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Abstract—The material requirements for gamma-ray detectors
for medical imaging applications are multifold and sensitivity is
often overlooked. High effective atomic number (Z¢gr) Cherenkov
radiators have raised the attention in the community due to
their potential for harvesting prompt photons. A material with
one of the highest Zqg and thus short gamma-ray attenuation
length is thallium chloride (TICI). By doping TICI with beryllium
(Be) or iodine (I), it becomes a scintillator and therefore
produces scintillation photons upon gamma-ray interaction on
the top of the prompt Cherenkov luminescence. The scintillation
response of TICl:Be,l is investigated in terms of intensity, energy
resolution, Kinetics, and timing capability with and without
energy discrimination. The ratio of prompt to slow scintillation
photons is used to derive the intrinsic number of produced
Cherenkov photons and compared with analytic calculations
avoiding complex Monte Carlo simulations. The experimentally
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determined number of Cherenkov photons upon 511 keV gamma
excitation of 17.9 + 4.6 photons is in line with our simple
calculations yielding 14.5 photons. We observe three scintillation
decay time components with an effective decay time of 60 ns. The
scintillation light yield of 0.9 ph/keV is sufficient to discriminate
events with low energy deposition in the crystal which is used
to improve the measured coincidence time resolution from
360-ps FWHM without energy selection down to 235-ps after
energy discrimination and time walk correction for 2.8-mm thick
TICI:Be,I crystals, and from 580 to 402 ps for 15.2-mm thick
ones. Already with the first generation of doped TICI encouraging
timing capability close to other materials with lower effective
atomic number has been achieved.

Index Terms—Cherenkov emission, coincidence time resolution
(CTR), TICIL:Be,I, time-of-flight positron emission tomography
(TOF-PET).

I. INTRODUCTION

HERE is an increasing interest to use Cherenkov emis-
T sion for medical imaging, such as time-of-flight positron
emission tomography (TOF-PET) [1], [2], [3], [4], [5], [6],
or prompt gamma imaging (PGI) [7], [8], [9]. The production
of Cherenkov photons depends mostly on the refractive index
and the transparency of the material, which allows to consider
so far overlooked or new crystal materials. When surveying
possible candidates for future medical imaging detectors,
several competing requirements need to be considered, such
as stopping power, material cost, and timing and energy
resolution (ER).

Thallium chloride (TIC1 [10], Z¢sr = 76) is one of the
encouraging materials and competes with lead fluoride (PbF,,
Zetst = 77) for the highest effective atomic number, while
having higher effective atomic number than bismuth germanate
(BigGe3 012, Zegr = 72) or lutetium oxyorthosilicate (Lu,SiOs,
Zesf = 64) [11]. The gamma-ray attenuation length as function
of the energy for TICl as well as BGO and LSO is displayed
in Fig. 1.

The disadvantage of some materials (PbF,, TICI, and thal-
lium bromide) is the lack of supporting scintillation response,
which complicates the determination of the energy deposi-
tion [10], [13], [14], [15] and also leads to a sensitivity drop
if no Cherenkov photon is detected [13]. We have tackled
this potential weakness of TICI by the introduction of doping,
leading to the production of scintillation photons on the top
of the prompt Cherenkov photon signal.

In this work, the luminescence response of TICI:Be,l upon
gamma-ray excitation is investigated in terms of spectral

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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Fig. 1. Gamma-ray attenuation length as function of the energy for LSO
(black), BGO (red), and TICI (blue) for Compton scattering (dotted lines),
photoelectric absorption (dashed lines), pair production at higher energies
(thin solid lines), and all types of interactions combined (thick solid lines).
The inset table shows the attenuation length at 500 keV. Calculations of LSO
and TICI were performed ignoring the small amount of doping with other
materials as it hardly impacts the attenuation length. Data is extracted using
the NIST database [12].

response, photon yield, kinetics, and achievable coincidence
time resolution (CTR) when coupled to silicon photomultipli-
ers (SiPMs).

II. MATERIALS AND METHODS
A. TICI Crystals

TICIL:Be,I ingots were grown at RMD using the Bridgman
method. The raw materials were purchased from Sigma-
Aldrich with 0.9999 purity or greater. Samples with different
dimensions were cut from the boules and optically polished.
Table I summarizes the properties of the used crystals with
pictures shown in Fig. 2.

