controllers. Norland Optical Adhesive NOA 61 optical cement
was chosen as a scintillator-light guide interface binder. The optical
properties of the cement were taken from the manufacturer
(Norland., 2021). The thicknesses of the films and cement are also
given in Table 1. Optical polymethyl methacrylate (PMMA) was cho-
sen as a light guide for the simulation. Although commercial PERSPEX,
commercial Merci silicate glass, and quartz are also suitable materials,
PMMA has been selected for its suitable optical properties, being the

cheapest and easiest to machine.

2.2 | Material characterization methods

The CL spectrum of the scintillator was measured using the equip-
ment built in our laboratory (Bok & Schauer, 2014a). The method is
described in more detail in our earlier paper (Schauer et al., 2019). The
CL spectrum was measured using an e-beam energy of 10 keV and an
excitation current of 30 nA, a spot diameter of 2 mm, and a wave-
length range of 450 nm to 750 nm at room temperature. Although
the apparatus allows measurements in a much broader spectral region,
in this case, attention was focused only on the region of the charac-
teristic emission band of YAG:Ce. The Hamamatsu R943-02 PMT was
used for spectra detection. The CL spectrum was corrected for the
spectral response of the apparatus.

The optical properties of the YAG:Ce single crystal scintillator and
the PMMA light guide were obtained using the double-beam UV-
VIS-NIR spectrophotometer Varian Cary 5. Measurements were
made both in the reference sample mode and nonreference sample
mode. In the case of the reference sample measurements, a suitable
reference sample of different thickness was used for the optical trans-

mittance measurement. When measured without the reference

The dimensions of the simulated scintillators, light guides, optical cement, and coatings. The size of the hole in the scintillator is also

TABLE 1
tabulated
Dimensions (mm)

Object Diameter® (mm) Side® (mm)
Disc scintillator 20 n/a
Cone scintillator 20 n/a
Hemispherical scintillator 20 n/a
Hole in scintillator 2 n/a
PMMA light guide 20 20
Optical cement NOA 61 areaf areaf
ITO coating® 20 n/a
Al coating® 20 n/a

2Diameters are applicable only for the rotationally symmetric objects.
bSides are applicable only for the parallelepiped objects.

“Heights are applicable only for the scintillators and holes.

dLengths are applicable only for the light guides.

®Thicknesses are applicable only for the optical cements and coatings.

Height® (mm) Length? (mm) Thickness® (mm)
2 n/a n/a

5 n/a n/a

10 n/a n/a

2 n/a n/a

n/a 60 n/a

n/a n/a 1E-2 to 22E-2
n/a n/a 5.0E-6

n/a n/a 5.0E-5

fAreas of the optical cement are determined by the exit surfaces of the scintillators.

ECoatings are determined by the electron excited surfaces of the scintillators.
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sample, the obtained values were corrected for reflectivity using the
refractive index. The optical transmittances of the YAG:Ce scintillator
and PMMA light guide were measured on 10 mm and 50 mm long
cylindrical samples, respectively, using a wavelength range of 450-
750 nm. Although the spectrophotometer allows measurements in a
much broader spectral region, in this case, attention was focused only
on the region of the characteristic emission band of YAG:Ce.

The refractive indices for all samples were obtained with the
minimum deviation method (Kuwano et al, 1988). The optical
reflectivity at the internal scintillator-coating boundary was calcu-
lated using the matrix method (Knittel, 1976). The optical
reflectivity was measured using the spectroscopic reflectometry
method to verify these calculated results experimentally (Ohlidal &
Navratil, 1984).

2.3 | Photon transport simulation method

The MC simulation of the photon transport from scintillator lumi-
nescence centers to a photomultiplier (PMT) photocathode was
used to determine the efficiency of light signal collection from the
scintillator (Schauer, 2007). The application used is called SCIUNI,
and it is primarily intended for the COD of the scintillation electron
detectors for SEMs. The method uses photon generation from a
luminescent center in a random direction and monitors the 3D pho-
ton trajectory and the probability that the photon will reach the
photocathode. By repeating this process about 10 thousand times,
the method can calculate the efficiency of the LG configuration of
the electron detector for SEM.

The model includes mirror reflection by a metal-coated surface,
Fresnel reflection by a metal-uncoated surface, Fresnel passage
through the boundary of different materials, diffusion reflection, and
passage through a matted surface, and optical absorption in material.
The method allows simulating photon transport in nearly arbitrary
scintillator and/or light guide shapes. The SCIUNI application can run
on UNIX and Windows operating systems. The simulation results
presented in this paper were obtained using the FreeBSD UNIX oper-
ating system. The result of the simulation is the signal transfer effi-
ciency of the SEM scintillation detector.

The method enables the comparison of the signal transfer effi-
ciencies of the different scintillation detectors with specific scintilla-
tor or light guide optical properties and can optimize the shapes
and sizes of both scintillators and light guides. Optimization can be
achieved using a dimension-stepping algorithm of changes of the
individual geometric values, but this was not used in the simulation
of the nonoptimized simple light guides in this paper. Using SCIUNI,
the signal transfer efficiencies can be obtained either as mean, mini-
mum, or maximum values independent of the signal electron impact
location or in the form of 3D surface or contour graphs depending
on the impact location. In this paper, attention will be focused only
on the mean, minimum, and maximum values of the photon trans-
port efficiencies of the relatively simple scintillation electron detec-

tor configurations.
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3 | RESULTS

Simulation results of photon transport efficiency in scintillation elec-
tron detector configurations for SEM cannot be obtained without the
knowledge of simulation parameters. In addition to the shapes and
dimensions of all objects of the entire configuration of the scintillation
detector, it is necessary to know the optical properties of these
objects. In the case of the scintillator, we must also know its CL emis-
sion spectrum. Thus, the results of the characterization of the mate-

rials included in the simulation will be presented first.

