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Abstract: Barium fluoride, an inorganic scintillation mate-

rial used for the detection of X-ray and/or gamma-ray radi-

ation, has been receiving increasing attention in the field

of radiation measurements in fast-timing applications. To

make full use of its timing properties, its slow emission

around the ultraviolet region, more specifically, the 300 nm

region needs to be suppressed. Although doping ions, such

as lanthanum, yttrium, and cadmium, can suppress the slow

component, such techniques can lose information of inter-

acted radiations. Consequently, a suppression technique

that does not suffer from information loss while maintain-

ing precise timing measurements would be desirable. In

this study, we proposed aluminum nano-disk-based plas-

monic filters to suppress slow emissions while maintain-

ing fast emissions around 195 and 220 nm and a usability

of the slow component. Finite-difference time-domain sim-

ulations and experimental results exhibited good agree-

ment, with over 90% of slow components being adequately

suppressed without sacrificing fast components, proving

that aluminum nanodisks can be used for ultraviolet fil-

ters. Moreover, based on the designed filter performance,

we conducted coincidence time resolution simulations for

positron–electron annihilation gamma rays from an analyt-

ical perspective. The simulations indicated the designed fil-

ters couldmaintainhigh timingperformance. Consequently,

the proposed plasmonic ultraviolet filter was suitable for

maximizing the potential of barium fluoride scintillators.
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1 Introduction

Radiation measurement with high temporal precision—

that is, of the order of tens of picoseconds (ps) or better—has

been a requirement in various applications, including high-

energy physics experiments, and nuclear medicine includ-

ing time-of-flight positron emission tomography (TOF-PET)

[1–6]. In physics experiments, particle identification, par-

ticle trajectory reconstruction, and pile-up mitigation can

benefit from fast-timing performance, while in TOF-PET

the enhanced signal-to-noise ratio of PET images and

reconstruction-free imaging can benefit from it [7, 8]. Scin-

tillators coupled to photodetectors—such as the photomul-

tiplier tube (PMT) and silicon photomultiplier (SiPM) [9] are

often used for such applications, with lutetium oxyorthosil-

icate (LSO) and lutetium–yttrium oxyorthosilicate (LYSO)

having been considered as fast scintillators. Given their

scintillation properties, a coincidence time resolution (CTR)

better than 100 ps in full width at half maximum (FWHM)

for 511 keV positron-electron annihilation gamma rays can

be theoretically and experimentally achieved thanks to the

development of scintillators, photodetectors, and estima-

tion algorithms [10–15]. However, lutetium-based scintilla-

tors have the disadvantage of intrinsic radioisotopes and

high production costs.

Recently, scintillators with cross-luminescence have

once again garnered attention in fast-timing applications

[16–19] owing to their ultrafast emission, although their

mechanisms were investigated in the 1990s [20]. Barium

fluoride (BaF2)—the production cost of which is only one

fourth of that of LSO [21]—is a representative scintillator

with cross-luminescence and was developed in the 1970s

[22]. Generally, it has been reported that BaF2 has two

decay components—that is, fast (𝜏 fast ∼0.6 ns at 195 and
220 nm) and slow (𝜏slow ∼ 620 ns at 300 nm) decay time

constants with light yields of 1400 and 9500 photons/MeV,

respectively [23]. The light yield of 1400 photons/MeV with

𝜏 fast ∼ 0.6 ns is denser in time than that of LSO/LYSO, thus

the achievable intrinsic CTR of BaF2 should be better than

that of LSO/LYSO. In fact, the CTR of BaF2 coupled to vacuum

ultraviolet (VUV) SiPM achieved 51 ps FWHM despite the

relatively low photodetection efficiency (PDE) of the SiPM in
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the VUV region (22% at 200 nm) [24, 25]. However, the slower

decay component (𝜏slow ∼ 620 ns at 300 nm) can cause base-

line fluctuations which degrade the timing performance.

Consequently, careful offline analysis or suppression tech-

niques of the slow decay component are required to cor-

rectly pick off timing information from the photodetector

signals. Although doping ions—such as lanthanum, yttrium,

and cadmium—can suppress the slow component andwere

experimentally validated [26–28], this suppression means

that they lost a lot of information (9500 photons/MeV),which

can be used as energy information of interacted radiations.

This indicates that the energy resolutionwould get worse by

ion doping. Therefore, an alternative way to keep baseline

stability without compromising energy information would

be preferrable.

