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Time resolution of scintillation-based detectors is becoming continuously more
important, both for medical applications, especially in positron emission
tomography (PET), and in high energy physics. This article is an initial study on
exploiting the fast cross-luminescence emission in the inorganic BaF» scintillator with
deep ultraviolet-sensitive silicon photomultipliers (SiPMs) from Hamamatsu for
precise timing in PET and HEP. Using small BaF, pixels optimized for timing read
out by these photodetectors with a photon detection efficiency (PDE) of only about
15% in the desired 200 nm emission region, a coincidence time resolution (CTR) of
94 + 5 ps full width at half maximum (FWHM) is achieved when coupling with air. This
figure improves to 78 + 4ps FWHM when coupling the BaF, crystal with UV
transparent optical grease, Viscasil, to the photodetector. This CTR performance
obtained with BaF, is better than that measured with LYSO:Ce, a commonly used
state-of-the-art inorganic scintillator in PET, when coupled to another Hamamatsu
photodetector (513360), having a PDE of 60% at 420 nm, with Meltmount. In view of
the prospects in advancing technologies for ultraviolet sensitive SiPMs, with high PDE
and single photon time resolution, and further advancements in producing high
quality BaF., one could imagine the development of sub-30ps FWHM time-of-
flight-PET systems.

Keywords: coincidence time resolution, scintillator, cross-luminescence, silicon photomultiplier, deep ultraviolet,
positron emission tomography, high energy physics, BaF,

1. INTRODUCTION

Scintillating crystals are widely used for the detection of ionizing particles and gamma radiation in
various applications, e.g., in high energy physics and medical imaging, where high time resolution plays
an ever more significant role. In medical applications, especially in positron emission tomography
(PET), the precise time-of-flight (TOF) information would lead to higher signal-to-noise ratio imaging,
thus allowing to reduce the administered radioactive dose to the patient and/or the scanning time.
High-luminosity particle physics experiments would benefit from high resolution timing in order to
cope with serious pile-up effects, especially important in the search for rare events and new physics.
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FIGURE 1 | Schematic overview of the band-gap diagram of BaF, and
corresponding emission mechanisms, based on ref. [15].

For this purpose, there is a large effort in many groups focusing on
inorganic scintillators for the improvement of time resolution [1-10],"
for instance by exploiting intrinsically fast scintillation processes with
short rise- and decay times. Due to its fast cross-luminescence
emission, BaF, is an excellent candidate in this perspective.

Since the beginning of the 1970s, it is known that BaF, is a
scintillator exhibiting self-trapped exciton (STE) emission
between the conduction and valence band. This is the slow
emission at 320 nm, with a decay time (z;) of 630 ns [11].

More than 10 years later, a second emission band at 220 nm was
discovered [12]. It has been established that, on top of the self-
trapped exciton emission at 320 nm, BaF, has two main emission
peaks at 220 and 195nm, with a shoulder at ~175nm [13],
originating from cross-luminescence, with a sub-nanosecond
decay time. This decay time was measured to be only 0.6 ns
[14], making BaF, the fastest inorganic scintillator at the time [15].

Cross-luminescence emission is a scintillation process where
an electron is excited from the core band to the conduction band.
The resulting hole in the core band then recombines with an
electron in the valence band. This process is illustrated in
Figure 1. Since the valence band contrary to the conduction
band, is filled with electrons with which the hole in the core-band
can recombine, the recombination probability is large. As such,
cross-luminescence is an intrinsically fast scintillation process
resulting in a very short light pulse with a typical decay time of the
order of nanoseconds or less.

Cross-luminescence is also referred to as core-valence
luminescence [16, 17] and Auger-free luminescence [18]. Cross-
luminescence is only exhibited by crystals that have a band gap
between the valence band and the top of the core band with an
energy difference E,, of less than the energy difference E, between

'Project description of the Fast Cost Action: https://www.cost.eu/actions/TD1401/,
accessed July 18, 2020.

*Home page of the 10 ps challenge: https://thel0Ops-challenge.org/, accessed July
18, 2020.
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the conduction and valence band [15-19], the forbidden band gap
that is usually involved in the scintillation process.

