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We propose a photon trap designed for improved photon detection efficiency in a cost-efficient
way. Wavelength Shifting plastic sheets (WLS) are deployed at the bottom of a PMT, surrounded
by dichroic film by which photons are efficiently trapped and guided to the PMT. We measured
wave-length dependent transmittance of a commercially available dichroic film in water, a key
variable determining photon trapping efficiency. We ran a Geant4 based simulation with the
property of the commercially available dichroic film as a realistic case. We also ran a simulation
with a hypothetical dichroic film whose bandpass is optimized to absorption and reemission
spectra of the WLS and the quantum efficiency of the PMT, as an ideal case. The preliminary
results of the photon collection and detection efficiency enhancements are computed, as well as
timing distribution of the photons. We discuss how this new conceptual design can be applied to

next-generation neutrino telescopes.
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Figure 1: Basic design and concept of the proposed optical sensor module.

1. Introduction

The photon detection ability of large neutrino detectors and neutrino telescopes can be enhanced
using photon traps that effectively channel light to their optical sensors such as photomultiplier tubes
(PMTs). This detection principle has been proposed for Hyper-Kamiokande [1]. Here we discuss
a conceptual design for neutrino telescopes, which are sparsely instrumented with compact optical
sensors and hence offer opportunities to increase photo-sensitive area by channeling photons that
propagate to their vicinity. A variety of concepts to achieve a similar goal has been discussed in the
literature [2—4]. We propose a system that can be attached as an accessory to an existsing optical
sensor to enhance its photon detection ability. Our goal is to develop a cost-effective optical module
that relies on inexpensive materials and can be easily manufactured. For that, we propose a design
to directly integrate the photosensitive materials in the detector medium that can create a very large
photon trap at a substantially lower cost. Next generation instruments such as IceCube-Gen?2 [5],
KM3NeT [6], GVD [7] and P-ONE [8] can benefit from such design.

The design and detection principle of our optical module is shown in Fig. 1. Cherenkov light
associated with neutrino interactions will efficiently pass the dichroic foil and hit a wavelength
shifting (WLS) plates that absorbs and reemits photons at a different wavelength. Once photons
are reemitted, they are reflected on the dichroic foil (trapped’), and channeled to the PMTs, where
they will be detected. Wavelength shifter and dichroic foil will be tuned in a way to maximize the
trapping of photons and to match it to the peak quantum efficiency of the PMT. The design can be
easily scaled and overcome module size limitations due to pressure vessels, for example.

2. Measurement of the transmittance of dichroic film

A dichroic film reflects photons in one or more spectral bands while transmitting others with
nearly zero coefficient of absorption. Dichroic film is constructed from durable and flexible polyester
materials and has a thickness of about 0.1 mm. Dichroic film has been used for glass finishes and
interior design, but has also been used for large-area photon detectors [9]. Materials used for outside
applications typically come with a hard coated surface layer to resist scratching and to function as
a UV filter. For the purpose of this study, we have considered two different dichroic films: (1) a
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Figure 2: (left:) Transmittance of an ideal dichroic film, assumed to have 100% transmittance below 400 nm
at all incident angle and 0% transmittance above. (right:) Transmittance of the 3M DF Chill film measured
in the water for the photon wavelength range of 330 - 550 nm, at five incident angles (0,30,45,60,75°).

“realistic” dichroic film with the optical properties of commercially available film in the market
called DF Chill produced by 3M, (2) an “ideal" version of a dichroic film with tuned band gap of
full transmittance below 400 nm and zero transmittance above (see Fig.2 (left)), optimized to match
the WLS emission spectrum and PMT quantum efficiency.