Nanophotonics technology has been applied to scin-

tillators and photodetectors for radiation measurements

[29–31]. In 1998, Ebessen et al. demonstrated the phenom-

ena of extraordinary optical transmittance (EOT) using

metallic periodic nano-hole arrays with a length thicker

than that of the skin depth of the metal [32, 33]. This phe-

nomenon was based on surface plasmon polaritons (SPPs),

collective free electron oscillations at the interface between

metal and dielectric which are excited when the period and

shape of the nanostructure satisfies the resonance wave-

length. Adjusting the shape and size of the nano-hole accord-

ingly enables to precisely control of the transmission spec-

tra, opening up attractive filtering applications including

color and dynamic filters [34–36]—making such SPP-based

filtering techniques highly appropriate for addressing the

abovementioned requirements. However, an EOT-based

nano-hole array does not exhibit high transmittance since

it exhibits strong absorption at resonance wavelengths as

well [37, 38].

Metallic nano-disk arrays with configurations comple-

mentary to metallic nano-hole array demonstrates extraor-

dinarily low transmittance (ELT) characteristics despite the

thickness of the metallic layer being comparable to the

skin depth (or less) at resonance wavelengths [39]. Several

research groups have demonstrated the ELT phenomena

from visible to near infrared wavelengths using gold or sil-

ver nano-disk arrays [40, 41]. However, free electronswithin

gold or silver can be difficult to follow in the (near) UV

range—specifically 300 nm for the BaF2 case. Consequently,

a material for which the plasma frequency can follow the

speed of (near) UV photons should be employed, and alu-

minum is the best material. Aluminum has many advan-

tages in terms of the CMOS process, its cost, and its chem-

ical stability against oxidation and sulfidation. Although

aluminum nano-disk arrays have already been demon-

strated at visible light wavelengths, they have not yet been

demonstrated at (near) UV wavelengths [42].

In this study, we proposed an aluminum-based plas-

monic UV filter for a BaF2 scintillator as shown in Figure 1.

We carefully designed the size and period of the nano disk

to control the resonancewavelength of the localized surface

plasmon resonance combined with SPP to obtain a high

transmittance in the faster component (𝜆 = 220 nm) and to

simultaneously suppress the slow component (𝜆 = 300 nm)

whilemaintaining the usability of the suppressed slow com-

ponent. (𝜆= 300 nm) while maintaining the usability of the

suppressed slow component. In addition to finite-difference

time-domain (FDTD) simulations, plasmonic UV filters were

fabricated on a glass substrate and their transmissions

were experimentally examined. Furthermore, analytical

CTR simulations were also performed based on the filtering

performance.

Figure 1: Conceptual schematic of the proposed UV filter based on the

localized surface plasmon resonance applied to a BaF2 scintillator which

can be used for fast timing applications. The plasmonic UV filter is

transparent to the fast component (220 nm), while it can reflect the slow

component (300 nm).
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2 Results and discussion

Figure 2(A) shows amicroscopic image of the fabricated alu-

minum nano-disk arrays on a glass substrate (𝜙 of 21.8 mm,

t of 3 mm) using electric beam lithography (see Supple-

mentary Material). The size of the nano-disk array is 900 ×
900 μm2, each square comprising different diameters—that

is, 85, 95, and 105 nm, respectively (left to right). Figure 2(B)

shows scanning electron microscopy (SEM) images of the

same. As is seen from Figure 2(B), the fabricated aluminum

nano-disk array is fabricated as designed.

Figure 2(C) and (D) plots the transmittance of the alu-

minum nano-disk array for experiments and simulations,

respectively, the experimental results demonstrating good

agreement with the simulation results. The experimental

results are obtained by using a spectrophotometer (UH4150,

Hitahi High-Technologies Corporation), and the measure-

ments were performed at wavelengths of 200–500 nm

with 0.5 nm steps. Details can be found in Supplemen-

tary Material. In particular, the 90 nm diameter transmis-

sion spectrum is well-suited for suppressing the slow com-

ponent of BaF2 emissions. The slight difference between the

simulation and experimental results is because the actual

refractive index differs from that used in the simulation

as well as a few fabrication errors. The absolute number

of experimental transmittances is normalized so that the

(A)

(B)

(C) (D)

Figure 2: Microscopic images of fabricated plasmonic filters, and their experimental and simulations results. (A) Microscopic images of aluminum

nanodisks of different diameters (85, 95, and 105 nm). Scale bar is 200 μm. (B) SEM images of aluminum nanodisks of different diameters (85, 95, and

105 nm). Scale bar is 300 nm. (C) and (D) Transmission spectra of aluminum nanodisks of different diameters (85, 95, and 105 nm) for experiments and

simulations, respectively.
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transmittances of experiments around 500 nm correspond

to those of the simulations. This was done because of the

non-uniform surface quality of the glass substrate on which

the filters were fabricated, making it difficult to measure

the absolute number of transmittances. However, the fact

remains that clear dips around 𝜆 = 300 nm are observed.