BaF, is not the sole cross-luminescent material known, yet it is
among the fastest ones and, with a reported light yield of 1,400 ph/
MeV for the fast emission, also one of the brightest ones [19].
Furthermore, it is not hygroscopic, unlike for example CsF.
Therefore, after its discovery there has been an enormous
interest in BaF,, and numerous research groups started
investigating this material [5, 12, 14, 20-24], both to understand
its characteristics and to use it in detectors incorporating time-of-
flight information. Table 1 shows an overview of the characteristics
of BaF,, as well as those for LYSO and BGO for comparison.

Owing to its favorable timing characteristics, as also shown in
Table 1, BaF, has been a center of interest since the early eighties of
the last century [14, 16, 17, 30, 31]. However, the difficulty with
cross-luminescence is that the emission is in the deep UV. For this
reason, it was not possible to fully benefit from the timing potential
in the past with photodetectors available at that time. However,
recent developments in solid state photodetectors with internal gain
for experiments using liquid xenon as scintillating material lead to
the necessity of measuring light at the very short wavelength of
175nm [32, 33]. This has recently also made new aspects of
exploiting cross-luminescence feasible.

Comparing the properties of BaF, with LYSO:Ce, a state-of-
the-art crystal widely used in time-of-flight PET scanners, a rough
estimate of its potential can be made using the following relation
for its coincidence time resolution (CTR) as a function of decay
time and light yield: CTR o +/74/LY. Considering that LYSO:Ce
has a light yield of 40 kph/MeV and a decay time of about r =
39 ns [10], and that BaF, has a reported light yield (of the fast
emission) of only 1,400 ph/MeV but with a decay time of
0.6-0.8 ns [22], this immediately leads to a CTR performance
superior by a factor of 1.3-1.5 over that of LYSO:Ce. This
consideration is based on the assumption of using a
photodetector with a similar PDE in the deep UV as at 420 nm.

This promising potential in CTR performance, considering
also the relatively low production cost of BaF, [29], makes this
crystal all together promising for our investigation.

This paper summarizes initial investigations on the timing
potential of cross-luminescence in BaF, using current state-of-
the-art technology. The results of the CTR measurements using
SiPMs of Hamamatsu, especially developed for measurements in
the deep UV, will be presented in this work. Furthermore, the
effect of optical coupling greases on the light extraction and the
CTR has been evaluated. This may reignite new interest for
further research on BaF,.

2. MATERIALS AND METHODS
2.1. Crystal Samples

In the study presented in this article, BaF, samples from two
different producers were used: Epic Crystals’, and Proteus*. All

*Homepage Epic Crystals: http://www.epic-crystal.com/, accessed July 13, 2020.
“Homepage Proteus Crystals: https://proteus-pp.com/, accessed July 13, 2020.
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TABLE 1 | Overview of the general characteristics of BaF», LYSO, and BGO. Values are taken from the book Inorganic Scintillators for Detector Systems [19], unless

otherwise indicated.

BaF, LYSO BGO
Density p (g/cm®) 4.88 7.4 713
s 53 66 75.2
Photon absorption coefficient « @ 511 KeV (cm™") 0.085 0.28 0.336
Radiation length Xo (cm) 2 1.1 1.12
LYintr (Ph/MeV) 1,400% [22] 40,000 10,000 [10]
9,500° [22]
Decay time 7 (ns) 0.6-0.82 40 300
620°
Photon fraction @ 0.5 MeV 0.19 [25] 0.34 [25] 0.43 [25]
Emission peak(s) Amax (NM) 1952 420 [10] 480 [10]
2202
310°
Refractive index (Rl) @ Apac 1.56 [26] 1.82 [10] 2.1 [10]
1.55 [26]
1.50 [26]
Melting point (°C) 1,280 [27] 2,150 [28] 1,050 [28]
Cost ($/cm®) 15 [29] 60 [29] 35 [29]

ACross-luminescence.
PSTE emission.

samples are pure BaF, without any doping. From both producers,
a crystal size of 2 x 2 x 3 mm?® was used. Shorter crystals are more
suitable for comparing the timing performance of BaF, with other
crystals as absorption and imperfection effects, more likely
present in longer crystals, play less of a role.

2.2. Optical Coupling Greases

To optimize light extraction from the crystal, inorganic
scintillators are generally coupled to a photodetector using an
optical coupling agent. The difficulty here is that there are not
many materials on the market that are transparent to UV-light
with wavelengths below 250-300 nm. Previously Klamra et al.
[31] and Zhu [34] have reported their research on this subject.
This article presents a study on the suitability of some selected
greases as optical coupling agents for BaF, and also for
measurements in conjunction with the specific VUV SiPMs.