3.1 | Simulated material characterization

The results concerning the YAG:Ce scintillator as well as all other
materials, such as the anticharging (conductive) coating, light guide,
and optical cement, will be presented in this section.

CL efficiency, CL emission spectrum, and especially CL kinetics
are crucial properties for assessing the performance of a scintillator in
an electron detector for SEM. However, only the CL emission spec-
trum is important for assessing the LG properties of the scintillator.
The CL spectrum measurement of the YAG:Ce single crystal scintilla-
tor was performed using the experimental equipment described in
Section 2.2. The CL spectrum measurement cannot be performed
without some anticharging coating. Therefore, using the RF sputtering
method described in Section 2.1., 50 nm of Al was applied to the scin-
tillator surface, which was excited by an electron beam during the CL
spectrum measurement. No corrections were made to the effect of
the coating. Unless otherwise noted, the scintillator here means not
only the single crystal itself but also the conductive coating on its sur-
face. The CL emission spectrum of the YAG:Ce single crystal scintilla-
tor is shown in Figure 1. The CL intensity (left axis of the graph) is

normalized to the maximum of the CL emission, so it is expressed in

1.0 T T T T T T T T T 20
' YAG:Ce scintillator
! —— CL emission intensity
1 .
08| \ — — absorption coefficient 16
— 1 Ean
3 ' €
S osf " 12 2
= \ ¥
@ \ 8
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£ o4t N 08 §
3 -~ =
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FIGURE 1 The CL emission spectrum (left axis) and the spectrum

of the optical absorption coefficient (right axis) of the YAG:Ce single
crystal scintillator. The emitted CL intensity is normalized to the
maximum of the CL emission, so it is expressed in relative (arbitrary)
units
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relative (arbitrary) units. The spectrum was measured only in the
wavelength range of the characteristic emission band of YAG:Ce (from
450 nm to 750 nm) at room temperature. The results were corrected
for the device’s spectral transmittance and detector spectral sensitiv-
ity. It can be read from the graph that the maximum emission of YAG:
Ce lies at 533 nm and the full width at half maximum (FWHM) lies in
the range from 501 nm to 617 nm so that the center of the emission
band corresponds to the wavelength of 559 nm. This wavelength of
the emission band center is decisive for assigning optical parameters
for the simulation.

A necessary condition for a robust scintillation detection system
in SEM is to collect a light signal from the scintillator with a minimum
of losses. High optical self-absorption and/or a high refraction index
of the YAG:Ce scintillator can significantly reduce the performance of
the entire detector. The spectral dependence of the optical transmit-
tance of the 10 mm long YAG:Ce scintillator was measured in the
spectral range of 450 nm to 750 nm using the double-beam spectro-
photometer, as described in Section 2.2. Based on this measurement,
the spectral dependence of the optical absorption coefficient of YAG:
Ce was calculated. This spectrum is shown in Figure 1 using the right
axis of the graph. It is evident that the YAG:Ce scintillator exhibits rel-
atively low optical absorption in the spectral range of its characteristic
emission. The absorption coefficient of YAG:Ce and other individual
detector components at the wavelength of the YAG:Ce emission band
center are tabulated in Table 2. Note that the absorption coefficients
in Table 2 are unusually given in mm~%, as the SCIUNI simulation
application that will use these parameters requires dimensional
inputs in mm.

The spectral dependence of the optical absorption coefficient of
the PMMA light guide is shown in Figure 2. This graph (left axis) for
the spectral range 450 nm to 750 nm was obtained on the 50 mm
long sample using the same measurement as for the YAG:Ce scintilla-
tor. The absorption coefficient of this high-quality optical PMMA is
two orders of magnitude lower than the YAG:Ce scintillator. The
absorption coefficient of the NOA 61 optical cement is also plotted
and tabulated in Figure 2 and Table 2, respectively. The magnitude of
the absorption coefficient of the cement is much less important than
the magnitude of the absorption coefficients of the scintillator and
the light guide since the cement is applied at a thickness of only

10 pm to 20 pm in the scintillation system, as shown in Table 1.

TABLE 2 Optical parameters applied in the simulation

Using the optical transmittance measurements in the reference
sample mode described in Section 2.2, the refractive indices of both
YAG:Ce single crystal scintillator and LG components were deter-
mined. The results of the dependence of the refractive indices on the
wavelength for YAG:Ce, PMMA, and ITO are shown in Figure 2 (right
axis of the graph). The refractive indexes of the individual detector
components at the wavelength of the YAG:Ce emission band center
are tabulated in Table 2. The accuracy of the refractive index of the
optical cement is not important, since any value between the refrac-
tive indices of the light guide and the scintillator guarantees the same
transmission efficiency of the signal photons from the scintillator to
the light guide. However, the refractive index of the scintillator that is
much higher than the refractive index of the light guide can signifi-
cantly prevent the efficient collection of the signal photons in the
scintillation detector in SEM. The value of the refractive index of
YAG:Ce is not ideal. It would be more advantageous to have the
refractive index value of YAG:Ce equal to or only slightly higher than
the refractive index value of the light guide.

