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 A B S T R A C T

The Hyper-K project aims to construct a large-volume underground water Cherenkov detector to address un-
resolved questions in fundamental particle physics. The Hyper-Kamiokande far detector (HK) will incorporate 
various types of photodetectors, among which the multi-photomultiplier tube (mPMT) optical module providing 
critical directional information. To house the electronics and photodetectors, the mPMT vessel must meet 
specific criteria: (i) transparency in the visible and ultraviolet ranges, covering the spectrum of Cherenkov 
photons; (ii) an airtight seal to maintain optimal functionality in a dry, controlled environment; and (iii) 
resilience to the hydrostatic pressure of the HK water tank, which reaches 0.8 MPa. While glass has traditionally 
been used to fulfill these requirements, its intrinsic radioactivity may compromise the sensitivity of Hyper-K 
measurements. Acrylic that is transparent, impermeable and robust, by contrast, offers the advantage of a 
low-radioactivity. Optical characterizations were performed on various acrylic samples, revealing that optical 
performance is influenced not only by the material composition but also by the production processes used to 
achieve different thicknesses. Our findings support the use of acrylic as a viable alternative, but it is essential to 
rigorously monitor the material’s performance during mass production to ensure optimal and uniform detector 
performance.
1. Introduction

Super-Kamiokande (SK) [1–3] is a 50-kton water Cherenkov de-
tector located in the Kamioka mine in the Ikenoyama mountain in 
Japan, under about 1 km rock overhead (2.7 km water equivalent). 
It has been designed for advanced particle physics studies of neutrinos 
(e.g., proton decay, astrophysical and atmospheric neutrinos) and, since 
2009, it also serves as a far detector for the Tokai to Kamioka (T2K) 
experiment for further investigation of neutrino oscillations and charge-
parity (CP) violation [2]. SK data provided the confirmation of 𝜈𝜇-𝜈𝑒
neutrino oscillation in 2013 [4]. Furthermore, excellent evidences of 
CP-violation in the lepton sector of the Standard Model have been 
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reported by T2K through the investigation of the differences in oscilla-
tions between 𝜈𝜇-𝜈𝑒 and 𝜈̄𝜇-𝜈̄𝑒 [5]. Hyper-K is a next-generation water 
Cherenkov experiment, conceived on the success and experience of the 
T2K and SK experiments, implementing by using an enormous tank 
containing 258 kton of ultra-pure water hosting the Hyper-Kamiokande 
far detector (HK) [6,7].

In neutrino Cherenkov detectors, the Cherenkov light [8,9] gener-
ated by traveling charged particles stemming from neutrino interactions 
can be detected by photosensors (e.g., photomultiplier tubes (PMTs)). 
The configuration of these sensors plays a key role in optimizing light 
collection along the particle track in the detector and in enhancing 
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Fig. 1. Schematic of the cross section of the HK tank in the left panel, with in detail the detector frame and the wall of the cave in the right panel.
Source: Taken from Ref. [18]
reconstruction quality and background suppression. Detection of weak 
and rare events requires very high sensitivity and high accuracy in 
measurements of the particle trajectories, which motivates the con-
struction of a new very large detector instrumented with a new suit of 
photodetection systems whose size will greatly exceed the dimensions 
of the largest current installations.

The detection volume system of HK will be divided into two main 
parts: the inner (ID) and the outer detectors (OD) as shown in Fig.  1. 
Both will consist of a large number of different types of photodetector 
sensitive elements. About 800 photodetectors in the ID will be based on 
the conceptual design of multi-PMT (mPMT) firstly introduced in the 
KM3NeT experiment [10]. The first prototype of the HK mPMT optical 
module, whose schematics are shown in Fig.  2, consists of a sealed 
pressure vessel instrumented with 19 3-inch PMTs, readout and all 
required power supplies electronics [11–13]. This elemental device will 
be used in conjunction with the 20-inch-diameter PMT type [14,15], 
consisting of a new version of the 20-inch-diameter PMT adopted for 
more than three decades in the SK detector [2,16]. In contrast to the 20-
inch PMTs [17], the mPMTs are less sensitive to the Earth’s magnetic 
field and are expected to provide better directional information [12].

While the ID will utilize mPMTs and 20-inch PMTs, each OD pho-
tosensor will consist of an alternative 3-inch PMT model along with 
a wavelength shifter plate. This arrangement involves positioning the 
wavelength shifter plate to face the exterior of the detector. The PMTs 
in the OD will serve as a veto system, enabling the identification of 
cosmic-ray muons entering the detector. For additional details on these 
detectors, refer to [19–23].

In the construction of water Cherenkov detectors a large effort is 
dedicated to define the structures hosting the photodetectors. Since 
they have to stand pressure of the surrounding water equal to 0.8 MPa, 
a protective sealed vessel able to withstand a pressure up to 1.26 MPa 
has been designed for safety reasons, in order to have water sealing 
and to guarantee reliable resistance, so that components inside will 
work in a dry environment for at least 20 years [24,25]. The protective 
case must guarantee excellent transparency to light in the ultraviolet 
(UV) range where the majority of Cherenkov photons are emitted, 
2 
Table 1
Radioactivity contributions, including key isotopes affecting the low-energy sensitivity 
of the Hyper-K detector. The upper radioactivity limit for the Hyper-K detection element 
is compared to the estimated radiation levels of theoretical mPMT domes made of 
standard glass and acrylic material. The total radioactivity contribution from the mPMT 
must remain below the indicated thresholds, which was achieved in the development 
of the 20-inch Hamamatsu R12860-HQE PMT model [27]. For both standard glass and 
acrylic materials, 10 mm-thick domes were assumed. Radioactivity measurements for 
standard glass and acrylic samples were conducted at the STELLA facility [28] at INFN 
Gran Sasso Laboratories.
 U-Chains Th-Chain 40K  
 (Bq) (Bq) (Bq)  
 Upper limits 34.5 11.3 10.5  
 Stand. glass dome 85.2 18.4 11.5  
 Acrylic dome 5 ⋅ 10−4 3 ⋅ 10−4 25 ⋅ 10−4 