Rhodorsil 47V was one of the first greases tested in
conjunction with BaF,. Meltmount, which is a frequently used
coupling agent (note: this coupling agent acts like a heat sensitive
glue, allowing to remove pixels from the SiPM upon heating of
the glue) in our lab, was also added to the test series, as well as
Dow Corning 200 (500.000 cst) since it was deemed to be very
transparent in the deep UV by Klamra et al. [31]. Further added
to the measurements was Viscasil, also claimed to be very
transparent in the deep UV and tested by Klamra et al. [31].
Finally, also glycerine was tested as a promising candidate. The
difficulty with glycerine is that it behaves more like a liquid and is
therefore more difficult to handle than the other greases since
they are more viscous.

2.3. Silicon Photomultipliers
Common SiPMs on the market are not compatible with light

emitted in the deep UV. There are several reasons for this [35].
One apparent reason is that, in order to protect the wire bonds of
the SiPM and the sensor itself, a protection layer is applied on top
of the SiPM [35], usually made of glass or epoxy. Both are not

transparent to deep UV light. Underneath the protection layer is
usually an anti-reflective layer, which is not designed for UV light
either.

Furthermore, deep UV light with a wavelength of around
200 nm only penetrates a few nanometers into the silicon layer
[35]. This is about 100 times shallower than for light above
400 nm. This has the effect that the electron-hole pairs are
effectively created at the surface of the SiPM, making it
difficult to retain high photon detection efficiencies (PDEs).

Therefore, in this work a SiPM specifically developed for
measurements in the vacuum UV (VUV) was used, ie., the
Hamamatsu S13370-3050CN5 primarily developed for dark
matter searches with liquid xenon. This SiPM then does not
possess a layer to protect the wire bonds, nor to protect its surface,
making it fragile and prone to damage when applying greases on
its surface.

According to its datasheet, this SiPM has a photon detection
efficiency (PDE) of about 24%” at 175 nm and is constant up to at
least 200 nm. An independent measurement, however, indicates a
PDE of only ~15% at 175nm [33]. While the SiPM was
measured to have a breakdown voltage of 51.5 + 0.2V, the
regular comparative CTR measurements were run at 60 V (i.e., at
an overvoltage of 8.5 V). A higher operating voltage of up to 61 V
(i.e., an overvoltage of 9.5 V) was only used to exploit the CTR
performance limits of the SiPM.

2.4. Characterization Methods
2.4.1. Transmission

Transmission measurements were performed with a Perkin
Elmer LAMBDA 650 UV/VIS Spectrometer.® This device can

*Datasheet of HPK S13370-CN: https://www.hamamatsu.com/jp/en/product/
optical-sensors/mppc/mppc_mppc-array/index.html, accessed January 28, 2019.
“Product description of the Perkin Elmer LAMBDA 650 UV/VIS Spectrometer: https://
www.perkinelmer.com/lab-solutions/resources/docs/BRO_Lambda950850650 Americas.
pdf, accessed May 26, 2020.
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measure transmission of samples using light with wavelengths
between 190 and 900 nm. To measure the transmission of the
viscous optical coupling agents, the grease under test was applied
as a thin layer between two quartz plates, which had been tested
beforehand to be transparent down to 190 nm. This is used to
correct the later transmission measurements of the greases for the
effect of Fresnel reflection.

2.4.2. Light Output

The light output is measured by exciting the scintillating crystal
with a '¥Cs source emitting gammas with an energy of 662 keV.
The generated light is collected by a VUV sensitive photomultiplier
tube (PMT), a Hamamatsu H6610. The PMT signal is digitized and
gives an energy spectrum with a Compton shoulder and a
photopeak. The position of the photopeak defines the light yield
of the crystal. In this study, the light output (LO) is mainly used to
measure the gain of extracted light with respect to air as a function
of the different coupling greases used. The amount of extracted
light is measured relative to the known light output of an LYSO
pixel (LOpyso), that is thus used as LO reference in this study. To
do so, the extracted amount of light is calculated by:

_ PPPpar, QEpryso, 1

LO =
PPPryso QEp.r, LOrvso

ey

where PPPg,p, refers to the photopeak position for the BaF,
crystal and QEp,p, to the effective quantum efficiency of the PMT
for the emission spectrum of BaF,. PPPryso refers to the
photopeak position of the LYSO pixel and QE;yso to the
effective quantum efficiency of the PMT for LYSO emission.