After passing through the simulated filters and being

detected by the modeled photodetectors (details of which

are described in the Materials and Methods section),

the emission spectra are shown in Figure 3—that is,

(A) the ideal photodetector, (B) multi-alkali photocath-

ode microchannel plate-PMT (MCP-PMT), and (C) VUV

SiPM. The light yields (Y-axis) are clearly affected by the

photodetectors’ absolute number of quantum efficiency

(QE)/PDE. However, themost importance feature of Figure 3

is that the slow emission around 300 nm is greatly sup-

pressed by the correct choice of filter parameter—that is,

the diameter of the nanodisks. In the 100 nm diameter case,

the emission spectra around 300 and 350 nm is less than

10% and 1%, respectively, compared to the without-filter

case, while maintaining fast emission around 195/220 nm.

The ratio of fast to slow emission is shown in Figure 4. As

the diameter increases, the ratio increases to >90% for the

VUV SiPM, which exhibits the best performance because it

has a higher PDE at 220 nm than 300 nmwhile the QE of the

multi-alkali device has a flatter curve.

The analytically simulated CTRs are shown in Figure 5,

which is the first approximation and takes photodetector

models and scintillation kinetics into account but excludes

the transit travel time of scintillation photons in a crystal.

More quantitative information is summarized in Supple-

mentary Material. In the case of the ideal photodetector,

the CTRs are better than 10 ps FWHM for all filters, thanks

to the high emission density of BaF2. However, in prac-

tice, given the finite dimensions of BaF2 crystals, the time

spread of photons’ traveling in the crystal should be greater

than 10 ps FWHM even if its thickness is only a few mm.

Consequently, the ideal results suggest the intrinsic CTR.

Conversely, the CTRs for the modeled MCP-PMT and VUV

SiPM range from 30 to 35 ps and from 45 to 55 ps FWHM,

respectively, still as good a CTR as the state-of-the-art detec-

tors [25, 43].

The plasmonic ultraviolet filters were designed and

experimentally developed, and their feasibility for use with

BaF2 scintillators was investigated. Aluminum nanodisks of

30-nm thickness were fabricated. However, a thinner film

thickness exhibits a higher transmittance in the FDTD simu-

lations (see Supplementary Material). In future studies, we

aim to achieve evenhigher transmittances bymeans of etch-

ing after the fabrication of the aluminumnanodisk arrays to

reduce the film thickness.

The reason the simulation results (see Materials and

Methods) have a resonance peak at shorter wavelengths

than the experimental results is because the refractive

index of the surrounding medium changes from optical

grease (with a refractive index of 1.45)—which would be

used in practical situations—to air (with a refractive index

of 1) to be consistent with the experimental environment.

Consequently, the nanodisk should be fabricated slightly

smaller than its current size to connect them to the scintil-

lator after optical grease has been applied.

Figures 2–4 show the designed filter can suppress the

slow component peaking around 300 nm, resulting in a con-

siderable increase in the ratio of the fast to slow component

without compromising the absolute number of fast photons.

Here, the ratio of the fast to slow component is defined as

follows.

Ratio ≡

Expected number of detected photons

for fast component
(
195 and 220 nm

)

Expected number of detected photons for

slow component (300 nm)

(1)

Therefore, the ratio is 14.7% for the ideal photodetector

without filters (0.147= 1400/9500 as listed in Table 1); then, it

accordingly increases by applying the filters. Consequently,

(A) (B) (C)

Figure 3: Emission spectra after being filtered using the proposed plasmonic filter: (A) ideal photodetector with perfect QE (100%), (B) multi-alkali

photocathode, and (C) VUV SiPM. Choosing an optimal diameter of nanodisk enables suppression of slow components around 300 nm.
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Figure 4: The ratio of fast to slow components

of BaF2 after filtering. In the case of a diameter=
100 nm, the ratio more than 80–90% indicating

that the designed filter can electrically stabilize

the baseline of photodetectors.

Figure 5: Analytically simulated CTRs with and

without the designed filters. Irrespective of the

diameter, the CTR does not change. This means

the designed filters canmaintain the BaF2 timing

properties.

Table 1: Parameters of BaF2 emission used in the CTR simulation.

Light yield (photons/MeV) Decay time (ns) Rise time (ns) Emission wavelength (nm)

Fast 1400 0.6 0.001 192/220

Slow 9500 620 0.001 300

the baseline will be stable, making it easy to extract timing

information from the photodetector signal. A filter of larger

diameter further would suppress the slow component

although in this study we only evaluated the diameter up

to 100 nm. We could control and optimize the dip width by

engineering both the period and diameter of the nanodisks.