in accordance with a typical quantum efficiency of a PMT, namely 
between approximately 250–400 nm, also considering a very high 
transmittance at longer wavelength up to ∼ 700 nm, which is charac-
teristic of acrylic materials (e.g., [26]). Although glass or quartz are 
well suited for this purpose, the contamination of natural radioactive 
isotopes (e.g., 40K, 226Ra, 228Ra, 235U, 238U and 232Th) present in the 
standard production of such materials prevents their use in experiments 
attempting to study low-energy physics, such as Hyper-K; on the other 
hand, the employment of ultra-pure glass or quartz would rise the 
overall cost of the devices. Whereas acrylics present several advantages 
because it is a derivative of petroleum as relatively cheap cost, low 
intrinsic radioactivity, simple manufacture, impermeability to water, 
which in addition to their optical and mechanical properties, make 
them the most promising candidates. The upper limit contribution to 
the radiation of each detector element that would assure sensitivity to 
low energy neutrinos is reported in Table  1, and materials adopted for 
the construction of the 20-inch PMTs would respect these limits [27]. In 
this table, the radiation contribution of domes made in standard glass 
and acrylic material are reported as well. Clearly, the standard glass 
cannot be used to realize the mPMT dome.
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Nowadays, acrylics are often used in neutrino and dark matter re-
search as well, as light guide (e.g. MiniCLEAN [29]), as neutron shield-
ing (e.g., the DEAP-3600 [30]), or as transparent vessels (e.g., Sudbury 
Neutrino Observatory [31], MiniCLEAN, Daya Bay [32] and the under-
construction JUNO experiment [33]). Although the acrylic material 
is well suited for construction of complex detectors to be used in 
low-radioactive contamination environments in which high UV trans-
mittance is required, it cannot be combined with acrylic glue as the 
latter may produce photoluminescence. Instead, the structural parts to 
assemble acrylic elements should be fabricated using different materials 
(e.g., steel, aluminium, screws, etc.). A series of tests on two acrylic 
brands with different thickness, and one acrylic glue with two different 
mixtures were performed, to verify their optical properties and select 
appropriate materials for the vessels of the HK mPMT photo-detection 
system. A detailed description of these tests is provided, including 
fluorescence analyses on the acrylic glue.

The paper is organized as follows, in Section 2 a description of 
the samples considered is given; Section 3 provides a description of 
the instrumentation used for transmittance, reflectance and photolu-
minescence measurements; Sections 4 and 5 are dedicated to detailed 
description of transmittance and reflectance results of the acrylic mate-
rials in different conditions, respectively; photoluminescence analyses 
of some glue samples are reported in Section 6; finally, we draw the 
conclusions in Section 7.

2. Samples preparation and description

Aiming at selecting the most suitable materials for the mPMT vessel 
implementation, the optical properties of eight samples of acrylic, one 
of optical gel and two samples of glues were studied in details. The first 
criterion to choose these acrylic samples consisted on a preliminary ref-
erence given by a commercial acrylic by the Kuraray Corporation1, that 
was used in the SK experiment. Since its transmittance was known [34], 
this material was not included in our tests, but it was used as ref-
erence for an initial acrylic selection. Thus, after a selection among 
several commercial acrylics, based on their data sheets, the availability 
of the related companies, and the preliminary Hyper-K requirements 
regarding transmittance limits (Table  3), four acrylic samples with 
different thickness of the same ‘‘Plexiglass GS UVT’’ product by Evonik 
Industries AG2 and other four samples with different thickness of the 
same ‘‘Polycast UVT’’ product by Poly One Corporation3 were provided. 
These samples consist of sheets with different thickness cut by a me-
chanical saw in small squares of 55 × 55 mm2 area (or less, concerning 
the tests with cuvette) to fit with the optical instruments. Based on 
the producer’s indications and data sheets, all samples are ultraviolet 
transparent (UVT), a property essential to collect the Cherenkov light. 
A description of the samples is given in Table  2 and a picture of some 
samples is shown in Fig.  3. The companies provided acrylic sheets 
with surfaces already polished and with protective films applied on 
top of them. Then, at the INFN laboratory, the samples were prepared 
by cutting them along the sides not involved in transparency tests. 
Subsequently, after removing the protective films, the samples were 
placed inside the spectrometers. 

The empty space between the acrylic and the PMT glass cover 
was filled with a suitable material to guarantee a proper optical and 
mechanical coupling. A crucial aspect for the selection of such material 
is its refractive index which has to match as much as possible to those of 
the acrylic dome and of the PMT photocathode cover borosilicate glass 
(i.e., ∼ 1.49 and ∼ 1.51, respectively, in the visible range). This choice 
reduces light reflections between the different media as discussed in 

1 https://www.kuraray.com/company/overview
2 http://corporate.evonik.com/, now Röhm Company https://www.roehm.

com/en/
3 http://www.polyone.com/
3 
Table 2
Acrylic samples used for optical transmission and reflection tests. All samples are 
declared UV transmitting.
 Company Product name Thickness Sample name 
 (mm)  
 
Evonik Plexiglas GS UVT

5 E5mm  
 8 E8mm  
 12 E12mm  
 18 E18mm  
 
Poly One Polycast UVT

4.75 P0187  
 6.35 P0250  
 9.53 P0375  
 12.70 P0500  

Section 4. The gel WACKER SilGel® 6124 has been selected as a good 
candidate for this task, with its nominal refractive index of 1.404 as 
reported in its data sheet, and because it is already used in the KM3NeT 
digital optical modules. It is comprised of two components that can be 
mixed within 1:1 and 1.5:1 ratios. We have opted for 1.5:1 ratio, in 
order to have a harder and less sticky layer. For the preparation of the 
gel, after the mixing of the two components, we followed a degassing 
procedure to remove air from the mixture and waited for about 24 h 
for a complete curing. The sample preparation consisted in pouring the 
liquid gel onto two dedicated acrylic surfaces prepared from the E5 mm 
and the P0187 original slices, and then let the gel cure for 24 h. The 
samples used in this procedure are shown in Fig.  4 and the thickness 
of gel in both samples is (5.0 ± 0.5) mm.

Since the mPMT has to work underwater, a sealing closure is 
needed. A convenient design to resist external pressure and simplify 
sealing foresees two acrylic hemispheres united together in order to 
form a sphere; a picture and schematic drawings of the first preliminary 
prototype are shown in Fig.  5.