2.4.3. Time Correlated Single Photon Counting

The time correlated single photon counting (TCSPC)
measurements were performed with the setup illustrated in
Figure 2. A Hamamatsu N5084 pulsed X-ray tube coupled to a
picosecond laser with a FWHM of ~50 ps excites the crystal under
test. At the same time the laser driver produces a start signal for the
fast time-to-digital converter (Cronologic xTDC4). The light
produced by the X-rays traversing the crystal is measured by a
hybrid PMT HPM-100-07 from Becker & Hickl and provides the
stop to the TDC. Every time a pulse is generated in the X-ray tube, a
time measurement is started and the time delays of the detected
single photon signals in the hybrid PMT recorded. In this way the
scintillation pulse produced by the scintillator is basically sampled

one photon at a time. A histogram of the delay times is produced,
showing the full kinetics of the scintillation light. The impulse
response function (IRF) of the entire setup was measured to be
162 ps FWHM and was taken into account in the data analysis (fit
of the decay and rise times). The quantum efficiency of the hybrid
PMT is only reported for values >220 nm, with a steep decline
from 280 nm downwards. As a result, the abundance of light
emitted in the deep UV could be underestimated.

To measure the grease-induced absorption for the different
decay components, two plates of quartz with a thin layer of optical
grease applied between them are placed between the BaF, crystal
and the hybrid PMT. As such, the grease acts as a filter, and the
measurement would only indicate a possible absorption by this
grease on the light emitted by the BaF, crystal. It is important to
notice that this measurement does not show the effect of
increased light extraction provided by the higher refractive
index of the optical greases compared to air-extraction.

2.4.4. Coincidence Time Resolution

The coincidence time resolution (CTR) is measured with the setup
illustrated in Figure 3. In the setup two scintillators are facing each
other in a back-to-back arrangement and are excited by two
correlated and co-linear gammas of 511 keV originating from a
22Na source placed between the two crystals. One of the two crystals
is a LSO:Ce:0.2%Ca coupled with Meltmount to a FBK NUV-HD
SiPM independently measured with a CTR,,r of 60 + 3 ps FWHM
[10]. The other is the BaF, crystal coupled to a Hamamatsu VUV
$13370-3050CN SiPM. The measured coincidence time resolution
of the total system, CTRyq, is a combination of the time resolution

of the BaF, and the crystal,
CTRy = 3 x (CTRZ+CTR},p,). the

ref
resolution of the BaF, crystal under investigation (CTRg,p,) is
calculated as follows: CTRgp, = \/2 . CTthot - CTRfef. Both the
reference crystal and the BaF, crystal are coupled to a SiPM, from
where the signal is split a) for time stamping with a high frequency
amplifier with ~1.5 GHz bandwidth [8] and b) for an independent
pulse height measurement with a low-noise analog operational
amplifier [8], designed to obtain the energy of the photoelectric
peak. The signals are digitized with a LeCroy DDA 735Zi
oscilloscope. After selecting data solely originating from the
photopeak (511 keV), the CTR is determined as the FWHM of

the Gaussian fit to the histogram of the time delays.

reference where

Therefore, time
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FIGURE 4 | Transmission measurements with BaF, produced by Epic
and by Proteus, together with its emission spectrum from literature [22].

As mentioned before, the BaF, crystal is coupled to a
Hamamatsu S13370-3050CN SiPM, specifically developed for the
measurement of VUV light. This SiPM has a surface of 3 x 3 mm?,
enabling to position the BaF, with a smaller readout surface of
2 x 2 mm? such that it does not touch the wire bonds of the SiPM.

3. RESULTS

3.1. Transmission Measurements
To determine the transparency of the BaF, crystals for their own

emission spectrum, the transmission of the samples of the two
different producers have been measured. The results, as shown in
Figure 4, indicate that both crystals are very transparent down to
~300 nm. Below that point, the Proteus crystal gradually absorbs
light. The Epic crystal, on the other hand, continues to be very

transparent down to ~270 nm, from where on it starts to absorb
as well, however less steeply than the Proteus crystal. Therefore,
the absorption is mainly in the domain of the fast cross-
luminescence emission. Despite the shortness of the crystal, of
only 3 mm, the effective photon path length before detection is
significantly larger [36], such that the observed absorption along
this path may have an effect on the CTR of the crystals.

