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Abstract: The Wavelength-shifting Optical Module (WOM) is a novel photosensor concept for the

instrumentation of large detector volumes with single-photon sensitivity. The key objective is to

improve the signal-to-noise ratio, which is achieved by decoupling the photosensitive area of a sensor

from the cathode area of its photomultiplier tube (PMT). The WOM consists of a transparent tube

with two PMTs attached to its ends. The tube is coated with wavelength-shifting paint that absorbs

ultraviolet photons with nearly 100% efficiency. Depending on the environment, e.g., air (ice), up to

73% (41%) of the subsequently emitted optical photons can be captured by total internal reflection

and propagate towards the PMTs, where they are recorded. The optical properties of the paint, the

geometry of the tube, and the coupling of the tube to the PMTs have been optimized for maximal

sensitivity based on theoretical derivations and experimental evaluations. Prototypes were built to

demonstrate the technique and to develop a reproducible construction process. Important measurable

characteristics of the WOM are the wavelength-dependent effective area, the transit time spread of

detected photons, and the signal-to-noise ratio. The WOM outperforms bare PMTs, especially with

respect to the low signal-to-noise ratio with an increase of a factor up to 8.9 in air (5.2 in ice). Since

the gain in sensitivity is mostly in the UV regime, the WOM is an ideal sensor for Cherenkov and

scintillation detectors.

Keywords: neutrino detectors; photon detection; wavelength-shifting; UV sensitivity; low noise;

large sensitive area; photomultiplier tubes

1. Introduction

Many detectors for rare events in particle and astroparticle physics require large inter-
action volumes, ranging up to cubic kilometers, in order to achieve a reasonable detection
rate. However, the larger the volume, the smaller the feasible density of instrumentation. A
viable method for reading out detectors with transparent target media is the detection of
optical photons emitted by incident particles (or their secondaries) in the form of Cherenkov
emission or scintillation light. The prevailing sensor types that are capable of detecting sin-
gle photons are photomultiplier tubes (PMTs). They are, for example, deployed in neutrino
telescopes, neutrino detectors, and dark matter experiments, such as IceCube [1], Super-
Kamiokande [2], Borexino [3], SNO [4], JUNO [5], XENON [6], LUX [7], DARWIN [8], and
many others. The photosensitive area of a PMT scales approximately linearly with the
area of its photocathode, as does the dark current—the dominant source of noise. The
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2.1. Total Internal Reflection

The concept of the WOM revolves around the idea of total internal reflection of
photons if the difference in refractive indices between the tube ntube and the surrounding
environment nenv is large (since a hollow tube is coated on one surface side, it is the lower
of the refractive indices of the wavelength-shifting paint npaint and the coated substrate
nsubstrate that determines the critical angle, i.e., ntube = min(npaint, nsubstrate). Using the
Fresnel equation for the reflectivity of an electromagnetic wave R(θ, npaint, nenv) for a re-
emitted photon incident on the surface, the fraction of captured photons after N interactions
with the surface can be determined as

ǫTIR =
1

2

∫

(

R(θ, npaint, nenv)
)N

sin θ dθ (2)

where θ is the angle of the photon trajectory~p to the surface normal~n; hence, cos θ = ~p ·~n. In
contrast to mirroring surfaces that achieve typical average reflectance of 90–99% if employed
over a larger wavelength range, the TIR above the critical angle sin θcrit = nenv/ntube

reaches 100% reflectance independently of the wavelength. In the limit of a large number of
interactions, the reflectance R can be approximated by a step-function Θ, and Equation (2)
simplifies to

lim
N→∞

εTIR =
1

2

∫

Θ(cos θ − cos θcrit) sin θ dθ = cos θcrit (3)