To better imagine the influence of the refractive indices on the
internal optical reflectivity or transmissivity of different optical bound-

aries in the detection system, the results of the refractive indices were

1.8x10 T T T ; ; 2.6
absorption coefficient refractive index
" PMMA ---= YAG:Ce
1.5x10 [=| - - - optical cement —-—-PMMA 24
e N R B optical cement
é -2
f:’_, 1.2x10 é
b :
8 9.0x10° ©
= =
& E
S 60x10° 5
2
©
3.0x10°
0.0 s s s s s s .
450 500 550 600 650 700 750

wavelength (nm)

FIGURE 2 The spectral dependence of the optical absorption
coefficients (left axis) and the refractive indices (right axis) of the LG
materials applied in the simulation. See Figure 1 for the absorption
coefficient of the YAG:Ce single crystal

Absorption Optical Critical angle® to Critical angle to Critical angle to
Object coef.? (mm~?) Refraction index® reflectivity (%) vacuum (deg) PMMA (deg) cement (deg)
YAG:Ce scintillator 0.0743 1.84 100° 329 541 58.0
PMMA light guide 0.000816 1.49 100° 42.2 n/a n/a
Optical cement NOA 61 0.0012 1.56 100° 39.9 72.8 n/a
ITO coating n/a 1.92 100° 314 50.9 54.3
Al coating n/a n/a 80? n/a n/a n/a

@For a wavelength of 559 nm (the center of the YAG:Ce emission band).

bThe smallest angle of incidence that yields total internal reflection to the given boundary.

“Only for total internal reflection.
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used to calculate the dependence of the optical reflectivity on the
light incidence angle to these boundaries. The angle of incidence here
means the deviation from the perpendicular to the boundary surface.
The dependences of the internal optical reflectivity on the incidence
angle for the YAG:Ce-vacuum, PMMA-vacuum, YAG:Ce-cement, ITO-
vacuum, ITO-YAG:Ce, cement-PMMA, and YAG:Ce-PMMA interfaces
are shown in Figure 3. The dependences were calculated using the
Fresnel equations (Born & Wolf, 1999), assuming mirror reflection and
equality of parallel and perpendicular polarization. It is important to
know that the optical transmissivity of the listed boundaries is the
remaining portion of the light that is not reflected. The critical angle is
the smallest angle of incidence that yields total reflection. The critical
angles for the individual boundaries are noticeable in Figure 3. The
values of the critical angles that are significant in the simulation of
photon transport efficiency in the scintillation detector are given in
Table 2.

All the results of the optical characterization of the detector com-
ponents presented in this section (numerically shown in Table 2)
together with data of the shapes and dimensions of both scintillator
and light guide (given in Table 1) are needed for the MC simulations
of photon transport efficiency in the simple scintillation electron
detector configurations for SEM. Using these parameters the results
of the SCIUNI MC simulation will be presented in the following
Section 3.2.

3.2 | Simulation results

The results of the photon transport efficiency simulation of both BGS
configurations for SE detection and edge-guided signal (EGS) configu-
rations for BSE detection are presented in this section. As already
mentioned, the EGS detection system must be located above the

specimen in the primary electron beam path of the SEM and must

100 1 - . . —
Optical boundaries : ! ! {
M ----- ITO-vacuum : ! ! v
80 L| — YAG:Ce-vacuum : ! |
— - — -PMMA-vacuum | \ ! i
S L|---- YAG:Ce-PMMA | i | I .
= —-—-YAG:Ce-cement || | i \
S 60 || eeeee cement-PMMA ¢ ! | e
B —-- ITO-YAG:Ce || ! i ]
o) L ! ! : s _
= H 1 ! .
5 i i ]
© 40 - : 1 i P
L2 ' 1 : i
g ; | oo .
5] ] ol H
) A
S i
S 2 ]
/—I/ Lo |

50 60 70 80
incidence angle (deg)

FIGURE 3 The dependence of internal optical reflectivity on the
incidence angle for the individual boundaries of the LG system of the
scintillation electron detector. The critical angles are recognizable in
the graph as the smallest incidence angles that yield total reflection

RESEARCH & TECHNIQUE

comply with the space available in the microscope chamber, which
can result in complicated geometry. Therefore, it has a much lower
symmetry and is thus much less suitable for efficient light collection
from the scintillator. In contrast, the BGS configuration makes use of
the rotationally symmetric scintillation detection system.

The 3D MC simulation results of the signal photons transport
from the luminescence centers for nine simple scintillator - light
guide configurations will be presented. The reason is not to deter-
mine the efficiencies of specific complex scintillation detectors for
specific microscopes, but to find some general rules for the design
of robust scintillation electron detectors for an SEM that possesses
an efficient LG system. The dependence of photon transport effi-
ciency on the electron impact location, that is, on the location of
the luminescent center, will not be reported here to determine the
general rules. The results of the simulations of the simplified con-
figurations presented here, which were performed using the
SCIUNI application mentioned in Section 2.3 and described in
more detail in the previous paper (Schauer, 2007), are only the
mean, minimum, and maximum photon transport efficiency from
the randomly generated locations on the electron excited scintilla-
tor surface.

The results from the previous Section 3.1 were used for the simu-
lation, especially those listed in Table 2 together with data of the
shapes and dimensions in Table 1 in Section 2.1. For each configura-
tion, 10,000 randomly generated directions were simulated at each of

1000 randomly generated locations on the scintillator surface.