Light yield (LY) measurements were conducted with the
undoped sample (T15), a reference polished BGO pixel pur-
chased from OST Photonics (B11), and a doped TICI pixel
(T1). The latter was also used to study the scintillation kinetics.
Transmission and radioluminescence emission spectra were
obtained using the cylindrical (T34) sample. After confirming

TABLE I
OVERVIEW OF CRYSTALS USED IN THIS STUDY

ID Material | Geometry [mm?] Comment
T15 TIC1 ~ 2.8 x 3.0 x 4.8 | used in [10], [14]
Tl TICI:Be,I | ~ 3.2 x 3.7 x 3.8 irregular shape
T34 | TICL:Be,I 29 x 10.6 cylinder
T24 | TICl:Be,l 2.8x28x28 encapsulated
T25 | TICL:Be,l 2.8x28x28 encapsulated
T26 | TICL:Be,] | 2.8 x 2.8 x 15.2 encapsulated
T27 | TIClL:Be,l 28x28x152 encapsulated
B11 BGO 30x3.0x3.0 purchased
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Fig. 2. (a) Picture of the TICL:Be,I ingot. (b) 15.2-mm thick crystals
(T26/T27) before (right) and after (left) polishing. (c) TICI crystals glued to
the SiPMs and wrapped in Teflon before encapsulation (T24-T27).

the feasibility to use scintillation light for energy discrimina-
tion, two pairs of crystals (T24-T27) were prepared with more
favourable geometry (better crystal surface state and edges,
smaller cross section) and directly glued to SiPMs for time
resolution measurements.

B. Experimental Setups

1) Transmission Measurement: An Agilent Cary 60
Spectrometer was used to provide a light source between
190 to 900 nm as well as a photodetector to measure the
transmission of the sample. The transmission data was
calibrated, first by measuring without any sample mounted
(100% transmission) and again with the photodetector blocked
(0% transmission). The theoretical loss due to double Fresnel
reflections (r) expressed in (1) at the boundary between air
(refractive index n; = 1.0) and the crystal and air again
amounts to about 30% at 430 nm due to the high refractive
index of TICI of n, = 2.42

ny—n 2
r =

ey

ny+np

2) Radioluminescence Emission: The radio-luminescence
spectrum was measured by placing the crystal in a lead-
lined, dark testing enclosure, and exciting the sample with
X-rays from a Philips X-ray generator. Upon excitation, the
light was then passed through a MCPherson 2-m scanning
monochromator, and the monochromator dispersed light was
detected using a Burle C31034 photomultiplier tube, cooled
using dry ice. The collection time for each wavelength step
was 1 s with a measurement range between 200 and 900 nm.

3) Light Yield Measurements: The TICI crystals and BGO
were wrapped in several layers of Teflon and glued with
Cargille Meltmount (n = 1.582) to a S14160-3050HS SiPM
from Hamamatsu (3x3 mm? active area and 50 pwm cell size),
biased at 44 V (46 V overvoltage). The SiPM signal was
amplified with custom readout electronics [16], [17] and the
raw waveforms were digitized with an oscilloscope (Tektronix
MSO 64B). Measurements were conducted with a 22Na or
137Cs radioactive source placed 5 cm away from the crystal.
Additionally, one measurement was performed without any
radioactive source with the signal coming solely from SiPM
dark counts and correlated crosstalk.

4) Time Correlated Single Photon Counting Measurements:
The scintillation kinetics was measured by means of time
correlated single photon counting (TCSPC) [18], either with
X-ray or with gamma-ray excitation.

Gamma-Ray Excitation: A **Na source was placed between
a fast reference detector and a crystal under test. The detection
of a 511 keV gamma-ray in the reference detector was used as
the start signal. The TICl:Be,I sample under test was placed on
the top of a SiPM, which is used to measure the light output
from the material and thus the deposited energy. The stop
signal was given by a photon avalanche diode (ID-Quantique,
IDQ). By histogramming the time difference between start and
stop signal, upon energy selection, the underlying photon time
emission profile was reproduced. Details on the method and
setup are given in [19].

X-Ray Excitation: A pulsed laser was used to trigger the
production of X-rays in an X-ray tube (Hamamatsu N5084)
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with a mean energy of 15 keV (median around 9 keV and
maximum energy 40 keV) which excited the TICl:Be,I sample.
A hybrid photomultiplier tube (HPMT) was used to detect the
scintillation photons. The coincidence time difference between
start and stop signal was plotted to reproduce the underlying
scintillation kinetics. Details on the setup are given in [20].