One of the options to unify the two hemispheres consists of using 
acrylic-based glues. However, some acrylic glues need to be cured 
by heating or UV irradiation, and these methods may damage PMTs 
and would be inapplicable, then we limited our glue tests on a brand 
which does not need heating or UV curing. Furthermore, for some 
brands of glue, UV light is absorbed and re-emitted back as visible 
light. This UV-induced visible fluorescence phenomenon can represent 
a source of background to the detection of UV Cherenkov light gen-
erated in neutrino interactions and, therefore, it was investigated for 
the ACRIFIX® 2R 01905, a two-component polymerization adhesive, 
satisfying the required tight sealing and suggested by Evonik that it 
uses to glue their acrylics. For its preparation, an amount ranging from 
3% to 6% in weight of ACRIFIX® CA 0020 was added to ACRIFIX®
2R 0190, and stirred until no more striations were visible. During the 
mixing, air bubbles may rise to the surface of the adhesive, but they 
can be removed using a vacuum desiccator. We compared two samples: 
one prepared by the Evonik Company using a vacuum desiccator, and 
another prepared without a vacuum desiccator at the INFN laboratory 
in Naples, Italy. Fig.  6 shows a clear difference between these two 
samples, with the sample created at INFN being more opaque than the 
one from the Evonik labs. As mentioned, this difference may depend 
on the presence of air in the INFN sample and/or little differences 
in the proportion between the two glue components, but the essential 
point of our consideration is that the use of glue in the mPMT sealing 
closure will introduce further variables to control. A chemical proce-
dure could be implemented, but compared to a mechanical approach, 
this latter minimizes potential risks and errors in the overall assembly. 
Mechanical components (such as screws, nuts, tools, and flanges) are 
significantly easier and cleaner to handle than chemical glues, which 
require, for instance, precise ingredient measurements, vapor control, 
mixing, and curing time.

4 https://www.wacker.com/h/en-us/silicone-rubber/silicone-gels/wacker-
silgel-612-ab/p/000007546

5 ACRIFIX® 2R 0190 Versatile - Reactive Cement

https://www.kuraray.com/company/overview
http://corporate.evonik.com/
https://www.roehm.com/en/
https://www.roehm.com/en/
http://www.polyone.com/
https://www.wacker.com/h/en-us/silicone-rubber/silicone-gels/wacker-silgel-612-ab/p/000007546
https://www.wacker.com/h/en-us/silicone-rubber/silicone-gels/wacker-silgel-612-ab/p/000007546
https://www.acrylite.co/files/content/acrylite.co/documents/product-information/acrifix/ACRIFIX-2R-0190-Clear-Technical-Information-3483B.pdf
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Fig. 2. In (a), (b) and (c), three schematic drawings of the first preliminary mPMT prototype. In (d), the assembly of the PMTs and reflector rings in the PMT support. The main 
components of the detector module are shown in (b) and (c), i.e, PMTs and their two PMT supports, the two acrylic hemispheres screwed to a metal ring as closure system, 
reflector rings to increase the reflective effective area to collect light, a layer of optical gel between PMTs and dome, and a plate fixed by brackets to place the electronic main 
board (more details in [24]).
Fig. 3. Pictures of the Poly One samples after the 55 × 55 mm2 cutting by saw. Same 
cuttings and shapes were done for the Evonik samples.

Fig. 4. Pictures of the acrylic samples with a 5 mm-thick optical-gel layer after its 
curing. Upon visual inspection, both samples appear transparent to visible light.
4 
Fig. 5. Picture of the first preliminary mPMT prototype. The prototype is included in 
a white cage used to anchor the detector for sealing and operational tests performed 
at MEMPHYNO facility [35,36] at the APC Laboratory in Paris.
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Fig. 6. ACRIFIX glue samples: (Left) sample prepared by Evonik Company; (Right) 
sample prepared at the INFN laboratory.

3. Experimental setup

We measured the transmittance and reflectance of the acrylic sam-
ples described in Section 2. Measurements in air have been repeated 
with two different spectrometers in order to perform a cross-check 
of the outcomes. Quartz cuvettes were used for the measurements 
in ultra-pure water. Finally, a layer of an optical gel coupled with 
the best selected acrylic samples has been analyzed and, in addi-
tion, photoluminescence analysis on a two-component acrylic glue was 
performed.

3.1. Instruments for transmittance and reflectance measurements

A Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer was used 
for transmittance and reflectance measurements of each sample. The 
optical system scheme of this instrument with all details can be found in 
Ref. [37]. It consists of an all-reflecting double-monochromator optical 
system with very good resolution in wavelength between 185 nm and 
3300 nm. This instrument produces a double beam so that samples 
and references are placed in their respective compartments (S and R 
positions, respectively) and their measurements are performed simulta-
neously using the same detector at equal light intensity per wavelength 
for better comparisons. Its wavelength accuracy is ±0.08 nm in UV/Vis-
ible range and ±0.32 nm in near infra-red (NIR) range, while its 
photometric accuracy is ±0.08% for transmittance and reflectance.

Two additional fixed-angle reflectance accessories with a 6◦ angle of 
incidence are placed in the S and R positions and used for reflectance 
measurements. An aluminium mirror is used as a reference in the R 
position, while the sample is placed in S. For the reference beam, 
i.e. the one reflected by the aluminium mirror, 100% reflectance is 
assumed, and the sample beam is compared with respect to this ref-
erence. Furthermore, the setup configuration is done to consider only 
the light of the first reflection of the sample surface if the sample is 
thicker than ∼ 10 mm, but some fraction of the secondary reflection 
could be measured by the detector for thinner samples.

Additionally, transmittance measurements in pure water and with 
gel were performed with a 6715 UV/Vis spectrophotometer by Jenway. 
This spectrophotometer covers the UV and visible (Vis) wavelength 
ranging from 190 nm to 1100 nm with a pulsed xenon light source. 
Differently from the Perkin Elmer spectrometer, here the sample mea-
surements are performed by using a single beam, comparing those 
with a reference measurement collected in a dedicated initial run. This 
reference run sets the 100% of the transmittance at all frequencies used 
for the measurement, hence all measurements on samples are compared 
relative to it. In other words, the transmittance of the sample under 
test are evaluated through these relative comparisons. Its wavelength 
accuracy is ±0.1 nm, while its photometric accuracy is ±0.5%.