3.21 | Simulation of BGS configurations

The simulation of the efficiencies of photon transport from lumines-
cence centers to the PMT photocathode in the BGS configurations
for the SE detectors for SEM is less important than the simulation of
the efficiencies in the EGS configurations for BSE detection. The main
reason is that the BGS configurations are formed by a rotationally
symmetric system with much simpler signal photon guiding. In other
words, the BGS configuration has a much higher symmetry than the
EGS one and is thus much more appropriate for efficient light collec-
tion from the scintillator. Therefore, the BGS configuration gives a
much greater chance of obtaining a rough estimate of photon trans-
port efficiency.

Three BGS scintillation detection systems were selected to simu-
late their photon transport efficiencies. All simulated BGS configura-
tions have the same PMMA cylindrical light guide but differ in
scintillator shape, as shown in Figure 4. The (a) configuration
UD_V_001 includes the disk plate scintillator, the (b) configuration
UK_V_001 includes the conical scintillator, and the (c) configuration
UP_V_001 includes the hemispherical scintillator. All dimensions are
given in Table 1 in Section 2.1.

The results of photon transport efficiency simulations of the
BGS configurations described in Figure 4 are shown in Table 3. Use
the configuration ID to link the systems in Figure 4 with those in

Table 3. In addition to the efficiency and geometry of the simulated
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FIGURE 4 The shapes of the simulated BGS scintillation detector configurations with the YAG:Ce single crystal scintillators and the PMMA

light guides. See Table 1 for dimensions

TABLE 3

Matted scintillator
exit side

Configuration ID Description

UD_Vv_001 Disc scintillator with cylindrical yes
light guide ves

UK_V_001 Conical scintillator with cylindrical yes
light guide i

UP_V_001 Hemispherical scintillator with cylindrical yes
light guide no

configurations, the machining of the scintillator exit surface and the
use of optical cement are also distinguished. Unlike the EGS configu-
rations, optical cement is not indispensable for the BGS configura-
tions due to different scintillator mounting. The BGS configurations
require a conductive ring (optically nearly neutral) to provide an
accelerating voltage on the scintillator surface. This ring can also
mount the scintillator to the light guide. Not only the mean photon
transport efficiencies are tabulated, but also the minimum and maxi-
mum ones. The difference between the minimum and maximum effi-
ciency indicates the efficiency homogeneity over the electron
excited scintillator surface. It is evident from the results that the
BGS configuration with a matted disc scintillator exit side connected
to the cylindrical light guide without optical cement is not only the
most efficient, but also shows the greatest homogeneity of effi-
ciency over the electron excited scintillator surface. In contrast, the
often-used configuration with the disc scintillator exit side cemented
to the light guide is seven times less efficient and shows lower
homogeneity.

The BGS configuration with the conical scintillator connected to
the cylindrical light guide is also relatively efficient, but only if a fully
polished scintillator cemented to the light guide is used. However, the

Photon transport efficiency in the different BGS rotationally symmetric systems. The BGS configurations need no hole

Efficiency of photon transport (%)

Optical cement Mean Min. Max.
no 18.6 17.4 19.6
yes 2.5 1.1 3.5
yes 13.8 9.1 15.5
yes 17.9 12.6 352
yes 5.07 4.06 8.38
yes 6.8 0.82 13.05

efficiency homogeneity of such a configuration is much lower com-
pared to that with the disc scintillator. An increase in efficiency homo-
geneity of the configuration with the conical scintillator can be
ensured by matting the exit side of the scintillator, which is cemented
to the light guide, but at the expense of reduced mean photon trans-
port efficiency. The BGS configurations with conical and hemispheri-
cal scintillators that are not cemented to the light guide have not been
simulated, as it is practically impossible to design these systems with
an unfixed scintillator.

The BGS configurations with the hemispherical scintillator con-
nected to the cylindrical light guide are the least efficient. Their mean
photon transport efficiency is approximately three times lower than
that of configurations with the disc or conical scintillator. The effi-
ciency homogeneity of these configurations with the hemispherical
scintillator is approximately the same as that of the configurations
with the conical scintillator. The hemispherical scintillator configura-
tions cannot be preferred even in this respect. In addition, the hemi-
spherical scintillators are the most difficult to manufacture, the BGS
configurations with the hemispherical scintillator connected to the
cylindrical light guide are considered the worst choice of all the BGS

configurations simulated in this paper.
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3.2.2 | Simulation of EGS configurations

The simulation of the efficiency of the photon transport from lumines-
cence centers to the PMT photocathode in the EGS configurations is
indispensable. It is practically impossible to determine the optimal
choice of the material, shape, and size of both scintillators and light
guides for the particular EGS detector system without a computer
application. Improperly designed EGS detection systems can possess
poor light guiding efficiency, sometimes below 1%, while computer-
optimized ones can achieve efficiencies of up to tens of percent. For
the EGS configurations, the scintillators must always be connected to
the light guides using optical cement, as no other mounting is
applicable.

Six EGS scintillation detection systems were selected to stimulate
their efficiency. In fact, two sets of the EGS configurations were simu-
lated. The first set contained three EGS configurations with the same
disc (circular plate) YAG:Ce single crystal scintillator but with three
different shapes of the PMMA light guides. The only difference
between the first and the second set is the shape of the scintillator.
All three EGS configurations of the second set have the square plate
scintillator, while the shapes of the PMMA light guides are almost the
same as those of the first set. All dimensions of the EGS configura-
tions are given in Table 1 in Section 2.1.

