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A Hard X-ray monitor (HXRM) diagnostic system is being designed for ITER tokamak and will be utilized
to detect runaway electrons for the safe operation of the tokamak. Runaway electrons produce X-ray photons by
means of thick target and/or thin target bremsstrahlung emission process. In this diagnostic measurement system,
the X-ray photons interact with scintillator detector volume and generate secondary UV-photons by lumines-
cence. These UV-photons from the scintillator-crystal guided through the optics and detected by photomultiplier
tubes. The light collection efficiency from the scintillator-crystals and light transmission efficiency of the optics

determines the detectable energy range of X-rays and energy resolution. In this letter, we perform ray-tracing

simulations of the luminescence to optical fiber bundle to assess light collection efficiency from the scintillator-
crystal and show the effect on the total light coupling efficiency of the system.
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Production of runaway electrons (RE) in tokamak is
an important issue particularly for the safe operation of
large size tokamak that confines mega amperes of plasma
current. Gamma-ray / Hard X-ray monitor (HXRM) is
well-known methods that detect bremsstrahlung emission
from the REs to infer RE energy, runaway beam current,
and its profile during disruption[1, 2]. An HXRM sys-
tem will be installed in ITER, which will measure typically
MeV range bremsstrahlung emission from REs [3-5]. The
HXRM system will be used to support the commission-
ing of the disruption mitigation system and also to build
operation scenarios for RE avoidance. Recently, a numer-
ical tool has been developed to simulate the expected sig-
nal in ITER HXRM system and optimize the design pa-
rameters [3]. One of the concerns for the development of
the HXRM for ITER is the light coupling efficiency of
the scintillator and the transmission of optics. The low-
est energy detection threshold depends on the efficiency of
the scintillator and transmission of optics [3,5]. However,
there has been no valid calculation to assess the efficiency
of scintillator, even though the factor is crucial. In this
letter, for the ITER HXRM, we model the light coupling
efficiency of scintillator to an optical fiber bundle using a
ray trancing analysis by including the absorption and re-
flection in the scintillator crystal. By using the ray tracing
analysis, it is possible to investigate reflection of rays on
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the surfaces, absorption in the crystal, and the geometri-
cal effects such as taper-shaped scintillator. Also, we show
the transmission of optics and total throughput of the sys-
tem, and discuss the expected theoretical performance of
HXRM based on these values.

A schematic in Fig. 1 shows the major components in
the HXRM system of ITER. Two scintillator crystals are
placed behind the diagnostic first wall (DFW). Photons
produced in the scintillator crystal are transferred using
an optical fiber bundle. At the vacuum closure plate, the
optical fiber is coupled to another optical fiber via double
windows and lens assembly, and photons are detected with
photomultiplier tubes (PMTs). It should be noted that the
operational/functional role of the HXRM is limited to only
a non-nuclear phase of ITER plasma operation; the optical
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Fig. 1 A schematic of the major components of ITER HXRM
system.
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fiber can be used in the non-nuclear phase using hydro-
gen/helium gas discharges.

Total transmission of the optics is determined by
losses in the optics: losses on the two optical fiber sur-
faces, fiber attenuation, losses on the window assembly
and lens assembly, and PMT coupling efficiency (Fig. 1).
Anti-reflection coating surface is assumed for surface loss.
Then, the overall transmission is estimated to be 17.8%
from the in-vessel optical fiber bundle to the PMT.

Figure 2 (a) shows a schematic of the model used in
ray tracing simulation, which is done using the commer-
cial ray tracing software LightTools, which has been used
for modeling of stray light or performance of illumination
in ITER [6, 7]. The candidate material for the scintillator
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Fig.2 (a) A schematic of the simulation model, (b) a typical
image at the receiver (fiber surface), and (c) schematics
of four scintillator models.

crystal is La-GPS:Ce, which has a high refractive index of
1.825, and assumed that the cylindrical crystal volume cor-
responds to a uniform light source in the ray tracing model.
The scintillator crystal is surrounded by a covered material
for better light reflection properties; in actual situation, it
will be covered with a aluminum foil/coating/lap. In the
ray tracing model, the optical property can be changed
from absorber to optical reflector (diffuse or specular).
Concerning the reflection on the crystal surface, the re-
flection feature strongly depends on whether there is a gap
between the scintillator crystal and the cover material. If
there is a gap (gap model), the reflection on the scintilla-
tor surface dominates as will be discussed later. To simu-
late the case without gap (no-gap model), we built a model
where the reflectance can be controlled totally. For this, in
LightTools, the scintillator (source) material is immersed
to another material that can control the surface reflection
property using immersion manager. This is because the
reflection of a source cannot be changed in LightTools.
We can apply different reflection properties, which corre-
sponds to the reflection property of the covered material,
to the immersing cylinder. In both models, the reflection
of the covered material is assumed to be diffuse.