A relevant aspect in performing these measurements is the cleaning 
of samples after they are cut during the preparation process. We ob-
served a significant reduction in the transmittance through the cuvette 
filled with ultra-pure water when the non-cleaned acrylic samples were 
5 
Fig. 7. Schematic of the photoluminescence setup used for the measurements.

removed after a measurement. This can be due to acrylic microparticles 
resulting from the cutting process that are dispersed in water during the 
tests. For this reason, a proper sample cleaning procedure is imperative. 
Therefore, all the acrylic samples were sequentially cut, washed with 
abundant pure water and wiped with dust-free tissue paper.

3.2. Instruments for photoluminescence measurements

Room temperature continuous-wave photoluminescence measure-
ments were performed by using as excitation source the two emission 
lines, 𝜆1= 325 nm and 𝜆2= 442 nm, of an HeCd laser. The laser was 
focused on the sample through a system of mirrors while the time 
duration of the sample excitation is controlled by an external shutter. 
Photoluminescence (PL) emissions are directed through an achromatic 
confocal lens system and an optical fiber to a 320 mm focal-length 
spectrometer coupled with Peltier–cooled CCD camera operating at 
−70 ◦C. Two high-pass filters from 365 nm and from 455 nm were used 
in order to avoid the acquisition of laser emission lines. A schematic of 
the PL setup is shown in Fig.  7.

4. Transmittance measurements

The main goal of this work is to identify the material with the largest 
transmittance (T) and lowest reflectance (R) among the selected sam-
ples in order to optimize light collection and to reduce light scattering 
by the vessel of the mPMT detection devices.

The ratio between the incoming (𝐼𝑖) and outgoing (𝐼𝑜) light inten-
sities defines transmittance 𝑇 : 

𝑇 =
𝐼𝑜
𝐼𝑖
. (1)

The outgoing intensity decreases with the increase of the medium 
thickness (s) as 
𝐼𝑜 = 𝐼𝑖𝑒

−𝛼𝑠, (2)

where 𝛼 is the attenuation coefficient, which depends on the material 
properties and light wavelength. From Eqs. (1) and (2), 𝑇  can be 
written as 
𝑇 = 𝑒−𝛼𝑠 , (3)

hence, the transmittance explicitly depends on the properties and thick-
ness of the medium. On the hand, in the experimental setup, light 
enters the medium after crossing an optically-discontinuous region 
corresponding to the boundary between acrylic and air or water, and 
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Fig. 8. The incoming light passes through the first 𝑛1-𝑛2 discontinuity at 𝑠 = 0, where 
it is partially reflected 𝐼1

𝑟  and transmitted 𝐼𝑡(0). Part of 𝐼𝑡(0) will be absorbed in the 
medium, reducing its intensity down to 𝐼𝑡(𝐿) at the 𝑛2-𝑛3 boundary surface where a 
second reflection and a second transmission occur, and so on. The total reflection and 
total transmission, respectively 𝑅tot and 𝑇tot , are the sum of reflections (∝ 𝐼𝑥

𝑟 ) and 
transmissions (∝ 𝐼𝑥

𝑜 ) occurring at different orders 𝑥. The difference between the initial 
and final intensities corresponds to the absorbed light component.

thus it propagates through materials of different refractive indexes. 
Therefore, besides the radiation absorbed by the acrylic, a fraction of 
incoming light is lost because of the reflection on this boundary surface. 
In this experiment, we used unpolarized light and 𝜃𝑖 ∼ 0◦ (so 𝜃𝑡 ∼ 0◦), 
thus the reflective coefficient to consider in our case is: 

𝑅 =
(

𝑛1 − 𝑛2
𝑛1 + 𝑛2

)2
. (4)

Reflection occurs every time light passes through a discontinuity be-
tween two refractive indexes, as schematically shown in Fig.  8, thus, 
by considering a real case, one should expect a series of reflections, 
transmissions and absorptions, as well as a fraction of diffused light. 
However, the latter will not be considered in these tests because it 
is assumed that the samples under investigation are homogeneous, so 
diffused light is negligible.

Therefore, by taking into account the material reflectance and con-
sidering the value of incoming light into the sample equal to 1, it will 
result in an outgoing light equal to 

𝑇 =
𝐼𝑜
𝐼𝑖

= 1 − 𝑅tot − Abs𝑡𝑜𝑡 , (5)

where the total reflected and absorbed fractions of the incoming light 
are 𝑅tot and Abs𝑡𝑜𝑡, respectively. Since the materials under analysis are 
transparent and the angle of incidence between the light beam and 
the sample surfaces is zero, both 𝑅tot and Abstot have been implicitly 
considered in the measurements of 𝑇  in this study.

The reflected and transmitted rays were collected with the spec-
trophotometer and both the transmittance and reflectance coefficients 
of the acrylic materials were measured in order to define the most 
suitable materials for the mPMT system.

The transmittance measurements were performed in different con-
figurations by placing samples in air and in pure water, and then again 
in air after coupling the samples with an optical gel in order to take 
into account the effect induced by the refractive indexes of the different 
boundary surfaces. The latter configuration is of great interest as the gel 
should improve the overall transmittance of light, since the final design 
of the configuration of the mPMT considers optical gel will fill the gap 
between the PMTs and the acrylic dome performing a better optical 
continuity (more details are given in Section 4.3).

4.1. Measurements in air

Measurements have been performed by placing each acrylic sample 
at a time in the S position (see Section 3.1 for S and R positions), 
6 
whereas the R position was left empty, so that the reference beam was 
passing through air. Thus, in the comparative analysis of these two 
transmitted-beam intensities it is assumed 100% transmittance for the 
reference beam, assuming a negligible absorption of air.

Fig.  9 shows the transmittance results of the different samples, by 
considering the wavelength interval ranging from 250 nm to 750 nm 
in steps of 4 nm. Results show that the E5 mm sample has both the 
highest and the widest transmittance. In fact, it has a transmittance of 
about 80% down to 288 nm and more than 90% at the 400–750 nm 
region. In the range between 360 nm and 750 nm the transmittance 
values are quite stable for most of the samples, while between 320 nm 
and 360 nm the transmittance reduction is slightly greater in thicker 
sample. With the exception of the E18 mm sample, only small dif-
ferences are observed among all samples. At lower wavelengths the 
trend changes suddenly as the transmittances quickly drop leading 
to significant differences among the samples. The transmittance of 
Poly One samples ranges between 3%–43% at about 290 nm, while 
it sits between 22%–81% in the Evonik ones. At 272 nm, the E5 mm 
transmittance is around 41% (the double of the E8 mm), whereas for 
all the other samples it is found to be smaller than 10%, and in some 
cases even negligible (below 0.01%).