Figure 5 shows the transmission of the measured greases.
They show that Meltmount is clearly not suitable as a glue for
BaF, and consequently was excluded from further tests.
Rhodorsil also shows a significant absorption, with a center at
around 250 nm and a cut-off at ~210 nm. It was therefore deemed
unsuitable for further measurements with BaF, as well.

As to Dow Corning and Viscasil, the differences between the
two of them are insignificant. Both are close to 100% transparent
down to 220 nm, from where on they both start to absorb
gradually. They both seem to have a cut-off at ~190 nm, also
observed by Zhu [23] and Dorenbos et al. [22]. All together, Dow
Corning 200 and Viscasil look suitable as optical coupling
compounds for BaF, measurements.

In contrast to Dow Corning and Viscasil, glycerine extends its
transparency even further down to shorter wavelength before it
also rolls off.

3.2. Light Output Measurements

Table 2 gives an overview of the light output measurements with
the greases that had been investigated, as well as the
corresponding gain in light extraction compared to
measurements with air coupling.

The light output from the Proteus crystal is consistently higher
than that from the Epic crystal, on average by about a factor 1.15.

Table 2 further shows that all greases clearly improve light
extraction from the crystals. Comparing the results from the three
grease measurements with those obtained from air-coupling
measurements, a gain in extracted light of 1.6-1.8 is observed
for both crystals.
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FIGURE 5 | Transmission measurements of several optical couplings agents between two quartz plates, performed between 190 and 440 nm, corrected for the
absorption by one quartz plate and the Fresnel reflection between the quartz/air interfaces. Also the emission spectrum of BaF, has been plotted for comparison [22].

TABLE 2| Light output measurements on 2 x 2 x 3 mm? BaF, crystals from Epic
and Proteus, coupled to a Hamamatsu H6610 PMT with several optical
coupling media and wrapped in several layers of Teflon. The error in the
measurements is about 10%.

Light output Gain Light output Gain
Epic w.r.t Proteus w.r.t
(kph/MeV) Air-coupling (kph/MeV) Air-coupling
Air 2.9 3.7
Viscasil 4.5 1.55 5.6 1.67
Dow corning 5.1 1.75 5.7 1.70
Glycerine 5.1 1.75 6.0 1.77

3.3. Time Correlated Single Photon

Counting Measurements

In a first round, the kinetics of the BaF, emission of crystals from
both Epic and Proteus were measured, with no greases used. The
results are shown in Figure 6.

Since two decay channels were expected from literature, one for
cross-luminescence and one for the STE emission, the data was
initially fitted with a double exponential decay function. The results
of these fits are shown in the left graphs of Figure 6.
Notwithstanding its low »? value, see Table 3, the double
exponential decay function shows a deficiency with respect to
the data-points in the first nanosecond of the emission, thus
leading to the assumption that there is an additional, very fast,
decay component in the emission spectrum. To test this hypothesis,
the data was then fitted with a triple exponential decay fit, as shown
in the graphs on the right-hand side of Figure 6. While the 4>
improved marginally, the fit clearly follows better the data-points in
the first nanosecond of the emission, thus indicating a better fit to
the data. The results of the double exponential and triple
exponential fits are summarized in Table 3. The measurements
do reveal a third, very fast, decay component with a derived decay
time of ~0.1 ns and an abundance of ~1% for both crystals.

As to the origin of the very fast decay component, some groups
have claimed the existence of hot intraband-luminescence in BaF,
[5, 24]. Considering that hot intraband-luminescence is emitted over
the entire light spectrum, a measurement with a 400 nm longpass

filter, placed between the crystal and the hybrid PMT, has been
performed with the result that only noise showed up. This excludes
the proclaimed hot intraband-luminescence as to the origin of the
here observed very fast emission component. To investigate the very
fast component further, this time a 250 nm longpass and a
240-395nm bandpass filter have been used. From the 250 nm
measurement only the two known decay components (0.6 and
600 ns) were observed, with the other very fast emission absent.
From the measurement with the bandpass filter, reaching
wavelengths below 250 nm yet limited to 240 nm, the very fast
component showed up again, however with only half of its original
abundance. This leads to the conclusion that at least the majority of
the emission of the very fast decay component must be below
240 nm.