Consequently, an optimized filter design could maintain

the number of fast photons while further discriminating

against the slow photons. As the number of fast photons

are maintained, there is sufficient room for a CTR < 100 ps

FWHM using existing photodetectors. The MCP-PMT shows

better CTR than the VUV SiPM despite the VUV SiPM having

better PDE than the multi-alkali photocathode MCP-PMT,

indicating that the CTR benefits more from single photon

time resolution (SPTR) rather than QE/PDE because of the

high emission density of BaF2 in time.
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As shown in Figure 4, the ratio increases substantially

while maintaining the fast component. Figure 5 shows that

no explicit degradation in the CTR is evident for all filters.

Although the fast component is sufficiently maintained, and

a stabilized baseline can be expected, the photon density in

time (which plays an important role for the timing perfor-

mance) in the fast component slightly decreased, resulting

in slight degradation in the CTR. However, the expected CTR

is still maintained as that of the state-of-the-art detectors.

Consequently, the high timing capability of BaF2 is sustained

when the designed filters are used.

Compared to existing suppression techniques such as

ion doping and the use of solar blind photocathodes (CsTe),

the major advantage of using plasmonic filters is that they

do not absorb but mainly reflect the target photons, without

sacrificing information from the incoming radiation. Thus,

a possible architecture could comprise dual-ended readout

[44, 45], inwhich twophotodetectors are coupled to opposite

sides of the crystal surface. One side of the crystal should

implement the plasmonic filter, the other side being as is.

Here, the baseline of the filtered side is stabilized, thanks

to reflection of the slow component, and can be used as the

timing signal. Additionally, the opposite side can be used as

the energy signal with a moderate time window when the

filtered side triggers a signal.

Considering the effective atomic number and density

of BaF2, it is insufficient for TOF-PET applications that

require a greater density of higher effective atomic num-

ber crystals. A recent metascintillator innovation could

resolve this problem [46–48]. A metascintillator comprises

stacked dense-slow and light-fast scintillator slabs. Conse-

quently, dense-slow scintillators—the emission spectrum of

which does not overlap that of the designed filter—such as

bismuth germanate and cerium-doped (Lu,Gd)3(Ga,Al)5O12

(GAGG), could be used to compensate for the relatively low

detection efficiency [49, 50].

The angular dependence of the designed filters is a

limitation of this study. Scintillation emission is generally

isotropic, thus filters should be insensitive to the incident

angle. However, making the nano disks insensitive to the

incident angle can be challenging. One solution would be to

use photonic crystals, directive photonic scintillators having

already been proposed and experimentally demonstrated

[51–54].

3 Conclusions

In this study, we proposed the plasmonic UV filter to sup-

press the slow component of a BaF2 scintillator, which could

otherwise degrade the timing performance of BaF2-based

radiation detectors. We carefully designed the filter by

changing the height, period, and diameter of the aluminum

nanodisks. The FDTD simulations and experimental results

exhibited good agreement. Accordingly, the designed filter

can correctly suppress the slow component of the BaF2 scin-

tillator. A CTR simulation was conducted from an analytical

perspective. The results showed that CTRs better than 100 ps

FWHM for all the designed filters could be achieved; indi-

cating that the proposed filters could be used in fast-timing

applications. The designed filters not only greatly suppress

the slow component but also maintain the usability of it

having a lot of information of interacted radiation, maxi-

mizing the potential of BaF2 scintillator used in fast-timing

applications.

4 Materials and methods

4.1 FDTD simulation

We conducted FDTD simulations (Ansys Lumerical, Inc., Vancouver) to

obtain the best period and diameter specification for the aluminum

nano disk. The simulation model is shown in Figure 6(A). The light

source is placed at z = 500 nm, illuminating the aluminum nanodisk.

The reflection and transmission monitors are placed at z = 1000 and

−1000 nm, respectively. Periodic boundary conditions are set for the
x-, y-direction, and the perfect matching layer is set for the z-direction.

An aluminum nanodisk of height (H) 30 nm is placed on a glass

substrate and covered with an ideal transparent optical grease consid-

ering the practical use of a scintillator. The refractive indices of the

aluminum and glass are used in the material data of the simulation,

with that of the optical grease being set to 1.45. Figure 6(B)–(D) plots the

transmission, reflection, and absorption spectra for the different peri-

ods (P) of the aluminumnanodisk, from 140 to 180 nm in steps of 10 nm,

with the duty ratio (D/P,D is diameter) beingfixed at 0.5. As the period of

thenanodisk increases, the reflectionpeak shifts to longerwavelengths.