For the realistic case, we measured the transmittance of the DF Chill film in the water for various
incident angles and wavelengths. Photons were injected from a Xenon lamp to a monochromator to
generate monochromatic flux of 5 nm band width. Injected photons are detected with a photodiode
after passing the dichroic film hanging inside the water tank. The measurement was performed for
incident angles of 0, 30, 45, 60° and wavelengths of 330 - 550 nm. The resultant transmittance is
shown in Fig.2 (right). While the ideal film assumes to have a constant transmittance at all incident
angles, in reality, the bandpass with maximum transmittance decreases as incident angle increases,
which blocks primary photons. Also the product shows nonzero transmittance at high wavelength
and high incident angle, resulting in ineffective photon trapping efficiency.

3. Simulation study

Using GEANT4 [10], we studied the photon detection efficiency of the proposed optical
module. For this study, a 3-inch diameter half-sphere PMT with uniform photon angular acceptance
is considered, with a quantum efficiency (QE) assumed to be identical with that of the Hamamatsu
R12199 model [11].

At the bottom of the PMT, a cylindrical dichroic film with outside radius of 3.81 cm and
height of 1 m is deployed, and two WLS plates which are perpendicularly crossed to each other are
deployed inside the dichroic cylinder. The height, width and depth of the plates are 1.00 m, 5.62 cm
and 1.00 cm, respectively. The dichroic film extends to cover the entire PMT photocathode so the
photons trapped inside the cylinder can be efficiently guided to the PMT.

EJ-286 from Eljen technology [12] is selected as wavelength shifting material for this study,
for its broad absorption spectrum at 300 - 400 nm where Cherenkov photons are populated. The
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Figure 3: Absorption and reemission spectra of the EJ-286.

absorption spectrum is calculated for Smm thick plate as in the spec sheet provided by the producer,
and extrapolated below 280 nm. Figure 3 shows the absorption and reemission spectra of EJ-
286. Its reemission spectrum raises above 400 nm, showing marginal overlapping with absorption
spectrum and optimally matching with the ideal dichroic film. In comparison to EJ-280 from Eljen
technology or BC-482A from Saint-Gobain Crystals which reemit photons at higher wavelength,
EJ-286 matched better with the ideal dichroic film. The reemission rate of the absorbed photons
at the peak is 92% and the refraction index is ~1.59, trapping photons with incident angle > 59°
within the plate by total internal reflection. An efficient dichroic cylinder may trap the rest of the
photons with its good reflectance at low incident angle. The timing constant of the EJ-286 is 1.2 ns.

For each tested set up, 10,000,000 photons are generated following 1/A2 distribution where
A is the wavelength of a photon, as expected for Cherenkov radiation. The photons are injected
at (-2 m,0,z) for the range of z covering the height of the photon trap. The photons are injected
uniformly in cosé = [-1,1]. Mie scattering in the water may reduce number of primary photons and
is turned off in the study. Water properties such as absorption length and refractive index are taken
from the SKDETSIM simulation [13].

4. Results

As the ideal dichroic film reflects injected photons with wavelength longer than 400 nm, number
of arrived photons at the photo sensor (photon collection efficiency) decreases to 79 % compared to
PMT-only case (see Tab. 1). Number of photons detected by the PMT (photon detection efficiency),
which is product of the photon collection efficiency and the QE as a function of A, decreases to 71%
compared to a PMT-only setup (7.1 % compared to 10 %). In Table 1, Secondary collected/detected
photons indicate the photons that are reemitted in the WLS plates and arrive at/detected by the PMT,
respectively. The total number of detected primary and secondary photons with the ideal photon
trap is ~16 times of the photons detected in the PMT-only set up (157 % compared to 10 %).
Simulated result from photon trap with WLS plates without a dichroic film ("no mirror") is also
shown for a comparison. In the realistic case with 3M film, there is ~ 40% increase in total number
of photons.