The scintillation time profile was mathematically modeled
with a multicomponent bi-exponential function. Data was fit-
ted convolving the function with the impulse response function
(IRF) of the respective setup (which was either the contribution
of the laser pulse width together with the X-ray time profile
and with the HPMT time resolution or the contribution of the
reference detector and the single photon time resolution of the
IDQ). A Dirac delta function (approximated as a very narrow
Gaussian function smaller than the IRF) was added to the
rising edge of the bi-exponential scintillation time profile upon
gamma-ray excitation to accurately account for Cherenkov
emission and to determine the ratio between prompt and
scintillation light [3], [19], [21]. The uncertainty was derived
by repeating the fit procedure several times with variable
starting parameters.

5) Coincidence Time Resolution Measurement: Time res-
olution was measured with the TICl:Be,I samples optically
coupled (Norland Optical Adhesive 88, n = 1.56) to Broadcom
NUV-HD SiPMs (AFBR-S4N33C013, 3x3 mm? active area,
30-pm cell size, and 37 V bias voltage = 9 V overvoltage) and
wrapped with several layers of Teflon. Additionally, the sam-
ples were encapsulated to avoid possible surface deterioration
due to high UV exposure or moisture. For the measurement,
a 2>Na source was placed in between the crystals to produce
two 511-keV gamma-rays in coincidence.

The voltage drop between SiPM anode and cathode follow-
ing the detection of light was split and amplified with custom
high frequency readout electronics with a balun transformer
and two cascade radio frequency amplifiers to generate a steep
signal rise time together with low electronic noise [16]. The
second branch of the signal was amplified (with an operational
amplifier AD 8000) to monitor the total deposited energy via
signal integration. The signals were digitized with a LeCroy
oscilloscope (DDA 735Zi, 3.5 GHz, and 20 Gs/s) with a
coincidence trigger capturing events where the signal passes
the threshold of at least five fired cells by both SiPMs. The
time pick-off was performed via leading edge discrimination
on the oscilloscope, using in-build sin(x)/x interpolation. In
addition, the signal rise time between two fixed thresholds (10
and 50 mV) was recorded to perform time walk classification
and correction [4]. The measured coincidence time delay
distribution was modeled with a sum of two Gaussian fit
functions expressed in (2), in line with the previous work
exploring Cherenkov emission for fast timing [11], [16]

p N n =w? L= o = w?
= V2 (o] P 2012 (o] P 2022 '
2)

Hereby N expresses the total number of coincidence events, o
(02) is the standard deviation of the first (second) Gaussian,
r1 is the abundance of the first Gaussian (with r, =1 — ry),
and p is the centroid of the distribution. Uncertainties were
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photons N and differential Cherenkov photon production (dN/dx and dN/dE)
for different integration step number. Points are connected as eye-guide.

estimated by altering the energy window and by analyzing
subsets of the data.

C. Analytic Calculation of the Cherenkov Photon Production

The intrinsic number of produced Cherenkov photons upon
gamma-ray interaction was calculated using the Frank—Tamm
(3) [22], [23], with A being the wavelength, 8 = (v/c) is the
speed of the electron, « is the fine structure constant, n is the
refractive index, and z = 1 is the charge of the electron

2 2raz? 1
AN 2mezt 0 1y 3)
dx dx A2 B2nZ (1)

Integration over diA was performed in steps of 1 nm between
the cutoff wavelength of 395 and 900 nm. The refractive
index follows the dispersion relationship provided by [24]
(defined between 430 to 660 nm) and was extrapolated toward
395 nm (n = 2.54) and 900 nm (n = 2.19). The initial energy
of the hot-recoil electron was calculated as 511 keV minus
the K-shell binding energy of thallium, resulting in an initial
energy of Egat = 425.5 keV. This energy corresponds to an
electron speed of Bstarr = 0.84. The cutoff speed Biop, Which is
the speed threshold when the electron does not emit Cherenkov
light, varies between Bgop(A = 395 nm) = 0.39 and Bsiop(A =
900 nm) = 0.46. Since the speed decreases for increasing path
length, an updated speed was used for each dx integration step
using the continuous-slowing-down approximation provided
by the ESTAR database [25]. For this the values between
10 and 550 keV were extracted and the trend modeled with
a third degree polynomial function to calculate any values
in between. To simplify calculations, the electron speed was
linearly divided from the start speed to the cutoff speed and
a variable path length dx was used for each integration, as
illustrated on the top of Fig. 3.