The measurements in Figure 6 furthermore show that both
crystals have a decay time of 0.7 ns for the component identified
as the cross-luminescence emission, with an abundance of ~5%.
The decay times of ~700 ns and ~600 ns for Epic and Proteus,
respectively, both with an abundance of 94%, were identified as
the STE emission. These values are comparable with literature
values. The abundance of cross-luminescence emission is lower
than expected from literature, which can be attributed to the
lower detection efficiency in the deep UV of the hybrid-PMT used
in this work. There is no difference in the observed abundance of
cross-luminescence between the two crystals.

To investigate the effect of the chosen greases on the
abundances of the different decay components, it was
preferred to use the double exponential decay function for the
fitting of the data, thus determining an effective decay time and
abundance for the two fast components together. A fit with three
decay components would have resulted in a sharing of the
statistics of the emission over two more fitting parameters,
thus reducing the statistics per parameter such that too many
statistical fluctuations are introduced. These fluctuations will
affect the fitted values for the abundances and decay times of
both the very fast component and the cross-luminescence.

Table 4 shows the results of the measurements with the
selected optical coupling greases, fitted with a double
exponential decay function. The fits indicate that the fast
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FIGURE 6 | Time correlated single photon counting measurements under X-ray excitation, with 3 mm long BaF, crystals from Proteus (A, C) and Epic (B, D),
measured with a gate of 2 ps. The thin black dotted line shows the impulse response function (IRF) of the setup. The green line is a walking average and the red line a fit of
the data. (A, B): the data was fitted with a double exponential decay. (C, D): the data was fitted with a triple exponential decay. The graphs show that the triple
exponential decay function fits better the fastest part of the emission curve.

TABLE 3| Parameters of the double and triple exponential used, convolved with the IRF, to fit the data from the TCSPC measurements with a2 x 2 x 3 mm?® BaF, pixel from
Proteus and Epic. Here 1, is the rise-time, 74, the decay times, and R, (n = 1, 2, 3) their corresponding abundances.

7r (ps) a1 (ns) R1 (%)
Double exponential
Proteus 0+3 548 + 5 94.0
Epic 0+3 686 + 7 93.7
Filter 240-395 nm + proteus 0+3 640 + 6 Q7.7
Filter 250 nm + proteus 0+3 542 + 5 98.8
Triple exponential
Proteus 0+3 551 + 6 93.8
Epic 0+3 689 + 7 93.7
Filter 240-395 nm + proteus 0+3 641 + 6 97.6

emission abundance is slightly reduced (0.94-0.92) by the
presence of the three coupling compounds, yet this reduction
is not significant when compared with the air measurement. This
is consistent with the transmission measurements of the greases,
which show very little absorption in this wavelength region.

3.4. CTR Measurements
3.4.1. Measurements With Air Coupling

Figure 7 shows the CTR measurements with Proteus and Epic
crystals. The obtained CTR values are 98 + 5ps FWHM for
the Epic crystal and 94 + 5 ps FWHM for the Proteus crystal.

742 (ns) Rz (%) 743 (nS) R3 (%) )(2 + 0.0036
0.606 + 0.06 6.0 - — 1.029
0.616 + 0.06 6.3 — — 1.008
0.585 + 0.06 2.3 - — 1.004
0.565 + 0.06 1.3 — — 1.010
0.713 = 0.07 5.3 0.067 + 0.03 0.9 1.016
0.747 + 0.07 5.4 0.078 + 0.04 1.0 1.005
0.786 + 0.08 1.9 0.170 + 0.09 0.5 1.002

It can be concluded that with the given SiPM, the crystals of
both producers perform the same within the limitations of the
experimental setup. Therefore, the observed higher total light
output from Proteus seems to be fully compensated by its
higher absorption rate below 270 nm, resulting finally in an
extracted amount of fast photons comparable to that of the
Epic crystal. To put these numbers into context with
commonly used bright and fast inorganic scintillators, such
as LYSO:Ce of the same length with the same SiPM, the CTR
was measured with such a scintillator and showed to produce a
CTR of 140 ps FWHM, see also Figure 7. This CTR of 140 ps
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TABLE 4 | Parameters of the double exponential fit, convolved with the IRF, used
to describe the data from the TCSPC measurements with a 2 x 2 x 3 mm?3
BaF, pixel from Proteus, using various optical coupling media and filters in front of
the hybrid PMT. Here 1, is the rise-time, 74, the decay times, and R, (n =1, 2, 3)
their corresponding abundances.