The relationship between the period and resonance wavelength can be

expressed as follows [41]:

𝜆PSP = P

√
𝜀m

(
𝜆
)
𝜀d

𝜀m

(
𝜆
)
+ 𝜀d

, (2)

where P denotes the period of the nanodisk array, and 𝜀m and 𝜀d denote

the permittivity of the metal and dielectric, respectively.

Figure 6(E)–(G) plots the transmission, reflection, and absorp-

tion spectra for different diameters (D) of the aluminum nanodisks

(50–100 nm) with a height (H) of 30 nm when the period (P) of the

nanodisk is fixed to be 150 nm. Effective suppression of the wave-

length of the slow component (𝜆 = 300 nm) is evident. As the diameter

of the nanodisk increases, the reflection peak shifts to longer wave-

lengths and the FWHM broadens because of the adjacent nanodisk

crosstalk [42].

4.2 Analytical CTR simulation

The performance of the designed filters was evaluated by multiplying

the BaF2 emission spectrum, the simulated filter transmission spectra,
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Figure 6: Schematic of FDTD simulation model and simulation results. (A) Schematic of the FDTD simulation for the aluminum nanodisk (B)–(D) FDTD

simulation results of the transmittance, reflectance, and absorption spectra of the aluminum nanodisk for periods from 140 to 180 nm (in 10 nm

intervals), respectively. (E) and (G) FDTD simulation results of the transmittance, reflectance, and absorption spectra of the aluminum nanodisk for

diameters from 50 to 100 nm (in 10 nm steps), respectively.

Figure 7: Spectra of BaF2 emission, PDE of VUV SiPM, and QE of multi-alkali photocathode modeled in this study. Additionally, an ideal photodetector,

the QE of which is 100% over the entire wavelength, is modeled. These spectra were used for the analytical CTR simulations.

and the photodetector detection spectra. The BaF2 emission spectrum

was approximately reproduced according to Ref. [23]. We modeled

three types of photodetectors—that is, an ideal photodetector (QE =
100% over the entire wavelength), an MCP-PMT with multi-alkali pho-

tocathode, and a VUV SiPM. Figure 7 shows the BaF2 emission spec-

trum and QE/PDE curves used in this study. Note that the multi-alkali

QE curve is a typical example rather than a specific manufacturer’s

specification.

Additionally, we conducted an analytical CTR simulation of

positron-electron annihilation gamma rays to evaluate the designed

filters based on the literature discussing analytical CTR [55–57] after

calculating the number of filtered photons which could be detected
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by the abovementioned three types of photodetectors. Mathematical

expressions used in the CTR calculations are summarized in the Sup-

plementary Material. However, as important parameters, the SPTR

values of the modeled MCP-PMT and VUV SiPM were set to 22 and

70 ps FWHM, respectively, based on Refs. [43, 58], both being state-

of-the-art time resolutions. Additionally, the properties of the BaF2
scintillator are listed in Table 1. The best CTR (minimum number)

was investigated for all combinations of filters and photodetectors

(7 filters including without-filter (D from 50 to 100 nm with a fixed P

of 150 nm) × 3 modeled photodetectors).

List of abbreviations

BaF2 Barium fluoride

CTR coincidence time resolution

EOT extraordinary optical transmittance

ELT extraordinarily low transmittance

FWHM full width at half maximum

FDTD finite-difference time-domain

LSO lutetium oxyorthosilicate

LYSO lutetium–yttrium oxyorthosilicate

MCP microchannel plate

PDE photodetection efficiency

PET positron emission tomography

PMT photomultiplier tube

QE quantum efficiency

SiPM silicon photomultiplier

SEM scanning electron micrographic

SPP surfaceplasmon polariton

SPTR single photon time resolution

TOF time-of-flight

VUV vacuum ultraviolet

Supplementary Material

Supplementary materials include the FDTD simulation of

the aluminum nanodisk height-dependent transmittance,

aluminum nanodisk fabrication procedure, transmittance

measurement, and analytical CTR calculations.

Acknowledgment: The authors would like to thank Kosuke

Hironaka and Kazunori Tanaka in the 2nd research group

Hamamatsu Photonics K.K. for their assistance in depositing

aluminum.

Author contributions: All the authors have accepted

responsibility for the entire content of this submitted

manuscript and approved submission.

Research funding: None declared.

Conflict of interest statement: The authors declare that

they have no conflict of interest.

References

[1] A. Benaglia, S. Gundacker, P. Lecoq, et al., “Detection of high

energy muons with sub-20 Ps timing resolution using L(Y)SO

crystals and SiPM readout,” Nucl. Instrum. Methods Phys. Res. A,

vol. 830, p. 30, 2016..