The Cherenkov production per electron track length
(dN/dx) is almost constant for the first few integration steps
shown at the bottom of Fig. 3, indicating that the dx integration
size is sufficiently small.
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III. RESULTS
A. Spectroscopic Performance

Fig. 4 shows the measured scintillation emission profile of
TICL:Be,I. The peak emission is at 430 nm with a tail down
to 600 nm. The Cherenkov emission follows roughly a 1/A2
distribution with more photons produced at lower wavelengths.

Fig. 5 shows the measured signal area of TICl:Be,I (T1)
and the undoped sample (T15), when coupled to a SiPM and
excited with different gamma-ray sources.

The peak around 700 units corresponds to SiPM dark
counts. Two different peaks can be identified when comparing
the '37Cs and ?*Na excitation which come from the 511 and
662 keV gamma-ray lines with full energy deposition. We see
a tail extending toward 3000 units, coming from Compton
interactions of the 1.275 MeV gamma-ray line. No scintillation
can be observed for undoped TICI, however we see a small
tail which could be due to detection of Cherenkov light.

B. Light Yield Estimation

The light output measurement was repeated with a thin
BGO crystal (B11) under the same condition, which yielded
the photopeak position for 662 keV gamma-ray excitation at
23.4 + 0.4 k units. We considered an LY of LYggo = 10.7 £+

= TICl:Be,I transmission
=Cherenkov emission
* TICI:Be,I emission
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o
n
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Fig. 4. TICI:Be,I scintillation and Cherenkov emission spectrum and
measured transmission. The Cherenkov emission is amplified by 100 for better
visibility and obtained by integrating (3) over dx.
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Fig. 5. Measured signal area of TICI(:Be,I) upon gamma-ray excitation.

1.1 ph/keV [3] and a weighted detection efficiency of PDEggo
= 0.44 £ 0.02 and PDETc; = 0.47 £ 0.02, respectively [26].
The difference in refractive indices between the two materials
was also accounted for by using light transfer efficiency (LTE)
values of LTEggo = 0.65 £ 0.01 and LTEc; = 0.625 £ 0.01
(assuming a perfectly polished cube-like crystal wrapped in
Teflon and coupled with Meltmount to the SiPM, values
derived from simulations [14]). The crystal surface area of the
TICI:Be,I crystal was slightly larger (11.8 & 0.3 mm?) than the
active area of the SiPM (9 mm?), meaning only a fraction of
the light escaping the crystal was detected. The estimated LY
of TICI:Be,I was calculated accounting for the aforementioned
corrections and according to (4) with a 662 keV peak position
of 1.5 & 0.1 k units

2

LYT11C1:Be 1 _ 1.5k 047 0.625 11.8 mm

LYsgo  23.4k 044 065 9 mm?
= LYTICI:Be,I =092 £0.18 ph/keV. 4

The uncertainty of this measurement was estimated to
be 20% based on error propagation and the nonper-
fect crystal shape. The four main drivers for such high
uncertainty were the absolute LY of BGO, the irregular
cube-like shape without clean edges of this TICI crystal,
the known impact of the crystal geometry [27], [28], and
crystal surface state [14], [29], [30]. The ER at 662 keV is
about 50 &+ 5% in TICIL:Be,I, which is worse than BGO
(ERggo = 14.5 £ 0.5%). The relative worse ER does not
come as a surprise given the low light output and scales with
the statistical contribution (ER =~ 1/+/LY).

C. Scintillation Kinetics

Scintillation kinetics are shown in Fig. 6 for X-ray exci-
tation (left) and gamma-ray excitation (right). Three decay
times were observed for both excitation energies with the
fastest one 741 = 3.0 =+ 0.3 ns (2.5% abundance), a medium
one of 70 = 50 £+ 4 ns (33% abundance), and a slow
one of 743 = 300 £ 40 ns yielding an effective decay time
(harmonic average: 1/t = > iRi/tqi) for both cases
of tgey= 60 = 3 ns. The measurement with low energy
X-rays eliminated any influence of Cherenkov photons on the
scintillation rise time. The scintillation rise time 7, was below
the resolution of the system and the photon time spread in the
crystal, which acts in a similar way as the scintillation rise
time [3], [31], might be the dominant contribution.