The shapes of the first set of the simulated EGS configurations
with the circular plate YAG:Ce scintillator are shown in Figure 5. The
(a) configuration UDDH_001 includes the strip PMMA light guide, the
(b) configuration UDDHRO001 includes the PMMA light guide widen-
ing to the square profile, and the (c) configuration UDDVRO01
includes the PMMA light guide widening to the circular profile. For a
better presentation of these EGS configurations, Figure 5 contains
not only perspective views but also drawings with the longitudinal

(@) UDDH_001  (b)

Circular plate scintillator with strip
light guide (EGS)

Circular plate scintillator with light guide
widening to square profile (EGS)

RESEARCH & TECHNIQUE

(top and side), front and back views. The scintillators are mounted to
the light guides using optical cement.

Results of the photon transport efficiency simulations of the first
set of the EGS configurations described in Figure 5 are shown in
Table 4. As with the BGS configurations, the configuration ID, system
geometry, machining of the scintillator exit surface, as well as the
mean, minimum and maximum photon transport efficiency, are tabu-
lated for each EGS configuration. Use of the optical cement is not tab-
ulated, as the scintillators must always be mounted to the light guides
with cement in the EGS configurations, as different mounting is
impossible. It should be emphasized that all EGS systems must have a
hole for primary electron beam passage. However, to assess the effect
of the hole on the efficiency of the system, the EGS systems without
a hole were also simulated for comparison. The existence or nonexis-
tence of the hole is also indicated in Table 4. For each EGS configura-
tion, four simulations were performed for different scintillator matting
and cementing combinations to assess the effect of the modifications.

It is evident from the results that these simple EGS configurations
are less efficient than the BGS ones. Systems with the strip light
guides appear to have by far the lowest efficiency of this set with the
circular plate scintillator. The worst of these strip configurations is
that with the polished scintillator exit surface that does not have a
hole. This configuration has a mean efficiency of only 0.46%. At the
same time, all extremely inefficient strip configurations also have the
greatest efficiency inhomogeneity over the electron excited scintilla-
tor surface. With these least efficient systems, the ratio of the maxi-
mum to minimum efficiency at different locations of the excited
scintillator surface sometimes reaches a value of several hundred. On
the contrary, the most efficient of this set are both configurations
with the widening light guide using the scintillator with the polished
exit surface, which achieve an efficiency of nearly 7%. Moreover, they

UDDHR001  (c) UDDVRO001

Circular plate scintillator with light guide
widening to circular profile (EGS)

' Lo . 4 Perspective view
Perspective view e a5

Front wudi ; Back Front o di ; Back Front odi ; Back
view Longitudinal views view view Longitudinal views view view Longitudinal views view
H <o> Top view H <o> Top view @ <o> Top view Q
0 ) ¢ : - - ) ¢ ) I Side view Side view
Side view

FIGURE 5 The shapes of the simulated EGS scintillation detector configurations with the YAG:Ce circular plate single crystal scintillators and

the PMMA light guides. See Table 1 for dimensions
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TABLE 4
guides using optical cement

Photon transport efficiency in the different EGS systems with the circular plate scintillator. The scintillators are mounted to the light

Efficiency of photon transport (%)
Matted scintillator

Configuration ID Description Hole in scintillator exit side Mean Min. Max.
UDDH_001 Circular plate scintillator with strip light guide No Yes 0.52 0.012 3.16
Yes Yes 0.65 0.083 3.18
No No 0.46 0.020 3.41
Yes No 0.66 0.057 341
UDDHRO001 Circular plate scintillator with light guide No Yes 5.26 1.87 16.29
widening to square profile Yes Yes 531 1.56 16.38
No No 6.98 0.83 18.1
Yes No 6.96 0.86 18.14
UDDVRO001 Circular plate scintillator with light guide No Yes 5.21 2.04 14.4
widening to circular profile Yes Yes 5.26 1.44 16.06
No No 6.88 1.05 17.4
Yes No 6.85 1.02 17.45
(a) UHDH_001  (b) UHDHR001  (C) UHDVR001

Square plate scintillator with strip
light guide (EGS)

Perspective view

Square plate scintillator with light guide
widening to square profile (EGS)

7 Perspective view

Square plate scintillator with light guide
widening to circular profile (EGS)

7 Perspective view

Front tudi ; Back Front sodi ; Back Front sudi ; Back
view Longitudinal views view view Longitudinal views view view Longitudinal views view
o Top view o Top view <|:|> o Top view O
) T - - ) ¢ ! = Side view Side view
Side view

FIGURE 6 The shapes of the simulated EGS scintillation detector configurations with the YAG:Ce square plate single crystal scintillators and

the PMMA light guides. See Table 1 for dimensions

show greater efficiency homogeneity over the electron excited scintil-
lator surface, although the ratio of maximum to minimum efficiency at
different locations of the excited scintillator surface is around a quite
high value of 20.

These results show that the simple EGS configurations are not
efficient and satisfactory in terms of collection homogeneity.
Although the configuration with the light guide widening to the circu-
lar profile is slightly less efficient than that with the light guide widen-
ing to the square profile (difference of only 1%), the first configuration
is more advantageous because it is easier for the machine. It should

be noted that many EGS configurations with a hole are more efficient

than those without a hole. This might be considered surprising. How-
ever, with inefficient configurations, the existence of any objects that
disrupt the unfavorable geometry of the system can be advantageous.
The existence of matting does not have much effect on the EGS sys-
tem efficiency, as the application of optical cement, which cannot be
avoided, largely eliminates matting.