The critical angle thus defines two sharp loss cones, while all other photons are
captured; see Figure 2. In the configurations discussed here, neither the tube material nor
the wavelength-shifting paint or surrounding environment exhibit strong dispersion, so
that ǫTIR ≃ 73% (θcrit ≃ 43.2◦) for a WOM tube (ntube ≃ 1.46) operated in air (n ≃ 1.0)
and ǫTIR ≃ 41% (θcrit ≃ 65.6◦) for a WOM tube operated in water (n ≃ 1.33). The
surface curvature given by the radius of the tube rtube was neglected, which is a good
approximation as long as the radius of the emission point rem is close to the surface
rtube − rem ≪ rtube (denoted as no-curvature approximation later on). In resorting to
the ray-like description of reflectance, evanescence was also neglected, which is a good
approximation as long as the emission point is further away from the surface than the
typical wavelength rtube − rem ≫ λem. Both conditions are well satisfied in the given
configuration with a typical emission wavelength of 400 nm to 500 nm, coating thicknesses
rtube − rem in the range of several micrometers, and tube radii rtube of several centimeters.
The TIR efficiency ǫTIR is thus independent of the tube radius rtube in good approximation.

While the general working principle of the WOM is similar to that of a wavelength-
shifting fiber, the different geometry makes a noteworthy difference in the fraction of
photons that can be captured by total internal reflection. Following a purely geometrical ar-
gument, there is no difference between a hollow tube and a solid cylinder, as for any photon
trajectory, the incidence angle on the inner surface of a hollow tube will always be larger
than the incidence angle on the outer surface. Total internal reflection in the first interaction
on the outer surface is thus a fully sufficient criterion to determine whether a photon is
captured and guided along the tube. In a full cylinder, the no-curvature approximation
rtube − rem ≪ rtube no longer applies, and Equation (3) needs to be generalized to

εTIR =
1

4π

∫

Θ(|~p ·~n| − cos(θcrit)) dΩ (4)

If the emission point~rem sits in the center of the cylinder—as would approximately
be the case in a wavelength-shifting fiber—this results in two symmetrical capture cones
along the symmetry axis of the fiber, while most of the photons are lost even for large
values of θcrit (left-most case in Figure 3). As the emission point is moved outward by a
fraction x0 = rem/rtube, the incidence angle for photons orthogonal to the offset vector of
the emission point ~p ⊥~rem increases, thus increasing the overall capture fraction. Moving
the emission point out to xo = sin(θc), even horizontal photons ~p ⊥~rem ⊥ ~z that are also
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full 3D geometry, as well as an accurate model of absorption and scattering [13]; see the
visualization in Figure 2. The model and the simulation agree with less than <1% deviation
for a tube length of 20 mm to 1200 mm. Therefore, further MC simulations used in this
work use the model instead of the GPU simulation.

2.3. Light Transmission

If the WOM is operated in a pressure housing with refractive index nhousing, the
transmission of light from the environment with refractive index nenv into the modules
needs to be taken into account. In order to preserve the UV sensitivity, quartz glass can
be used. The extinction coefficient is less than 0.1% per centimeter down to a wavelength
of λinc ∼ 180 nm for fused silica and down to λinc ∼ 240 nm for fused quartz [14], so the
dependence on the photon wavelength λinc can be neglected in most cases.

There are two processes that compete while optimizing the refractive index of the
filling material nfill between the housing and the WOM tube: (i) Materials with low refractive
index will optimize the capture efficiency ǫTIR (see Equation (3)), while (ii) they reduce the
the efficiency of photon transmission ǫTM into the module due to total internal reflection at
the housing–filling material boundary. In the co-planar model with isotropic illumination,

the capture efficiency ǫ
co−planar
comb is derived from the Fresnel equations

ǫ
co−planar
comb (nenv, nfill) : = ǫTM(nenv, nhousing, nfill) · ǫTIR(nfill, ntube)

=
∫ π/2

0
T(nenv, nhousing, θinc) · T(nhousing, nfill, θj(θinc))

· T(nfill, ntube, θk(θj)) sin θinc dθinc

× cos θcrit

(6)

where T(ni, nj, θl) is the transmission probability at the interface between two media of
refractive indices ni and nj for an incident angle θl determined by Snell’s law on the
previous layer. There is already an optimal value for the refractive index of the filling in
this simplified approach. However, the radii of the cylinders have a non-negligible impact
here because the curved pressure housing can have a focusing or defocusing effect in the
transverse plane, and the inner tube could be missed altogether.