D. Cherenkov Photon Yield

Zooming in on the first few nanoseconds of the TCSPC
measurement upon gamma-ray excitation on the left of Fig. 7,
one can observe a prompt peak which is due to the detec-
tion of Cherenkov photons with a relative abundance of
3.09 £ 0.31%. Using the abundance of this prompt lumi-
nescence component and the estimated scintillation LY, we
can estimate the number of generated Cherenkov photons
upon 511 keV gamma-ray excitation [3]. Since the spectral
response of scintillation and Cherenkov emission are different,
the abundance needs to be corrected based on the weighted
photon detection probability (PDP) of the IDQ between 395
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raw data, green is the moving average for better eye-guidance, and in red is the fit function. The decay time components with the abundance are inserted.
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and in red the fit function. The abundance of the prompt peak was approximately 3%, the measured scintillation rise time was smaller than the precision of
the setup (7, < 30 ps). Right: Calculated number of Cherenkov photons using the Frank—Tamm equation for TICI and assuming a Poisson-like distribution.
Values are given on the number of produced photons (black), detected photons for a small cube-like crystal wrapped in Teflon and coupled to a SiPM with
perfect PDE (red), and considering the detection efficiency of the NUV-HD technology provided by the data-sheet [32] (blue). The uncertainties are calculated

as the square root of the variance from the Poisson distribution.

and 900 nm for the scintillation emission (PDPggintillation =
29%) and Cherenkov emission (PDPcherenkov = 23.5%). The
number of Cherenkov photons Ncper produced in TICI:Be,l
was then calculated according to

29 %

Ncher = 0.92 ph/keV - 3.09 % - ——— - 511 keV
235 %

Ncher = 17.9 £ 4.6 photons. (®)]

There are several uncertainties on this experimental
Cherenkov photon yield. First, the detection efficiency of the
stop detector was only measured up to 800 nm. Linearly
extrapolating the PDP up to 900 nm gives an relative error
of approximately 8%. Next, the prompt abundance of the
fit fluctuates when repeating the fit procedure with different
initialization parameters, yielding to an estimated error of
10%. While the scintillation yield is linear with lower energy
deposition, the Cherenkov photon yield strongly (nonlinear)
depends on the energy of the initial hot-recoil electron, as
visible in the dN/dE graph in Fig. 3. While we performed

energy discrimination to select photopeak events, with the
limited ER, low energy deposition events were not fully
discarded, giving an additional 10% error. Finally, the 20%
uncertainty of the LY estimation needs to be included as
well. Assuming all the described effects are independent,
the total uncertainty is 26%, giving an absolute error of
4.6 photons on the estimation. On the right of Fig. 7 the
analytically calculated number of Cherenkov photons in
TICl is displayed with an underlying Poisson-like distri-
bution around the mean value, validating the experimental
assessment.

E. Coincidence Time Resolution

The CTR of two pairs of TICl:Be,I crystals was measured.
The first pair of crystals (T24, T25: 2.8 x 2.8 x 2.8 mm?>)
was used to obtain a time measurement with a minimal con-
tribution from light transport and depth-of-interaction (DOI).
The second pair (T27, T28: 2.8 x 2.8 x 15.2 mm3) was
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Fig. 8. Measured coincidence time delay histogram (black) in semi-logarithmic scale for pairs of thin (left, T24, T25) and thick (right, T26, T27) TICl:Be,l.
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relative abundance (rq 3) of the individual distributions are stated on the top left of the figures.
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Fig. 9. Measured CTR for pairs of 2.8 x 2.8 x 2.8 mm?> (T24, T25) and 2.8
x 2.8 x 15.2 mm3 (T26, T27) TICIL:Be,I crystals in coincidence as function
of the leading edge threshold.

used to obtain a measurement of the performance of TICl
crystals with comparable stopping power to those used by
commercially available PET systems. Fig. 8 shows the coin-
cidence time delay distribution in a semi-logarithmic scale for
the two pairs of TICI:Be,I crystals measured in coincidence
after energy selection and time walk correction. The time
resolution as function of the leading edge threshold before
and after energy discrimination/time walk correction is shown
in Fig. 9. The data was fitted with the function CTR(Thy) =
\/ag + (aj - Thr)" + (a2 /Thr)”. Without any energy discrimi-
nation, the best achievable CTR was 361 &+ 5 and 580 £ 7 ps
for the pairs of thin and thick crystals, respectively, with a
strong dependency on the leading edge threshold in both cases.
These values improve to 272 + 4 and 450 + 6 ps FWHM

after selecting only events with full 511 keV energy deposition
and further down to 235 £ 4 and 402 £ 6 ps after time walk
correction based on the SiPM signal rise time [4].