7+ (PS) 7a1 (NS) Ry (%) 742 (ns) R2  x?+0.0036
(%)

Proteus air 0+3 548 +5 940 0.606 + 0.06 6.0 1.029
Proteus 0+3 615 +6 943 0613 +0.06 57 1.050
viscasil
Proteus 0+3 623 +6 944 0601 +0.06 56 1.031
glycerine
Proteusdow 0 + 3 612 + 6 945 0.59 + 0.06 55 1.039
corning

ol © EPiC 2x2x3mm?

. # Proteus 2x2x3mm?3
140— CTR of LYSO:Ce same conditions

ol b
S t ]

L Wl’{ K
§ CTRpmin = 9845 ps
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FIGURE 7 | CTR measurements of 2 x 2 x 3 mm? BaF, pixels from Epic

and Proteus, air coupled to a S13370-CN SiPM from Hamamatsu, operated
at 61 V. For both fits of the data, the minimum value is written in the
corresponding color.

TABLE 5 | CTR measurements of 2 x 2 x 3mm? BaF, pixels from Epic and
Proteus, coupled to a S13370-CN of Hamamatsu, using various optical
couplings.

Bias Air Dow Corning Glycerine Viscasil
Epic @60V 104 + 6 972 + 5 919 + 8 840 + 4
Proteus @60V 102 + 4 993 + 4 1059 £+ 6 999 + 5
Epic @61V 976 =+ 5 936 + 5 93.0 + 8&° 776 + 4
Proteus @61V 936 + 4 939 + 4 106 + 6° 874 + 4

AMeasurement at a bias voltage of 60.8 V, since 61 V/ showed a excessive noise in this
configuration.

has to be seen in light of a more favorable PDE of the SiPM at
the LYSO:Ce wavelength (26%) compared to that at the BaF,
wavelength (~15%). Despite its more beneficial PDE, the air-
coupled LYSO:Ce crystal cannot compete with the BaF, one.
However under totally different conditions, when it is glued
with Meltmount to its specifically developed SiPM (HPK
$13360), the LYSO:Ce crystal reaches a coincidence time

BaF, Cross-Luminescence for Ultrafast Timing

resolution of 86 + 2ps FWHM [37], only slightly better
than its air-mounted competitor BaF,.

3.4.2. Measurements With Optical Coupling

The results of the CTR measurements with the selected greases
are summarized in Table 5. The SiPM bias used for comparing
the different greases in terms of their CTR was 60 V. These results
are also visualized in Figure 8. The operating voltage was then
further increased to 61 V to assess the limits of the SiPM for
highest CTR performance.

Figure 8 shows that, within the statistical limits, the CTR of
the Proteus crystal shows no improvement no matter what grease
is chosen. Only when pushing the bias voltage to 61 V, Viscasil
together with the Proteus crystal shows a slight improvement in
CTR, as can been seen in Table 5.

Unlike the Proteus crystal, whose CTR seems to be largely
insensitive to any of the applied coupling agents, the Epic’s CTR
visibly benefits from these greases, with Viscasil being the best of
all, allowing even a CTR of as high as 78 + 4 ps FWHM when the
SiPM bias is pushed to 61 V.

4. DISCUSSION

In this work, several characterizations have been performed to
analyze and better understand the time resolution of BaF,, using
crystals produced by Epic Crystals and Proteus together with
VUV SiPMs manufactured by Hamamatsu.

Transmission measurements show that, compared to Epic,
crystals from Proteus absorb more light below ~270 nm, meaning
that predominantly cross-luminescence light is being absorbed.
This will have a negative effect on the CTR. Furthermore, as to the
three coupling compounds Viscasil, Dow Corning and glycerine,
they have been shown to be almost completely transparent down
to 220 nm, before they begin to slightly absorb light below that.
Among the three, glycerine in fact appeared as the most
transparent as it transmits better below 220 nm than the others.

Light output measurements show Proteus having a consistently
higher light output than Epic, on average by a factor of 1.15. This is
to be seen in contrast to the transmission measurements, where the
Proteus crystal was found to absorb more light occurring only in the
wavelength range of the fast emission. The light output
measurements, on the other hand, are dominated by the more
abundant slow STE emission in the crystal, since its light yield is
about 7-8 times higher than that from the fast cross-luminescence
[22]. This leads to the conclusion that for Proteus at least the amount
of extracted STE emission is higher than for Epic. However,
considering the higher absorption of Proteus below 270 nm, this
does not necessarily mean that the amount of extracted fast cross-
luminescence light from Proteus is also a factor 1.15 higher than
for Epic.