The shapes of the second set of the simulated EGS configurations
with the square plate YAG:Ce scintillator are shown in Figure 6. Both
sets of the EGS configurations differ only in the different shapes of
the scintillator plate. As in the previous figure, the (a) configuration
UHDH_001 includes the strip PMMA light guide, the (b) configuration
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TABLE 5
guides using optical cement

Configuration ID

UHDH_001

Description
Square plate scintillator with strip light guide No
Yes
No
Yes

UHDHRO001 Square plate scintillator with light guide No

widening to square profile Yes

Yes

UHDVRO001 Square plate scintillator with light guide No

widening to circular profile

UHDHRO001 includes the PMMA light guide widening to the square
profile, and the (c) configuration UHDVROO1 includes the PMMA light
guide widening to the circular profile. The drawings of the EGS config-
urations presented here also offer different views, such as longitudi-
nal, front, and back views. The dimensions are given in Table 1.

The results of the photon transport efficiency simulations of the
second set of EGS configurations described in Figure 6 are shown in
Table 5. Similar information is tabulated as for the first EGS set. Also,
with this second set of EGS configurations, the systems with and
without the hole, with the matted and unmatted scintillator exit side,
were simulated to assess the effect of these differences. It is evident
that the EGS configurations with the square plate scintillator are less
efficient than those with the circular one. But greater differences in
the LG efficiencies of the square and circular scintillators are only
when connected to the strip light guides. By far the worst of all the
configurations simulated in this paper is the strip configuration with
the polished square plate scintillator that does not have a hole. This
configuration has an extremely low mean efficiency of only 0.01%. It
also has a low efficiency inhomogeneity over the electron excited
scintillator surface.

The most efficient EGS configurations of this second set with
the square scintillators are again those with the widening light
guides. They achieve efficiencies of up to about 6.6% and are only
negligibly less efficient than the similar configurations of the first
set with the circular scintillators. Also, the efficiency homogeneities
of these configurations of this set are only slightly different from
the homogeneities of similar configurations of the previous set. It
follows that, from an efficiency point of view, it is irrelevant
whether the widening EGS configurations of the scintillation detec-
tors in SEM with the square or circular scintillators will be selected.
However, from a machining point of view, the circular plate scintilla-

tors are much more advantageous.

Hole in scintillator

RESEARCH & TECHNIQUE

Photon transport efficiency in the different EGS systems with the square plate scintillator. The scintillators are mounted to the light

. Efficiency of photon transport (%)
Matted scintillator

exit side Mean Min. Max.

Yes 0.066 0.0045 0.34
Yes 0.17 0.017 0.89
No 0.012 0.00097 0.17
No 0.14 0.011 0.7

Yes 5.61 1.19 16.74
Yes 5.62 1.01 17.02
No 6.49 1.45 17.96
No 6.57 0.84 18.5

Yes 5.56 1.22 16.04
Yes 5.64 1.03 16.81
No 6.44 1.4 20.21
No 6.51 0.81 20.73
Yes 25 1.1 3.5

In any case, even the most efficient simple nonoptimized EGS
configurations are extremely inefficient. However, there are locations
on the excited scintillator surface in the simulated simple EGS config-
urations, from which signal photon collection has an efficiency of up
to 21%. This means that the biggest problem is the loss in signal pho-
ton collection only from a part of the excited scintillator surface. This

issue needs to be addressed when optimizing the EGS configurations.

4 | DISCUSSION

First, attention should be paid to the SCIUNI simulation model and to
the material characterization results, which give important input
parameters for the MC simulation application for photon transport
efficiency in the scintillation electron detector for SEM. Only then the
simulation results can be discussed.

Each model includes certain simplifications. The SCIUNI MC sim-
ulation model also contains certain approximations. The shapes and
dimensions of both scintillators and light guides do not represent any
simplification or difficulty. Their accuracy is quite suitable for the MC
simulation. The integration of optical processes is more problematic.
One of the simplifications is that the SCIUNI model does not work
with the wavelengths of the entire CL emission band of the scintilla-
tor, but only with the wavelength of the emission band center of
559 nm, which was assigned to the optical quantities for the simula-
tion, such as the absorption coefficient and refractive index. This fact
has a more significant influence on the effect of the absorption coeffi-
cients (especially of that of the YAG:Ce scintillator), which show a
greater dependence on the wavelength in the region of the YAG:Ce
emission band than the refractive indices. However, the inaccuracy of
the absorption coefficient effects is not significant. Some misgiving

could only arise with absorption in the YAG:Ce scintillators
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(0.743 cmn™ 1Y), but here the paths of the photons are only in the order
of smaller units of mm. The longer photon paths can be in the PMMA
light guides, but the absorption coefficient of PMMA is low in the
whole area of the YAG:Ce emission band. Even at its shortwave edge
it does not exceed 0.01 cm™*. The photon paths in the optical cement
are only about 20 pm, so no inaccuracy in absorption losses in the
optical cement can occur.

The inaccuracies regarding the narrowing of the emission band
are negligible for the refractive indices because the values of the indi-
vidual refractive indices are almost constant throughout the YAG:Ce
emission band. This is important because even small differences in the
refractive indices affect the optical reflectivity or optical transmissivity
of different optical boundaries in the detection system, as shown in
Figure 3. Unlike this Fresnel reflectivity, the internal mirror reflectivity
at the Al interface shows no variability depending on the photon inci-
dence angle, and its incorporation into the SCIUNI model is easier.
Other approximations in the SCIUNI model have been published pre-
viously (Schauer, 2007; Schauer & Autrata, 1992). In any case, all the
simplifications in the SCIUNI application affect more the absolute
magnitude of the transport efficiency and less the relative comparison
of the efficiency of the different shapes and dimensions of the indi-
vidual configurations. The lowest demands on the accuracy of the
refractive index are for the NOA 61 optical cement. In principle, it is
only necessary to fulfill the condition that the refractive index of the
optical cement is lower than or equal to the refractive index of the
scintillator and higher than or equal to the refractive index of the light
guide.