Therefore, in order to find the optimal refractive index of the filling material for the
prototype geometry, the cylindrical geometry of the WOM is modeled in an MC simulation
(in this ray-tracing algorithm, which was written in Python, photons start from a rectangular
plane that is uniformly rotated around the WOM; the photons are propagated through the
WOM surfaces, taking Fresnel losses and angular changes via Snell’s law into account; the
number of photons captured by total inner reflection are counted and divided by the total
number of photons, as well as the area of the generation plane, to get the combined capture
efficiency), propagating incident photons with Fresnel equations and Snell’s law in three
dimensions. The wavelength dependence of the refractive indices is negligible, and it is
assumed that all refractive indices are fixed at a wavelength of λ = 589 nm. The capture
efficiency derived from this simulation is shown in Figure 5 and compared to the co-planar
model. The optimal refractive index of the filling increases with larger refractive indices of
the environment to a maximum at n ≈ 1.32 with ǫcomb = 38.3% for water and ice. For water
and ice, the filling could be ethanol or methanol, which have the disadvantage that they
dissolve the WLS paint, or perfluoropolyether (PFPE), which is comparatively expensive.
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of signal and the reference measurement are corrected for the wavelength-dependent
quantum efficiency of the PMT, as well as for the intensity variations of the light source.

An overview of systematic uncertainties in the efficiency determination in the test
stand is given in Ref. [20]. The largest uncertainty is the coupling of the WOM tube to the
PMT using optical gel instead of a gel disc. An overall systematic error of approximately
4% in the efficiency determination for the prototype tube was obtained. This value was
obtained by repeatedly coupling the tube and PMT with gel to measure the variance of the
one-sided efficiency induced by the losses at the interface ǫIF. Additionally, the variation
of the paint layer was taken into account (compare Figure 10). The values for the currents
Icorr
sig and Icorr

ref are averaged over a time window of 2 s at a chopping frequency of 120 Hz,

and the standard deviation is used as uncertainty.
The described setup can be adjusted for single-photon readout by replacing the Xe-

Lamp, monochromator, and chopper with a 375 nm pico-second pulser [21]. The pulser is
dimmed so that ∼6% of the waveforms recorded with a triggered fast ADC [22] include
one photon signal within the expected time window. For the single-photon readout, the
collection efficiency of the tube ǫsingle is determined by the ratio:

ǫsingle =
nsig(λ, φTube, zTube)− nbkg

1
Nsteps

∑i

(

nref(λ, ψPMT,i)− nbkg

) (9)

where nsig denotes the number of photons detected when illuminating the point (φTube, zTube)
with wavelength λ. The number of photons detected when directly illuminating the
PMT is denoted by nref, and nbkg is the number of photons falsely reconstructed from
background light. The stability of the pulser was measured over a 12 h cycle, and the
light output variance was found to be smaller than 2%, and was thus a subdominant
contribution to the overall systematic error. The statistical error was calculated based on
the number of measured photons n for each measurement. Since the same systematics as in
the lock-in amplifier setup apply, the estimated systematic error for this setup amounts to
approximately 4%.

3.2. Chemical Composition

Wavelength shifting is a special case of photofluorescence. The WLS molecules are
excited when absorbing short-wavelength photons. After a decay time on the order of
1 ns to 2 ns [23] depending on the specific wavelength shifter, the molecule returns to the
ground state, and a photon of a larger wavelength is emitted. A fraction of the energy is
dissipated non-radiatively.

The WLS paint for the WOM is selected from a large number of variants with regard
to the following criteria, as treated in detail in Ref. [24]:

• maximal overlap of the emission spectrum and the sensitivity of the readout PMT;
• large Stokes shift, i.e., minimal overlap of the absorption and emission spectra;
• maximal transparency of the WLS paint for re-emitted photons;
• similar refractive index of the coating and the WLS tube material;
• good adhesiveness and mechanical properties;
• optical thickness to enable reaching high concentration of WLS film to absorb 100% of

the light for a broad spectrum.