A receiver is located at one side of the source, and
an angular filter is equipped on the receiver to be able to
receive photons only within the angle defined by the nu-
merical aperture (NA) of optical fiber bundle, which is as-
sumed to be 0.28 in this study. Another side surface is
covered with the covered material. Figure 2 (b) shows a
typical intensity profile at the receiver. The efficiency of
the receiver is assessed by averaging the intensity profile
without considering the intensity distribution.

There are three influential factors to the efficiency:
transmission of scintillator, opening angle of fiber, and re-
fractive index of scintillator. Transmission has been dis-
cussed by measuring the intensity for different scintillators
with different lengths [8]. In Ref.[8], from the fitting of
the light yield as a function of the sample height, it was
obtained that light loss coefficient was 0.53 cm™!. In Light-
Tools, we used transparency defined as

T = exp(—AL), (1)

where A is the mean free path of photons and L is the travel
length. When using A = 0.53cm™!, T = 0.588 at L = 1 cm.

However, the light loss coefficient in Ref. [8] is not
necessarily corresponds to the absorption coefficient, be-
cause this value was obtained just from the fitting proce-
dure with a simple function. The rays do not travel in a
straight line but follow a convoluted path, so that the actual
length could be more or less than 2k, where £ is the crystal
height. Thus, the transmission value should be carefully
taken into consideration.

In addition to the transmission of scintillator, opening
angle of fiber is also an influential factor. The opening an-
gle is determined by the NA of fiber. When NA is 0.28, the
half opening angle decreases from 90 degree to 16.24 de-
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gree. As a consequence, the solid angle is decreased from
21 to 0.25 (3.9%). Furthermore, because the refractive
index of the scintillator is high, the effective opening an-
gle decreases. The effective opening angle decreases from
16.24 to 8.90 degree at the refractive index of 1.825. (The
solid angle decreases by 70% from 251 msr to 75.3 msr).

Four different models shown in Fig.2(c) are com-
pared. First model is the standard one which has 25 mm
in length and 25 mm in diameter. Size of the fiber is also
25 mm in diameter. Second one is a small scintillator that
has 25 mm in length and 15 mm in diameter. Third one is
a taper shaped scintillator: one side has 30 mm in diameter
and the other size connected to the fiber is 25 mm in di-
ameter. Final one is a scintillator that has 25 mm in length
and 30 mm in diameter. The fiber bundle size is 25 mm in
diameter.

Figure 3 (a) summarizes the transmission 7" depen-
dences of the scintillator efficiency (fraction of photons
reached the receiver (optical fiber) from the source) with
the gap and no-gap models at different reflection, R (R =
98% and 0%). Here, R = 98% corresponds the case where
the scintillator is covered by a reflective material, while
R = 0% corresponds the case without a cover or an ab-
sorber material. In all the models, the efficiency increases
with increasing 7. With the gap model at R = 98%, the
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Fig. 3 (a) Transmittance dependences of the collection effi-
ciency with R = 0 and 98% and (b) the ratio of the col-
lection efficiencies at R = 98% to that at R = 0%. Here,
T is the transmission at L = 1 cm.

efficiency increased from 0.25 to 1.42% from 7' = 0.4 to
unity. The efficiency of the no-gap model at R = 98% is
higher than the other models. Figure 3 (b) shows the ra-
tio of the efficiency at R = 98% to that at R = 0%. The
ratio also increased with 7 and the ratio of the gap model
is higher than no-gap model. Pandya S.P. experimentally
investigated the variation in the photon output from the
scintillator when covering the scintillator with white sili-
con tape or black absorber [5]. He has revealed that the
intensity increased by 40% when the scintillator was cov-
ered with the silicon tape. In Fig. 3, the ratio becomes 1.4
when 7' = 0.7 with the gap model and 7" = 0.6 with no-
gap model, suggesting that T was slightly greater than or
almost comparable to the reported value in [§].