It cannot be expected that the simulation of the signal
photons transport from the luminescence centers of the simple scintil-
lator - light guide configurations presented in this paper will provide a
comprehensive answer on how to design and construct highly effi-
cient scintillation detectors for SEM. Especially, if the simulation does
not involve any optimization of the detection system and the results
of the simulations are only the mean, minimum, and maximum photon
transport efficiency from the randomly generated locations on the
electron excited scintillator surface. However, the results of this paper
can be used to find some rules that allow avoiding the design of
completely inefficient configurations of these detectors.

The results of the efficiency simulation of the BGS configurations
prove that the configuration with the disc scintillator with the matted
exit side connected to the cylindrical light guide without optical
cement is by far the most efficient and with the least dependence on
the location of the luminescent centers. Such a configuration is the
most efficient of all the simple BGS and EGS configurations presented
in this paper. It is not important to use other than the circular plate
(disc) scintillators in the rotationally symmetric BGS scintillation
systems.

On the contrary, the BGS configuration with the same disc scintil-
lator connected to the same cylindrical light guide with optical cement
is very inefficient. The reason is that the completely cylindrical config-
urations with no diffuse surface cannot utilize photons whose angle
of incidence on the internal scintillator or light guide walls is less than

the critical angle, the values of which for the different boundaries are

evident from Figure 3. In other words, the completely cylindrical con-
figurations with no diffuse surface suffer by the effect of the
unchanging photon trajectory angle. For the BGS configurations with
the conical or hemispherical scintillator this is not valid. That’s why it
is advantageous to use the optical cement to connect exit surfaces of
the conical or hemispherical scintillators. The LG efficiency increase of
the disc scintillator with the matted exit side connected to the cylin-
drical light guide without optical cement has been experimentally
measured by many decades ago (Schauer & Autrata, 1979). However,
the measured increase in the LG efficiency is less distinctive com-
pared to the simulation because ideal polished material is unlike the
real free of diffuse surfaces. As is clear from the results of our previ-
ous paper (Schauer et al., 2021), using the BGS configuration with the
conical scintillator cemented to the light guide is more advantageous
only in the case of predominant signal electron collection at the axis
of the detection system. In any case, designing the BGS configuration
for SE detection is much simpler than designing the EGS one for BSE
detection. In general, to ensure a satisfactory (about 20%) efficiency
of signal photons transport from the luminescence centers in the BGS
configurations, it is sufficient to apply a disk scintillator of the required
size with the matted exit side connected to the cylindrical light guide
without optical cement.

The design of EGS configurations for BSE detection is more com-
plex. Even so, it is possible to determine certain rules for the design
and construction of EGS configurations. From the results in Table 4
and Table 5, it is clear that the strip EGS configurations must be
completely discarded. These poor configurations, which never achieve
a mean photon transport efficiency of 0.7%, and which sometimes
show efficiencies as low as only 0.01%, pay for their parallelism. This
is because the parallelepiped configurations with no diffuse surface
suffer by the effect of the unchanging photon trajectory angle (even
more than the cylindrical configurations). All these extremely poor
strip configurations also have the greatest efficiency inhomogeneity
over the electron excited scintillator surface.

One way to break the regularity of the parallelepiped EGS config-
urations and thus change the disadvantageous angles of photon inci-
dence on the internal light guide walls is to use the widening light
guides. In other words, the widening systems are better because they
can straighten the photons' trajectories towards the photocathode,
but not from all locations of the scintillator surface, as was presented
in our previous paper (Schauer et al, 2021). It is not important
whether the light guide widening to the square profile or the circular
one is used. The difference in efficiency between these two widening
light guides is not greater than about 1%. However, the configuration
with the widening to the circular profile is more advantageous
because its machining is mostly rotationally symmetrical. Similarly, it is
not important whether the circular plate scintillators or the square
ones are used in the EGS configurations. The difference in efficiency
between these two scintillator shapes is about 6% in favor of the cir-
cular scintillator. Again, the circular scintillator is more advantageous
in terms of its production. Sometimes even a hole in the scintillator
disrupts the unfavorable direction of the signal photons. Therefore,

many simple EGS configurations with a hole can be more efficient
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than those without a hole. In general, it may also help to matte the
scintillator exit side, but the application of optical cement, which can-
not be avoided, largely eliminates matting.

The effect of inclination of the EGS widening systems was not
simulated to compare the simple configurations in this paper. How-
ever, based on our previous studies (Schauer, 2007; Schauer
et al., 2021), it can be deduced that optimized inclinations will several
times increase efficiency differences between the EGS strip and wid-
ening configurations in favor of the widening ones. A major and com-
mon problem of the simple nonoptimized EGS configurations is the
poor homogeneity of photon transport efficiency over the electron
excited scintillator surface. With these EGS systems, light collection
from the scintillator locations adjacent to the light guide is much more
efficient. Numerically expressed, signal photon collection from the
scintillator locations close to the light guide achieves an efficiency of
up to 21% compared to a mean efficiency of about 7% over the entire
scintillator surface. This issue needs to be addressed when optimizing
the EGS configurations.