The E18 mm was expected to be UVT, but the measurements show 
a big discrepancy to the other Evonik samples, indicating that it is not a 
proper UVT material. Its behavior is significantly different with respect 
to those of the thinner samples provided by the same company and, in 
fact, its transmittance falls down as soon as the measurements move 
into the UV region, starting from about 400 nm. However, it is worth 
to specify that the E18 mm was not a standard product for Evonik 
Company, and the high quality of material is guaranteed for thicknesses 
up to 8 mm. Nevertheless, the E12 mm also performed very well in our 
tests.

As concerning the absorbance in E18 mm at shorter wavelengths, we 
emphasize this aspect in order to address possible reasons that would 
compromise the proper operation of acrylic in experiments where UV 
transmittance can be fundamental. It is known that acrylic materials 
can be degraded by light [38,39]. Some additive products are mixed 
with them to prevent their aging, but UVT acrylics do not have any anti-
UV additive. Since this is a critical point to our applications, further 
measurements are planned to define the correct procedure to handle 
acrylic components during the mPMTs assembly/transportation phases 
as well as during their installation in the detector. An example to 
preserve mPMT transparency and acrylic characteristics could be the 
use of LED instead of fluorescence room light during the assembly, 
and dark covers for hosting detectors during the transportation and 
temporary storage.

We report in Table  3 representative transmittance values from 300 
to 400 nm for an easier comparison between the samples character-
ized in this work and the preliminary transmittance values used as 
references for the Hyper-K requirements. 

4.2. Measurements in water

Measurements in water have been performed with two small slats 
obtained from the 5 mm-thick and 4.75 mm-thick acrylic sheets to 
compare the response of these two samples.

Each acrylic sample was prepared by cutting it from the sample 
sheets to fit it into a 10 × 10 × 45 mm3 quartz SUPRASIL cuvette 
by Hellma so that measurements were performed by using the cuvette 
with the acrylic sample and MilliQ (Merck Millipore) ultra-pure water6 
inside.

Here, the transmittance is obtained by comparing the intensities 
measured with the samples at different wavelengths with respect to 
those obtained with the reference sample. For the reference sample, 
i.e. the cuvette filled with MilliQ ultra-pure water, we assume 100% 
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Fig. 9. Transmittance of the 8 samples described in Table  2, collected using the 
Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer. These results are normalized 
to the reference beam passing through air. In panel (a), the measurements of the 
Evonik samples are reported. The bigger plot of the panel shows transmittance in the 
250–400 nm range, while the small plot is focused on the 400–750 nm range, where 
transmittances are comparable among E5 mm, E8 mm and E12 mm, but E18 mm shows 
some differences also in this range. In panel (b), the measurements of the Poly One 
samples are reported in the ranges and criteria as described in panel (a). In panel 
(c), all the eight measurements are displayed together in the 250–400 nm range where 
differences among samples are mostly pronounced. In particular, the E5 mm and P0187 
curves are highlighted (full lines) as the best transmittance values for each sample of 
their respective company batches; E18 mm shows a significantly poorer transmittance 
in the UV region of the spectrum when compared to the other samples.
7 
Table 3
The preliminary acrylic Hyper-K transmittance references and the measured transmit-
tances of the E5mm and P0187 samples are reported for wavelengths between 300 and 
400 nm. The transmittance reference values are compared with 5 mm-thick samples. 
The ranges indicate the minimal and maximum acceptable values, but obviously, values 
greater than the maximum are more than acceptable.
 Wavelength Transm. ref. E5mm P0187  
 (nm) min.-max. (%) Transm. (%) Transm. (%) 
 300 76.5–83.8 86.0 67.9  
 310 80.0–86.0 88.4 78.5  
 320 81.7–87.0 90.4 81.5  
 325 83.0–87.5 90.6 83.2  
 340 85.0–89.3 92.0 85.2  
 350 86.5–90.3 91.7 86.5  
 360 87.5–91.0 91.9 88.3  
 375 89.0–92.0 93.0 90.0  
 380 89.2–92.3 93.1 90.5  
 400 90.0–93.0 93.3 91.1  

Fig. 10. Measured transmittances of the E5 mm (black solid line) and P0187 (red 
dashed line) samples in the quartz cuvette filled with MilliQ ultra-pure water. The 
measures are taken with the 6715 UV/Vis spectrophotometer. The 100% transmittance 
used as reference is the quartz cuvette filled with MilliQ ultra-pure water.

transmittance. Light beams ranging between 260–800 nm with a step 
of 1 nm were used for characterizing the samples.

With respect to the reference, the transmittance reduction observed 
with each acrylic material type inserted in the cuvette filled with ultra-
pure water behaves differently for wavelengths in the UV region of 
the spectrum (≲400 nm) as shown in Fig.  10. On the other hand, both 
acrylic samples have about 100% transmittance values for wavelengths 
in the visible range (> 400 nm). The same behavior is expected for the 
configuration where the acrylic surface of the mPMT dome is immersed 
in water.

In the P0187 sample, the transmittance decreases faster from under 
90% at 330 nm to below 50% at a wavelength of 292 nm when 
compared to the E5 mm sample, which shows a transmittance dropping 
from above 90% at 300 nm to under 50% at 275 nm. Therefore, 
similarly as observed in the air measurements, a higher transmittance 
can also be achieved in water when using the E5 mm sample.

4.3. Transmittance measurements with acrylic and optical gel

Two acrylics samples obtained from E5 mm and P0187 were cou-
pled each with a 5-mm-thick layer of optical gel laid on one side of 

6 2 ppb TOC (Total Organic Carbon)
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Fig. 11. Transmittance spectra of E5 mm (black solid line) and P0187 (red dashed 
line) samples with a 5 mm-thick layer of WACKER SilGel® 612 optical gel. The data 
are acquired by a 6715 Jenway UV/Vis spectrometer.

their surfaces, as explained in Section 2 and the obtained samples are 
shown in Fig.  4. This configuration has been considered because the gel 
will be applied to the internal surface of the acrylic dome relative to the 
mPMT, while the external surface will be in contact with water. Given 
that the optical gel is not going to be in direct contact with water, the 
100% reference transmittance is referred to that in air for this test.