[2] M. T. Lucchini, S. Gundacker, P. Lecoq, et al., “Timing capabilities of

garnet crystals for detection of high energy charged particles,”

Nucl. Instrum. Methods Phys. Res. A, vol. 852, p. 1, 2017..

[3] S. Gundacker, R. M. Turtos, E. Auffray, and P. Lecoq, “Precise rise

and decay time measurements of inorganic scintillators by means

of X-ray and 511 keV excitation,” Nucl. Instrum. Methods Phys. Res. A,

vol. 891, p. 42, 2018..

[4] C. Dujardin, E. Auffray, E. Bourret-Courchesne, et al., “Needs,

trends, and advances in inorganic scintillators,” IEEE Trans. Nucl.

Sci., vol. 65, p. 1977, 2018..

[5] P. Lecoq, C. Morel, J. O. Prior, et al., “Roadmap toward the 10 Ps

time-of-flight PET challenge,” Phys. Med. Biol., vol. 65, p. 21RM01,

2020..

[6] F. Gramuglia, E. Ripiccini, C. A. Fenoglio, et al., “Sub-10 Ps

minimum ionizing particle detection with geiger-mode APDs,”

Front. Phys., vol. 10, p. 849237, 2022..

[7] M. Conti and B. Bendriem, “The new opportunities for high

time resolution clinical TOF PET,” Clin. Transl. Imaging, vol. 7, p. 139,

2019..

[8] S. I. Kwon, R. Ota, E. Berg, et al., “Ultrafast timing enables

reconstruction-free positron emission imaging,” Nat. Photonics,

vol. 15, p. 914, 2021..

[9] R. Ota, “Photon counting detectors and their applications ranging

from particle physics experiments to environmental radiation

monitoring and medical imaging,” Radiol. Phys. Technol., vol. 14,

p. 134, 2021..

[10] S. Seifert, T. van Dam, and D. R. Schaart, “The lower bound on the

timing resolution of scintillation detectors,” Phys. Med. Biol., vol. 57,

p. 1797, 2012..

[11] M. V. Nemallapudi, S. Gundacker, P. Lecoq, et al., “Sub-100 Ps

coincidence time resolution for positron emission tomography

with LSO:Ce Co-doped with Ca,” Phys. Med. Biol., vol. 60, p. 4635,

2015..

[12] J. W. Cates and C. S. Levin, “Advances in coincidence time

resolution for PET,” Phys. Med. Biol., vol. 61, p. 2255, 2016..

[13] S. Gundacker, F. Acerbi, E. Auffray, et al., “State of the art timing in

TOF-PET detectors with LuAG, GAGG and L(Y)SO scintillators of

various sizes coupled to FBK-SiPMs,” J. Instrum., vol. 11, p. P08008,

2016..

[14] M. Toussaint, F. Loignon-Houle, J. Dussault, and R. Lecomte,

“Analytical model of DOI-induced time bias in ultra-fast

scintillation detectors for TOF-PET,” Phys. Med. Biol., vol. 64,

p. 065009, 2019..

[15] D. R. Schaart, “Physics and technology of time-of-flight PET

detectors,” Phys. Med. Biol., vol. 66, p. 09TR01, 2021..

[16] V. N. Makhov, “Vacuum ultraviolet luminescence of wide band-gap

solids studied using time-resolved spectroscopy with synchrotron

radiation,” Phys. Scr., vol. 89, p. 044010, 2014..

[17] R. H. Pots, E. Auffray, and S. Gundacker, “Exploiting

cross-luminescence in BaF2 for ultrafast timing applications using



R. Ota and S. Uenoyama: Plasmonic ultraviolet filter for fast-timing applications — 751

deep-ultraviolet sensitive HPK silicon photomultipliers,” Front.

Phys., vol. 8, p. 592875, 2020..

[18] V. Vanecek, Paterek, R. Kral, et al., “Ultraviolet cross-luminescence

in ternary chlorides of Alkali and Alkaline-earth metals,” Opt.

Mater. X , vol. 12, p. 100103, 2021..

[19] L. Zhang, C. Hu, J. Oyang, et al., “Spectral response of UV

photodetectors for barium fluoride crystal readout,” IEEE Trans.

Nucl. Sci., vol. 69, p. 958, 2022..

[20] P. A. Rodnyi, “Core-valence luminescence in scintillators,” Radiat.

Meas., vol. 38, p. 343, 2004..

[21] Z. Bell, “Scintillation counters,” in Handbook of Particle Detection

and Imaging, C. Grupen, and I. Buvat, Eds., Berlin, Heidelberg,

Springer, 2012.

[22] M. R. Farukhi and C. F. Swinehart, “Barium fluoride as a gamma

ray and charged particle detector,” IEEE Trans. Nucl. Sci., vol. 18,

p. 200, 1971..