IV. DISCUSSION

This manuscript presents the performance evaluation of the
first generation of doped TICI crystals with Be and iodine.
The capability to utilize both scintillation and Cherenkov light
makes TICl an encouraging material for various applications
where good time resolution and high stopping power are
required, such as TOF-PET [33] or PGI [7], [8]. While the
ER obtained is lower than well known crystals used in
PET, such as BGO and L(Y)SO, the scintillation mechanism
allows for a coarse energy discrimination that is not pos-
sible with Cherenkov light alone. Moreover, the measured
scintillation decay time with fast components of ~3 and
~50 ns (60 ns effective decay time) can lead to competitive
timing performance, especially with improvements of doping
compositions which increase the LY.

The experimental estimation of the Cherenkov photon yield
is very well in agreement with the analytic calculation, yield-
ing a mean number of 14.5 Cherenkov photons upon 511 keV
gamma-ray excitation (or an electron with initial kinetic energy
of 425.5 keV being fully stopped in TICl). On average
only about nine Cherenkov photons reach the photodetector
for thin crystals and, given the weighted SiPM detection
efficiency, about three Cherenkov photons are detected. This
weak Cherenkov response becomes also visible when looking
at the shape of the distribution in Fig. 5, as there is a tail for
the undoped TICI sample upon '3’Cs excitation with respect
to the TICl:Be,I measurement without any source suggesting
the detection of Cherenkov light.
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Comparing the timing performance between the thin and
thick pair of crystals, we noticed a time resolution degradation.
The higher aspect ratio of the crystal reduces the number of
photons reaching the SiPM [27], [28], which is particularly
severe given the low number of produced Cherenkov photons.
Additionally, having only one or two Cherenkov photons
detected, those prompt photons might first propagate away
from the SiPM before reaching the crystal end and being
reflected and later detected, strongly worsening the achievable
timing performance due to enhanced photon time spread [11].
One path to mitigate this enhanced photon time spread is
dual-ended SiPM readout [34], [35], which is subject for
future work. Other options could be side readout [36], or
sharing small amounts of the scintillation light laterally with
neighboring photodetectors in a crystal array configuration
with different reflectors [37], [38].

The measured ~ 400 ps CTR for 15.2 mm thick TICl:Be,l
crystal needs to be viewed considering the crystal properties
and stopping power of TICl: 15.2 mm thick TIC] achieves
the same probability for 500 keV gamma-ray photoelectric
interaction as a 17.4-mm thick BGO crystal; or a 24.7 mm
thick LSO crystal, stressing the importance of the high
effective atomic number of TICI (see Fig. 1). No significant
time resolution degradation due to the presence of scintillation
light was observed with respect to our previous work with
undoped TICI crystals [10], [11], [14], [39], which confirms
the presence of scintillation light does not significantly worsen
the timing capability and possible deterioration is compensated
by selection on full energy deposition events. The choice
of photodetector and readout electronics seems to be more
correlated. Furthermore, the achievable CTR for thin TICI:Be,I
of 235 ps FWHM is comparable to the results obtained for
BGO of similar geometry coupled to SiPMs from Hamamatsu
Photonics (S13360 series) of 237 £7 ps and slightly worse
using the same SiPM technology (Broadcom NUV-HD, CTR
= 181 +4 ps) [27]. This mild timing degradation is expected,
given the lower average number of detected Cherenkov pho-
tons of TICl (3 photons) with respect to BGO (4.3 photons)
and worse energy discrimination capability.

V. CONCLUSION AND OUTLOOK

Scintillation and Cherenkov luminescence of doped
TIClL:Be,I have been studied. While the timing capability of
undoped TICI have been investigated in the past, it is the
first time that scintillation photons were used for energy
discrimination to improve the timing capability. There is
potential for further improvement, for instance an optimization
in the doping scheme to accelerate the scintillation kinetics and
increase the scintillation efficiency would enhance both CTR
and ER. As next steps we foresee measurements in a dual-
ended readout configuration to improve the timing capability
of thick crystal elements.
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