The transmittance graphs of these samples are shown in Fig.  11. 
The transmittance is about 90%–94% for both samples for wavelengths 
between 420–750 nm, with the P0187 sample about 1%–2% higher 
than E5 mm in the 420–570 nm range, but this difference is comparable 
with the accuracy of the instrument, so the two curves well agree 
within errors. A reduction in the transmittance starts around 420 nm, 
where a first drop appears. It then drops at a constant rate until a 
second drop identified around 315 nm. At this point, the transmittance 
is about 63% and the slope of the curve becomes steeper, reaching 
transmittance of less than 30% at about 290 nm. As for the Hyper-
K experiment, this reduction in transmittance might not be negligible 
and can reflect in the effectiveness of the physics analysis studies as 
it can affect the efficiency in collecting Cherenkov light produced by 
particles from neutrino interactions in the water tank. For example, 
considering a PMT candidate by Hamamatsu, the R12199 model7, the 
quantum efficiency (QE) ranges between 20% and 30% within ∼325 nm 
and ∼425 nm, therefore a better transmittance is recommended in this 
range. Specifically, at ∼350 nm, if PMT QE is ∼15% and the acrylic-
gel layer has a transmittance of ∼76%, then the effective QE of PMT 
coupled to the acrylic-gel layer results ∼11%; whereas, if the acrylic-gel 
layer has a transmittance of 91%, the effective QE results ∼13.5%.

4.3.1. Measurements in water and with optical gel. Further discussions
Transmittance measurements in water and with the acrylic surface 

covered by a gel layer were performed using the same 6715 Jenway 
UV/Vis spectrophotometer but with different reference samples. For the 
acrylic-gel sample, air was used as reference, whereas for the acrylic in 
water, a cuvette filled with water served as reference. In the latter case, 
the cuvette filled with water represents 100% transmittance; when the 
acrylic is placed in the cuvette, it effectively replaces the water volume 
with acrylic. This implies that when we observe 100% transmission in 
the test performed in water, the acrylic exhibits transmittance identical 
to that of the reference sample; in other words, the acrylic is as 

7 R12199PMTmodelattheHamamatsuwebsite
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transparent as water. On the other hand, when the transmittance is 
less than 100%, then the acrylic transmits less light compared to water. 
For the E5 mm sample, its transmittance remains between 100% and 
95% from 750 nm to ∼ 305 nm, and it decreases to 40% at shorter 
wavelengths down to ∼ 270 nm.

On the other hand, although the acrylic-gel transmittance and 
acrylic transmittance tests were performed using two different instru-
ments, both use air as the reference (i.e., air has 100% transmittance), 
allowing direct comparison between them. As expected, the sample 
with only 5 mm-thick acrylic shows higher transmittance than the 
acrylic-gel sample, since the latter includes 5 mm of gel in addi-
tion to the 5 mm of acrylic. However, the comparison between the 
transmittance spectra of the acrylic and acrylic-gel samples reveals 
some differences. Specifically, the acrylic-gel spectrum shows a knee 
at about 400 nm, indicating that the gel has intrinsic absorption 
between 300 and 400 nm. Despite this drawback, the water-acrylic-gel-
PMT system provides better optical uniformity (i.e., smaller refractive 
angles) than the water-acrylic-air-PMT system. The refractive indices 
of the materials involved are 1.34–1.50–1.40–1.51 in the first case and 
1.34–1.50–1.00–1.51 in the second case, meaning that in the first case 
the light ray will find a better optical coupling after passing through 
those materials.

5. Reflectance measurements

As discussed in Section 4, improved light transmission can be 
achieved not only by reducing absorption within the material through 
which light propagates but also by minimizing the reflectance between 
two media with different refractive indices. Another important aspect 
of the refractive index is that it is a relevant distinctive signature 
of materials. Consequently, reflectance measurements on the samples 
described in Table  2 were performed. For these measurements the 
Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer in reflectance 
configuration, illustrated in Section 3.1, was used. The comparative 
measurements were collected simultaneously placing a sample and a 
reference sample in the S and R positions. An aluminium mirror was the 
reference sample for these reflectance tests. The relative dependence 
of the reflectance values of the acrylic samples with wavelengths is 
reported in Fig.  12. Reflectance varies with the wavelength, sample 
material, thickness, and the difference between the refractive indices of 
two adjacent surfaces (Eq. (4)). Specifically, light crossing the interface 
between two media with different refractive indices can be partially 
or totally reflected, as mentioned in Section 4 and illustrated in Fig. 
8. In measurements described here, light passes through air before 
and after crossing the transparent sample. This results in a fraction 
of the light reflecting in the first media interface (air-acrylic), another 
fraction getting absorbed by the acrylic medium, and ultimately a third 
part that gets reflected in the second media interface (acrylic-air). A 
combination that minimizes these three attenuation contributions in 
media will optimize the overall transmission.

Apart from E18 mm, the measurements reported in Fig.  12 show 
similar relative reflectance values of approximately 9.0–9.5% for all 
seven samples between 750 nm and 400 nm. However, differences 
in reflectance among the samples become more pronounced as the 
wavelength decreases further at 250–400 nm, namely where the trans-
mittances start to reduce and the samples begin to distinguish. Con-
sidering the same material, the differences could be attributed to the 
varying thicknesses of the samples, given that we used a reflectance 
accessory with a 6◦ incident angle. In fact, the second reflection of 
the incoming beam (i.e., 𝐼2𝑟  in Fig.  8) might combine with the beam 
from the first reflection, resulting in the measurement of 𝐼1𝑟 + 𝐼2𝑟 . Since 
𝐼1𝑟  remains constant for the same material, the 𝐼2𝑟  component should 
decrease as the sample thickness increases due to greater light absorp-
tion in the thicker material. However, as mentioned in Section 3.1, our 
setup is configured to discard the second reflection when the sample 
thickness is greater than ∼10 mm, meaning that the instrument’s light 

http://share.hamamatsu.com.cn:81/UserFiles/DownFile/Product/R12199_TPMH1356E.pdf
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Fig. 12. Reflectance of the 8 samples described in Table  2. In panel (a), the 
measurements are normalized to the reference beam reflecting on an aluminium mirror, 
and are collected by using the Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer. 
Panel (b) shows an inset focused between 250 nm and 400 nm in wavelength axis, 
and between 3% and 11% in relative-reflectance axis. E18 mm shows a very different 
behavior with respect the other samples, as in the transmittance test.

detector measures only the first reflection from sample surface in 
those cases. Thus, the reflection 𝐼2𝑟  may be detected for the thinner 
samples, i.e., E5 mm, E8 mm, P0187, P0250 and P0375. Theoretically, 
for samples from the same company, having the same composition, 
deviating only in their thicknesses, we would expect similar reflectance 
curves, having the same shape but slightly shifted, since the thinner 
sample has higher reflection contribute. However, if the manufacturing 
processes of the same companies depends on the material thickness, the 
corresponding reflectance curves will have different shapes, as shown 
with our measurements.