[23] P. Dorenbos, J. T. M. de Haas, R. Visser, C. W. E. van Eijk, and

R. W. Hollander, “Absolute light yield measurements on BaF2
crystals and the quantum efficiency of several photomultiplier

tubes,” IEEE Trans. Nucl. Sci., vol. 40, p. 424, 1993..

[24] A. Gola, F. Acerbi, M. Capasso, et al., “NUV-sensitive silicon

photomultiplier technologies developed at fondazione bruno

kessler,” Sensors, vol. 19, p. 308, 2019..

[25] S. Gundacker, R. M. Turtos, N. Kratochwil, et al., “Experimental

time resolution limits of modern SiPMs and TOF-PET detectors

exploring different scintillators and cherenkov emission,” Phys.

Med. Biol., vol. 65, p. 025001, 2020..

[26] C. L. Woody, P. W. Levy, and J. A. Kierstead, “Slow component

suppression and radiation damage in doped BaF2 crystals,” IEEE

Trans. Nucl. Sci., vol. 36, p. 536, 1989..

[27] C. Hu, C. Xu, L. Zhang, Q. Zhang, and R. Zhu, “Development of

yttrium-doped BaF2 crystals for future HEP experiments,” IEEE

Trans. Nucl. Sci., vol. 66, p. 1854, 2019..

[28] S. Gundacker, R. H. Pots, A. Nepomnyashchikh, et al., “Vacuum

ultraviolet silicon photomultipliers applied to BaF2
cross-luminescence detection for high-rate ultrafast timing

applications,” Phys. Med. Biol., vol. 66, p. 114002, 2021..

[29] S. Uenoyama and R. Ota, “40 × 40 metalens array for improved

silicon photomultiplier performance,” ACS Photonics, vol. 8, no. 6,

pp. 1548−1555, 2021..
[30] S. Uenoyama and R. Ota, “Monolithic integration of metalens in

silicon photomultiplier for improved photodetection efficiency,”

Adv. Opt. Mater., vol. 10, no. 9, p. 2102707, 2022..

[31] P. Lecoq, “On the way to the 10 Ps time-of-flight PET challenge,”

Eur. Phys. J. Plus, vol. 137, no. 8, p. 964, 2022..

[32] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff,

“Extraordinary optical transmission through sub-wavelength hole

arrays,” Nature, vol. 391, no. 6668, pp. 667−669, 1998..
[33] W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon

subwavelength optics,” Nature, vol. 424, no. 6950, 2003. https://

doi.org/10.1038/nature01937.

[34] S. Yokogawa, S. P. Burgos, and H. A. Atwater, “Plasmonic color

filters for CMOS image sensor applications,” Nano Lett., vol. 12,

no. 8, pp. 4349−4354, 2012..
[35] S. P. Burgos, S. Yokogawa, and H. A. Atwater, “Color imaging via

nearest neighbor hole coupling in plasmonic color filters

integrated onto a complementary metal-oxide semiconductor

image sensor,” ACS Nano, vol. 7, no. 11, pp. 10038−10047,
2013..

[36] A. Mizuno and A. Ono, “Dynamic control of the interparticle

distance in a self-assembled Ag nanocube monolayer for

plasmonic color modulation,” ACS Appl. Nano Mater., vol. 4, no. 9,

pp. 9721−9728, 2021..
[37] A. M. Morsy, M. L. Povinelli, and J. Hennessy, “Highly selective

ultraviolet aluminum plasmonic filters on silicon,” Opt. Express,

vol. 26, no. 18, pp. 22650−22657, 2018..
[38] Y. Wang, Y. Qin, and Z. Zhang, “Extraordinary optical transmission

property of X-shaped plasmonic nanohole arrays,” Plasmonics,

vol. 9, no. 2, pp. 203−207, 2014..
[39] Z. Sun, X. Zuo, and Q. Lin, “Plasmon-induced nearly null

transmission of light through gratings in very thin metal films,”

Plasmonics, vol. 5, no. 1, pp. 13−19, 2010..
[40] S. Xiao and N. A. Mortensen, “Surface-plasmon-polariton-induced

suppressed transmission through ultrathin metal disk arrays,”

Opt. Lett., vol. 36, no. 1, pp. 37−39, 2011..
[41] T. Tani, S. Hakuta, N. Kiyoto, and M. Naya, “Transparent

near-infrared reflector metasurface with randomly dispersed

silver nanodisks,” Opt. Express, vol. 22, no. 8, pp. 9262−9270,
2014..