Photon collection and detection efficiency for various photon trap height is shown in Tab. 2.
For a photon trap with 8m height, number of detected photons is about 77 times of the case without
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primary photons | secondary photons
PMT only (x QE) 1 (0.10) 0 (0)
ideal (X QE) 0.79 (0.071) 6.1 (1.5)
3M (x QE) 0.49 (0.064) 0.33 (0.081+0.004)
WLS only (X QE) 0.94 (0.097) 0.51(0.12)

Table 1: Number of collected photons/detected photons (collected photons x QE) directly by the PMT
(primary) and through the photon trap (secondary), for a PMT-only design (first row), photon trap design
with ideal dichroic film(second row), photon trap with 3M commercial film(fourth row) and photon trap
without a dichroic cylinder (fifth row). All numbers are divided by the collected primary photons by the
PMT-only design (shown in the first row).

photon trap.

primary photons | secondary photons
PMT (x QE) 1 (0.10) 0(0)
ideal 1m (x QE) 0.79 (0.071) 6.1 (1.5)
ideal 2m (X QE) 0.79 (0.072) 12 (2.7)
ideal 4m (x QE) 0.77 (0.067) 21 (4.9)
ideal 8m (X QE) 0.76 (0.070) 34 (7.6)

Table 2: Number of collected photons/detected photons (collected photons x QE) directly by the PMT
(primary) and through the photon trap (secondary), for a PMT-only design (first row), photon trap design
with ideal dichroic film for various heights (2 - 5th rows). All numbers are divided by the collected primary
photons by the PMT-only design (shown in the first row).

Figure 4 (top left) shows secondary photon collection efficiency as a function of absorption
position z. secondary Photons initiated close to the photo sensor has larger chance to hit the
photo sensor, however time spent while bouncing multiple times on the photon trap wall before
arrival dominates. Figure 4 (bottom left) shows arrival timing distribution of primary (black) and
secondary photons on the PMT photocathode for ideal case for 1m height (red solid). The secondary
photons have longer timing distribution; the mean of the delayed time (secondary photon arrival
time - mean of the primary photon arrival time) is 17.5 ns. The RMS of the secondary photon
timing distribution is 23 ns, where that of the primary photons is 6.9 ns. Arrival timing distribution
of ideal case for 8m-long photon trap is also shown in red dashed line. The arrival time increases
for longer photon trap design, as photons experience more bounces before reaching the PMT. This
is seen better in Fig. 4 (top left), where the arrival timing distribution of secondary photons in ideal
case is shown as a function of the absorption position z, for four different photon trap height. Figure
4 (bottom right) shows cumulative arrival timing distributions.
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Figure 4: (top left:) Arrival probability of secondary photons as a function of initial absorption position z,
for ideal photon traps with height of 1,2,4,8m. (top right:) Arrival time of secondary photons on the PMT
photocathode as a function of initial photon absorption position z, for 4 different photon trap heights in ideal
configuration. (bottom left:) Normalized averaged arrival time of primary (black) and secondary photons
on the PMT photocathode (relative y-axis scale is arbitrary). (bottom right:) Accumulated arrival time of
primary (black) and secondary photons on the PMT photocathode (normalized to 1).

5. Conclusion

Photon traps could be used for better calorimetry and vetoing in future neutrino telescopes. In
this work, a simple and cost-effective design has been proposed and promising preliminary result
was derived for an idealized set up. Running a simulation with a dichroic film with ideal band
pass and perfect mirroring, we obtained a sixteen times enhanced photon detection efficiency for
Im-height photon trap.

Feasibility of the design requires further studies and the design has a room to be improved.
In near future, we will pursue the study by checking the possibility to optimize the band pass of
the dichroic film. Current study matches diameter of the trap with PMT size, but a photon trap
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could potentially be larger and photons could be channeled to the PMT via light guide.Note that the
current design ignores cables, holding structures, single WLS plate, etc. that also needs a detailed
discussion before making a prototype detector, as we as discussion on supporting structures for
dichroic film and WLS plates.

In case of multi-PMT modules, our proposed system could be attached to one or more PMTs
of such a module. As an example for IceCube-Gen2, the bottom or top PMT of multi-PMT
modules that are aligned with the drill hole can be dedicated to photon trap to serve for calorimetric
measurement, while other PMTs provide good timing information. One can also achieve directional
photon sensitivity through segmentation of the proposed model, thereby improving over existing
modules in another way.
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