The outcome of TCSPC measurements shows that the emission
kinetics of the Epic and Proteus crystals are the same, so are the
abundances of the cross-luminescence emission. This was a priori not
expected given the transmission measurements on the one hand,
which showed a higher absorption in the cross-luminescence region
for Proteus, and the light output measurements on the other hand,
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FIGURE 8 | Minima of CTR measurements (equals highest resolution) of 2 x 2 x 3mm?® BaF, pixels from Epic and Proteus, coupled to a S13370-CN of
Hamamatsu, using various optical coupling media. Measurements were taken at a bias of 60 V.
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showing a higher total light extraction for Proteus. This offset is
probably due to the limited quantum efficiency at short wavelengths
of the used HPK-100-07 hybrid PMT, making it less sensitive in the
region where the Proteus crystal shows a higher absorption than Epic.

Furthermore, a very fast decay component, with a decay-time
of ~0.1 ns has been observed, with an estimated abundance of 1%.
This very fast emission was newly discovered by our group [10],
its origin still being under investigation. Measurements with
filters have demonstrated that the majority of its emission lies
below 240 nm. Considering the limitations of the HPM-100-07
hybrid PMT in the setup, the abundance of this emission is most
probably underestimated. From the TCSPC measurements one
can derive that all the tested greases slightly, by 6-8%, absorb light
in the region of the cross-luminescence emission.

As to coincidence time resolution, of prime interest in this
study, both Epic and Proteus crystals produced comparable
results of 94 + 4 and 98 + 5ps FWHM, respectively, both
with air coupling. This situation however changed when optical
coupling greases were used to transfer the light from the crystal to
the photodetector. Unlike the Proteus crystal, whose CTR seems
to be largely insensitive to any of the coupling greases, the Epic’s
CTR visibly benefits from the optical coupling agents, with
Viscasil being the best of all. With this compound, the CTR
could even be improved to 78 + 4 ps FWHM when pushing the
SiPM bias voltage to 61 V. In general the difference in CTR
performance between Epic and Proteus can be explained by the
higher light absorption of the Proteus crystal below 270 nm.

However, despite the beneficial effects of the optical coupling
greases on the global detection performance, their physical
contact with the unprotected SiPM surface can lead to
unexpected effects such as those observed here in the case of
glycerine. Although being chemically inert and chosen for that
purpose, glycerine systematically led to an increase in the SiPM’s
dark current, with its obvious negative effects on the CTR.

The scintillators used for the investigation in this article are short
3 mm long pixels. As the main purpose of this paper was to assess the
timing potential of cross-luminescence in BaF, detected with newly
developed deep-UV sensitive SiPMs, tests were made with short
crystals in order to be comparable with similar measurements done
for other materials, e.g., LYSO:Ce. The advantage of short crystals is
that detrimental effects such as absorption and scattering in the

crystal, more likely present in longer crystals, play a secondary role,
which allows to better understand the CTR limits. In detectors for
PET and HEP applications larger crystals, between 15 and 30 mm
depending on the scintillator, are commonly used. Therefore, the
next step in the investigation of cross-luminescence in BaF, for
ultrafast timing applications is to explore the performance of longer
crystals in order to further prove the competitiveness of BaF, with
state-of-the-art scintillators, e.g., 20 mm LYSO:Ce pixel coupled to a
Hamamatsu SiPMs with its 135 ps CTR performance [37].

In summary, this work has shown that, already with existing
technologies, BaF, and a commercial Hamamatsu silicon
photodetector produce a coincidence time resolution of as
high as 94 + 4 ps FWHM with air coupling and even 78 +
4 ps FWHM when Viscasil is chosen as optical coupling agent.
Better understanding of the “very fast” 100 ps decay component
might give a handle to develop ways to even further increase this
time resolution.

If the photon detection efficiency of SiPMs working in the
deep UV could be improved from the current 15% to values of
60% not an untypical value for SiPMs at larger wavelengths [10],
this would have an immediate impact on the coincidence time
resolution, ultimately enabling to reach a CTR of V15/60 - 86 ps =
43 ps FWHM. Another prospect is to increase the single photon
time resolution of the VUV SiPMs to values of <100 ps and hence
be able to increase the CTR by another ~10 ps [10], opening the
door to a new regime in coincidence time resolution of as low as
30 ps CTR with relatively heavy inorganic scintillators.
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