[42] V. R. Shrestha, S. S. Lee, E. S. Kim, and D. Y. Choi, “Aluminum

plasmonics based highly transmissive polarization-independent

subtractive color filters exploiting a nanopatch array,” Nano Lett.,

vol. 14, no. 11, pp. 6672−6678, 2014..
[43] R. Ota, K. Nakajima, I. Ogawa, et al., “Lead-free MCP to improve

coincidence time resolution and reduce MCP direct interactions,”

Phys. Med. Biol., vol. 66, p. 064006, 2021..

[44] J. Du, G. Arino-Estrada, X. Bai, and S. R. Cherry, “Performance

comparison of dual-ended readout depth-encoding PET detectors

based on BGO and LYSO crystals,” Phys. Med. Biol., vol. 65,

p. 235030, 2020..

[45] S. I. Kwon, E. Roncali, A. Gola, G. Paternoster, C. Piemonte, and

S. R. Cherry, “Dual-ended readout bismuth germanate to improve

timing resolution in time-of-flight PET,” Phys. Med. Biol., vol. 64,

p. 105007, 2021..

[46] R. M. Turtos, S. Gundacker, E. Auffray, and P. Lecoq,

“Towards a metamaterial approach for fast timing in PET:

experimental proof-of-concept,” Phys. Med. Biol., vol. 64, p. 185018,

2019..

[47] P. Lecoq, G. Konstantinou, R. Latella, et al., “Metascintillators: new

results for TOF-PET applications,” IEEE Trans. Radiat Plasma Med.

Sci., vol. 6, p. 510, 2022..

[48] F. Pagano, N. Ktatochwil, M. Salomoni, M. Pizzichemi, M. Paganoni,

and E. Auffray, “Advances in heterostructured scintillators: toward

a new generation of detectors for TOF-PET,” Phys. Med. Biol.,

vol. 67, p. 135010, 2022..

[49] R. Nitsche, “Crystal growth and electro-optic effect of

bismuth germanate, Bi4(CeO4)3,” J. App. Phys., vol. 36, p. 2358,

1965..

[50] K. Kamada, T. Endo, K. Tsutumi, et al., “Composition engineering in

cerium-doped (Lu,Gd)3(Ga,Al)5O12 single-crystal,” Cryst. Growth

Des., vol. 11, p. 4484, 2011..

[51] Y. Kurman, A. Shultzman, O. Segal, A. Pick, and I. Kaminer,

“Photonic-crystal scintillators: molding the flow of light to enhance

X-ray and Y-ray detection,” Phys. Rev. Lett., vol. 125, p. 040801,

2020..

[52] C. Roques-Carmes, N. Rivera, A. Ghorashi, et al., “A framework for

scintillation in nanophotonics,” Science, vol. 375, p. eabm9293,

2022..

https://doi.org/10.1038/nature01937
https://doi.org/10.1038/nature01937


752 — R. Ota and S. Uenoyama: Plasmonic ultraviolet filter for fast-timing applications

[53] N. Lahav, Y. Kurman, R. Schuetz, et al., “Purcel enhancement of

X-ray scintillation,” In CLEO, 2022, p. SM3K.7. Available at: https://

opg.optica.org/abstract.cfm?URI=CLEO_SI-2022-SM3K.7.

[54] O. Segal, A. Shultzman, Y. Kurman, and I. Kaminer, “Optimizing the

spontaneous-emission of far-UVC phosphors,” Appl. Phys. Lett.,

vol. 120, p. 231902, 2022..

[55] R. F. Post and L. I. Schiff, “Statistical limitations on the resolving

time of a scintillation counter,” Phys. Rev., vol. 80, p. 1113,

1950..

[56] D. M. Binkley, “Optimization of scintillation-detector timing

systems using monte carlo analysis,” IEEE Trans. Nucl. Sci., vol. 41,

p. 386, 1994..

[57] S. Seifert, H. T. van Dam, R. Vinke, et al., “A comprehensive model

to predict the timing tesolution of SiPM-based scintillation

detectors: Theory and experimental validation,” IEEE Trans. Nucl.

Sci., vol. 59, p. 190, 2012..

[58] S. Gundacker, R. M. Turtos, E. Auffray, N. Paganoni, and P. Lecoq,

“High-frequency SiPM readout advances measured coincidence

time resolution limits in TOF-PET,” Phys. Med. Biol., vol. 64,

p. 055012, 2019..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2022-0704).

https://opg.optica.org/abstract.cfm?URI=CLEO_SI-2022-SM3K.7
https://opg.optica.org/abstract.cfm?URI=CLEO_SI-2022-SM3K.7
https://doi.org/10.1515/nanoph-2022-0704

	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Materials and methods
	4.1 FDTD simulation
	4.2 Analytical CTR simulation

	List of abbreviations
	Supplementary Material


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