As shown in panel (b) of Fig.  12, the reflectance curves of the E8 mm 
and E12 mm Evonik samples have the same shape, even if the E8 mm 
has a greater intensity close to and over the UV range as expected 
for the previous discussion. This indicates consistent composition and 
manufacturing procedures. The variation in reflectance observed be-
tween the E5 mm sample and the E8 mm and E12 mm samples is more 
pronounced, suggesting some differences between their manufacturing 
conditions or compositions. This is consequence of the fact that E5 mm 
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does not have only a higher reflectance for its thickness (such as 
E8 mm with respect to E12 mm), but also because of a different shape. 
Finally, the reflectance curve of the E18 mm sample is significantly 
different from those of the other Evonik samples, corroborating the 
transmittance results, and this suggests that the E18 mm sample may 
have been produced using different procedures and/or compositions, or 
it may have been deteriorated, for example because of a prolonged light 
exposure. On the other hand, as regarding the Poly One samples, the 
P0250 and P0375 samples exhibit similar reflectance curves, especially 
in the 250–400 nm range, hence the samples were likely realized with 
identical, or very similar, compositions and procedures. In this case, the 
reflectance values of these two samples are more similar with respect to 
the ones of the E8 mm and E12 mm samples, because they absorb more 
light in the UV range, so that the secondary reflection is more negligible 
in Poly One samples than for the Evonik samples. The P0500 sample 
shows a very similar response to the previous two comparing their 
curve, indicating similar manufacturing procedures and composition, 
but reflection is less intensive because its 𝐼2𝑟  component is not combined 
with 𝐼1𝑟  and, thus, not detected. Finally, the P0187 sample’s reflectance 
curve is practically overlapped with P0500 sample up to 310 nm, after 
which it diverges for shorter wavelengths by changing in slope, and 
indicating a possible variation during its manufacture.

Within the instrumental errors (i.e., ±0.08 nm in UV/Vis range and 
±0.08% in the relative reflectance measures), the reflectance results 
have pointed out differences among these samples because of their 
different refractive indeces, and this may depend on differences in 
the chemical and/or physical properties of those samples. Thus, even 
if one could expect equal spectral indeces among samples from the 
same company, some difference in manufacturing procedures and/or 
in composition of the acrylic mixtures may be present. It is worth 
mentioning that we can exclude the possibility that sample preparation 
damaged or altered the E18 mm material, as the same preparation 
process was used for all samples, none of which show similar behaviors. 
Additionally, any heating during the cutting process cannot account for 
alterations in the midpoint of the sample (approximately 2.5 cm from 
the cutting site) since the temperature was mild enough to handle the 
samples immediately after cutting.

In summary, although reflectance measurements alone are not suf-
ficient for selecting the optimal acrylic material for our application, 
they are valuable for detecting significant alterations. Variations in 
reflectance may indicate changes in the material’s refractive index, 
suggesting modifications either within the material itself or on its sur-
face (e.g., residual glue from protective films). Therefore, performing 
reflectance optical measurements on each acrylic batch during the 
mPMT mass-production phase is recommended as a quality control 
measure for the acrylic window.

6. Photoluminescence measurements

Photoluminescence (PL) emission of a material depends on its in-
trinsic characteristics, the presence of possible impurities, or external 
agents that can change its chemistry and physics properties. In exper-
iments such as Hyper-K, the contamination by light sources neither 
required nor expected can generate unwanted photons (noise) to signals 
arising from Cherenkov radiation produced by particles from neutrino 
interactions in the HK water tank. The PL phenomenon also applies 
to acrylic materials [40,41], thus an analysis of the PL has been 
undertaken on an acrylic-based glue proposed for the mPMT closure 
system, in order to study its spectrum of the light from PL emission.

While certain acrylic glues are a practical and cost-effective choice 
for bonding the two hemispheres of the mPMT acrylic domes, opting 
for a particular adhesive is contingent upon experimental requirements. 
Relevant features considered for the test setup are both the luminous 
noise contributing to the total background noise, and the damage due to 
the glue-curing procedure on the other mechanical elements and on the 
entire instrumentation of the mPMTs. In fact, the closure of the vessel is 
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Fig. 13. Photoluminescence spectra of the glue samples by using the two lines (𝜆1= 
325 nm and 𝜆2 = 442 nm) of a HeCd laser as excitation source. The samples in the (a) 
and (b) panels were prepared at Evonik and at INFN-Naples laboratories, respectively. 
The measured intensity is in arbitrary units and normalized to the respective maximum-
peak values in each plot, at 432 nm and 513 nm.

the last step in a mPMT assembly after all other components have been 
already installed. Some glue curing process cannot proceed naturally 
but rather happen by exposing the glue mixing to UV irradiation or 
heating for an extend period of time. Either of these two processes has 
the potential to affect the operation of the mPMT photosensors, because 
an intense UV exposure can generally reduce the sensitivity of bialkali 
photocathodes and speed its aging up (e.g., [42–44]), while the curing 
temperature can damage PMT if greater than the storage temperature 
(e.g., −30 ◦C to +50 ◦C for the R14374 PMT model by Hamamatsu 
company). Taking this into consideration, only acrylic glues which do 
not need heat or UV irradiation to cure have been considered. Besides, 
a plan has been developed to minimizes risks to components during the 
mPMT assembly.