It seems that the two configurations are quite differ-
ent especially when 7T is high. At T = 1.0, the efficiency
was 5.68% at R = 98% when using no-gap model, while
it became 1.65% when gap model was used. With gap
model, a lot of rays suffered from internal reflection and
were “caught” inside the cylinder and were not be able to
escape, as shown in Fig. 4 (a). Figure 4 (b) shows an en-
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Fig. 4 (a) Five rays in the gap model with 7" = 1.0 (no absorp-
tion), (b) an image expanding in the region marked with
a red square in (a), and (c) reflectance / transmittance as
a function of the angle of incidence for s and p polariza-
tions when n; = 1.825 and n, = 1.0.
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larged image of the red square region in Fig. 4 (a). At the
cylinder surface, specular reflection occurred almost all the
time. Clear diffuse reflectance at the reflector surface can
only be identified two cases marked with dotted red circles
in Fig. 4 (b). When checking ray report, it was found that
more than half of rays were terminated after reaching the
maximum number of hits (the number of surface interac-
tion) of 1000. Figure 4 (c) shows reflectance and transmit-
tance for s and p polarization from the scintillator to the air,
of which the refractive index is n; = 1.825 and n, = 1.0,
respectively. When the incident angle is less than the criti-
cal angle, which is defined as sin”! (no/ny) and is 33.2°, the
reflectance is determined by Fresnel formulae [9]. On the
other hand, if the incident angle is greater than the critical
angle, the rays will be totally trapped inside the cylinder.
Without the gap, on the other hand, the reflection property
was determined by the cover. If the cover has a diffuse re-
flectance, the rays can change the angle and break the trap-
ping. It is difficult to say which model we should adopt.
If the material has a thin film deposition, it is likely that
no-gap model is more realistic. However, if the material
is covered by polytetrafluoroethylene (PTFE) tape or alu-
minium foil, it is likely that the gap between the covered
material and the surface is not much shorter than the wave-
length; gap model is more plausible.

Then, it would be instructive to know how much is the
impact of difference between the gap and no-gap models.
When the material is transparent, the difference could be
significant, say more than double from Fig. 3 (b). However,
at T = 0.7, the difference was much less (0.55%:0.61%),
and the impact will be minor. We will use the gap model
hereafter.

In Fig. 5, the efficiency of the four models with differ-
ent T values is shown. The efficiency is 0.55% at T = 0.7,
and it decreases to 0.41% at T = 0.588. For the small
diameter model, the relative power becomes 36% of the
standard model, because the total area that collect photons
was smaller. Concerning the taper model, the efficiency is
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Fig. 5 Collection efficiency for the four different models at three
different T (transmission for L = 1 cm).

much higher than the standard model at T = 1; however,
the difference will be diminished with decreasing 7. The
difference was only 4% at T = 0.7 and 1% at T = 0.588.
For 30-mm-long large scintillator model, the efficiency is
50% higher than the standard model at T = 1; however, the
difference is also diminished with increasing T similar to
the taper cases. The difference is only 5% at T = 0.7 and
2% at T = 0.588.

The optical transmission efficiency has a direct impact
on the performance of the ITER HXRM on the following
two parameters: (i) the low energy detection threshold of
the HXR-photons and (ii) energy resolution of the system.
The overall optical efficiency of the ITER HXRM system
can be calculated by the transmission of optics (17.8%)
times the efficiency of scintillator (0.41-0.55%) and is in
the range of 0.073-0.098%. The lower optical transmis-
sion efficiency provides higher HXR-photon energy de-
tection threshold and a poor energy resolution. Since the
role of the ITER HXRM system is to measure the RE en-
ergy, essentially the poor energy resolution should not be
a problem as the bremsstrahlung emission is a continuum
and measurement interest is not to resolve and individual
HXR/Gamma-photon lines. On the other hand, the theo-
retical HXR-energy detection threshold of the HXRM di-
agnostic system corresponding to the overall optical trans-
mission efficiency of 0.073 -0.098% is estimated close to
1 MeV and to be validated experimentally as a future scope
of the work. With this detection threshold, energy resolu-
tion, detector response function and a prior knowledge of
the bremsstrahlung transport spectrum for the each individ-
ual mono-energetic beam, one can deduce the information
of the RE energy from the HXR spectrum [10].
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