However, it is not easy to obtain optimized EGS configurations
without applying a COD. Based on COD performed in our previous
papers (Schauer, 2007; Schauer et al., 2021), it can be concluded
that it is possible to increase light collection from the scintillator
locations remote from the light guide. But optimization of the indi-
vidual simple geometric configurations was not the goal of this
paper. Therefore, very time-consuming COD was not performed for
these simple EGS configurations. The aim was to compare different
detector shapes, not dimensions, and inclinations for individual
shapes. Even so, it is clear from the mentioned previous studies that
the angle of inclination and the origin of the light guide widening
planes are important. The rule can be deduced that both widening
planes must be shifted as close to the scintillator exit surface as
possible. In our previous studies was also found that both widening
planes must have the same slight inclination. However, a slight incli-
nation of the planes is disadvantageous close to the scintillator. A
gradual widening of the EGS configuration, shifting this widening as
close to the scintillator as possible, optimizing its angle to the sys-
tem axis, and integrating a conical LG ring close to the scintillator
contributes to the arrangement of the photon trajectories longitudi-
nally with the system axis. Such an arrangement helps increase the
mean LG efficiency of the EGS configurations to as high as about
20% (Schauer et al., 2021).

It can be expected that optimizing the simple basic configurations
presented in this paper would lead to increased efficiency. However,
a lack of optimization simulation raises a question whether the rela-
tionship between the LG efficiencies of the individual shapes remains
preserved after optimization. It cannot be answered with certainty
without simulation. But according to optimization experience, it is
very likely that more efficient design remains more efficient even after
optimization (Schauer, 2007). It is also important to mention that opti-
mization of only the size and slopes never resulted in a significant
increase in the efficiency. The significant increase can be achieved
only by using a more complex geometry, for example using a multiple-

slope widening.
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5 | CONCLUSION

The results of the photon transport efficiency simulations in the sim-
ple scintillator - light guide configurations presented in this paper
show that the efficiency of light signal collection in such systems can
be extremely low. The low transport efficiency of the signal photons
affects the performance of the entire scintillation electron detector in
SEM. However, most studies of SEM electron detector performance
ignore this fact. Much more space is mostly devoted to the energy
conversion in the scintillator than the utilization of the converted light
signal (Everhart & Thornley, 2004; Frank, 2002; Healy & Mott, 2016;
Nedela et al., 2018).

Although the SCIUNI application used to simulate photon trans-
port efficiency is based on a model involving certain simplifications,
mainly concerning the narrowing of the emission band, the simulation
results presented in this paper allow a good comparison of the perfor-
mance of the individual LG configurations. Although it was not
expected that the simulation of only the simple LG configurations
resulting in only the mean, minimum, and maximum efficiency, pres-
ented in this paper, will provide a comprehensive answer on how to
design and construct highly efficient scintillation detectors for SEM,
the results provide some rules to avoid the design of inefficient con-
figurations. The basis of the usable results from this paper is also the
quality CL and optical characterization of the used detector compo-
nents, the results of which are presented here.

There is a big difference between the design requirements of the
symmetric BGS configurations for secondary electron (SE) detection
and the edge-guided signal (EGS) configurations for backscattered
electron (BSE) detection, both in terms of design complexity and in
terms of the photon collection efficiency. With some experience, it is
even possible to estimate the shape of an efficient BGS configuration.
Therefore, it is not surprising that the configuration with the disc scin-
tillator with the matted exit side connected to the cylindrical light
guide without optical cement is by far the most efficient and with the
least dependence on the location of the luminescent centers.

The design of the EGS configurations is more complex. Almost
every EGS configuration is less efficient than any BGS one. The use of
completely inefficient EGS strip configurations must be avoided.
These configurations are not only inefficient, but they also have the
greatest efficiency inhomogeneity over the electron excited scintilla-
tor surface. The widening EGS systems are better because they can
straighten the photons' trajectories towards the photocathode. It is
not important whether the light guide widening to the square profile
or the circular one is used. Similarly, it is not important whether the
circular plate scintillators or the square ones are used in the EGS con-
figurations. However, the circular profile is more advantageous
because its machining is mostly rotationally symmetrical.

For a better conclusion about the EGS configurations, it would be
interesting to complete simulations of the simple systems with simula-
tions with different inclinations and positions of the widening planes.
This has not yet been done in this paper. However, if we take into
account the results from our previous papers (Schauer, 2007; Schauer

et al., 2019; 2021), more rules for the widening of the most efficient
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EGS configurations can be established. For example, the rules that
both widening planes of such configurations must be shifted as close
to the scintillator exit surface as possible and that both widening
planes must have the same slight inclination. However, a slight inclina-
tion of the planes is disadvantageous close to the scintillator, so grad-
ual widenings of the EGS configurations are the best solution.

In summary, the perfectly designed LG part of the scintillation
detector with high photon transport efficiency is a significant benefit
of the entire imaging system in SEM. Low-photon transport efficiency
can significantly reduce detector performance. This is valid especially
for the design of EGS configurations for BSE detection. When design-
ing such systems, the strip configurations must be avoided. These
strip configurations have an extremely low mean LG efficiency of only
0.01%. On the other hand, if a suitable COD application for optimiza-
tion of the geometry and materials of EGS is used, we can get and uti-
lize the EGS configuration reaching a mean LG efficiency as high as
about 20%.
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