The two samples under test and the experimental setup are de-
scribed in Section 2 and Section 3.2, respectively. The results are 
reported in Fig.  13. In particular, when irradiated with 325 nm laser, 
the PL emissions are present in the UV–Vis area. In panel (a) of Fig. 
13, the sample produced at Evonik labs shows a two-peak structure 
in the UV–Vis region, with a main peak at 450 nm and the second at 
∼380 nm. However, the latter peak might be an artifact introduced by 
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the use of the high-pass filter mentioned above. In fact, the peak-like 
shape at 380 nm may represent a residual emission partially cut off 
by the filter, resulting in undetected contributions to the PL emission 
at lower wavelengths. When using the 442 nm laser line, a strong peak 
emission can be observed in both samples at around 525 nm with a tail 
extending into the near-infrared range (black lines in the graphs). In 
this region, the Evonik sample shows a second emission peak, centered 
at around 750 nm, contrary to the INFN sample where this peak is 
absent, as shown in panel (b) of Fig.  13.

The significance of the results from the PL tests reported here is that, 
despite the differences between the samples prepared at Evonik and at 
INFN laboratories, both show two dominant peaks around 510 nm and 
430 nm, if irradiated by light at 325 nm and 442 nm, respectively. 
This means that the PL of this glue has intrinsic responses activated 
by the two frequencies of the laser, though those peaks emit with 
inverted intensities between the two samples. In other words, secondary 
photons in the UV and Vis regions of the spectrum were generated by PL 
with different features from each sample, that might not be completely 
removed also with other combinations of the two components of the 
glue and other indications reported in the data sheet.

Although this kind of glue is safe for the mPMT assembly and for 
its components since its curing does not need neither UV irradiation 
nor heating, its use in an experiment requiring low-luminosity back-
ground without a proper study of its impact to the physics goals of the 
experiment would not be wise. Both samples, in fact, absorb photons in 
the UV range and emit PL light with longer wavelengths sitting in the 
sensitivity range of the PMTs that will instrument the HK. Giving that 
the Cherenkov effect is the principal process used to detect particles 
interacting in the Hyper-K experiment, the PL properties of the studied 
glue might contribute to increase the background noise level. The 
results of this study, then, indicate that the use of this glue for closing 
and sealing the vessel might not be an appropriate solution, while it 
could be difficult to find commercially available acrylic-based glues 
with minimal or non-existent PL properties [45]. Consequently, a more 
complex solution, based on a mechanical closure is strongly recom-
mended to assemble the mPMTs. Further details concerning prototypes 
based on a mechanical closure can be found in [24,27].

7. Conclusions

The identification of weak and rare events expected from neutrino 
interactions in the water of the Hyper-K experiment, currently under 
construction, requires extremely high resolution, efficiency, and excep-
tionally low levels of radioactive contamination and emanation from all 
the items that will be used in HK, therefore the mPMT optical module 
must be in compliance with all these requirements. To be compliant 
with these constrains is crucial to achieve the highest possible signal-
to-noise ratio and enable detections at low energy levels. Additionally, 
the mPMT design must ensure reliability for over 20 years, as required 
in HK, while using non-degrading materials that maintain water quality 
and avoid any effects that might affect light transmission. The selection 
of materials to guarantee optimal and safe operational conditions for 
the optical units that will instrument the next generation of large-
scale experiments motivated this work. Protective cases and vessels for 
underwater optical units must provide a dry, controlled environment 
to maintain the integrity and optimal functionality of electronic com-
ponents. These enclosures also need to offer maximum transparency 
for efficient light detection, extending into the UV region where most 
Cherenkov photons are emitted. The high costs associated with ultra-
pure glass make it an impractical choice. Instead, the acrylic materials 
considered in this study exhibit desirable properties that make them 
suitable for use in HK: (i) low intrinsic radioactivity, (ii) affordability 
and ease of molding, (iii) optical transparency, and (iv) mechanical 
stability under high pressure.

We present the optical characterization of different acrylic materials 
intended for use as domes and of an optical gel used for optical cou-
pling between the acrylic domes and the PMTs to enhance the overall 
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transmittance in the assembly of the HK mPMT vessel. The higher trans-
mittance observed in the UV range suggests that the E5 mm, E8 mm, 
and E12 mm samples from Evonik are suitable acrylic candidates for 
our purposes. A key goal of this study was to demonstrate that high-
quality, UV-transparent commercial acrylics can achieve transmittance 
levels comparable to the ones of preliminary references for Hyper-K and 
reported in the second column of Table  3. This opens the possibility of 
collaborating with manufacturers to obtain the best material under fa-
vorable conditions. This study also included reflectance measurements, 
revealing that reflectance varies with sample thickness, but suggesting 
that the optical properties of the acrylic sheets may be influenced by the 
manufacturing process as well. This approach provides crucial infor-
mation for quality assurance of materials used in the mPMT assembly 
during mass production. To ensure optimal performance of each mPMT, 
the transmittance and reflectance of each acrylic batch selected for 
mass production must undergo thorough quality control.

A suitable refractive index for the optical gel is a widely used 
solution to ensure the high transmittance needed for efficient photon 
detection. This is achievable when the gel’s refractive index closely 
matches that of both the acrylic and the PMT photocathode glass cover, 
with an intermediate index between these two materials being ideal. 
Additionally, gel with intrinsically high transmittance in the UV–Vis 
range is beneficial to avoid significantly limiting the performance of 
the acrylic dome.

As regarding the photoluminescence tests done on the two samples 
made with the same acrylic glue, experimental results show that both 
glue samples emit photoluminescence photons, which could poten-
tially impact the HK measurements. Since the Cherenkov effect is 
the primary process for detecting particles interacting in HK, the PL 
contribution from the glue might increase noise levels and reduce the 
quality and precision of the Hyper-K measurements. As a result, glue 
was avoided, and a mechanical solution was adopted to close and 
seal the vessel domes for prototyping. This approach was successfully 
validated through pressure and sealing tests. The mechanical closure 
also offers the advantage of allowing the reopening of mPMT vessels 
after assembly without damaging or breaking the acrylic domes. This 
feature enables access for repairs to any damaged components within 
an mPMT.

Although experimental requirements necessitated significant mod-
ifications to the final mPMT vessel design, the study described in 
this paper supported the international Hyper-K community in adopting 
acrylic and gel materials for the mPMT pressure vessel and corroborat-
ing its installation in HK. Furthermore, in a larger view, our findings 
highlight and leverage the advantages of plastic materials for this type 
of experiments.
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