The best results are obtained with a solution of toluene containing 213 g/L of the
plastic polyethylmethylacrylate (PEMA) [25], which provides the matrix for the wave-
length-shifting molecules, and a wavelength-shifting dye mix of 1.3 g/L Bis-MSB and
2.6 g/L p-Terphenyl per liter (the proportions given apply to the mixing process of the paint;
in the paint layer of a coated tube, the proportions differ as the toluene evaporates during
drying). The absorption spectrum of p-Terphenyl lies well below the Bis-MSB absorption
spectrum. Since the emission spectrum of p-Terphenyl lies within the absorption spectrum
of Bis-MSB, adding p-Terphenyl yields a sensitivity enhancement in the lower UV region.
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3.3. Coating Process

For the tube material, PMMA (polymethylmethacrylate) and quartz glass are con-
sidered due to their optical properties with attenuation lengths for photons of multiple
meters [14,26]. PMMA and PEMA are both soluble in toluene, which yields a transit region
in which the two materials are mixed. This guaranties a strong bond that is able to with-
stand shearing forces generated by the different coefficients of thermal expansion over a
wide temperature range. Since quartz glass is not soluble in toluene, the paint is bonded by
van der Waals forces only.

Since the bond between quartz glass and the paint is purely of van der Waals nature,
any contamination on the tube surface affects the bonding strength of the paint. When the
tube surface is treated with a sequence of citric acid, acetone, and isopropanol, we find
good adhesion in the subsequent coating. An alternative method is the usage of caustic
soda and cleaning agent [27]. Both methods yield satisfying results. Current versions of
coated quartz tubes have proven to be stable over time. We found no signs of delamination
in several freezing cycles. Additionally, no significant deterioration of the paint layer when
exposed to laboratory light was observed.

The coating can be applied to the inside or outside of the cylinder. It is also possible to
coat both sides, but generally, high enough absorptivity for the incident UV light can be
obtained with a single coating. Some major differences between in- and outside coating are
summarized as follows:

• Coating on the inside shifts the light emission point towards the center, resulting in
a reduced capture efficiency, as discussed in Section 2.1. The performance loss will
increase with the thickness of the tube and the refractive index of the environment in
which the coated tube is deployed.

• While quartz glass has high transmission down to wavelengths of 180 nm, PMMA is
generally opaque to light below 300 nm [28], but in commercial products, it is often
doped with additional UV absorbers to reduce aging in sunlight, thus limiting the UV
light yield. Quartz glass can therefore be coated on either side, while PMMA performs
best when coated outside.

• Coating a tube on the inside allows for easier handling. Impurities such as fat or
dirt act as scattering centers for photons traveling inside the tube. Under UV light
illumination, contaminated areas are clearly visible, presumably because photons
couple out of the tube at these sites. The WLS paint is hydrophilic and therefore
delaminates as a whole when immersed in water, rendering the tube opaque to light.

• In an assembly, an inside-coated tube will not interact chemically with the medium
surrounding it, allowing for the surrounding medium to be chosen freely. While
embedding the module in a housing can alleviate the problem in a similar way for
outside-coated tubes, a filling material is generally required between the housing and
the tube (see Figure 5), transferring the problem to chemical compatibility with the
filling material.

In order to apply coatings to tubes, two simple techniques were developed, which are
both based on the industrially employed dip-coating method [29,30]. For an external coating,
the tube is vertically immersed in the paint and removed at a controlled speed to yield a
homogeneous coating of adjustable thickness. Plugs are used to keep the inside of the tube
paint free. In order to achieve an internal coating, the tube is filled completely with paint,
which is then released at a constant flow rate using a valve. Due to the viscosity of the WLS
solution, a higher velocity of extracting the paint in the coating process leads to a thicker
paint layer (see Equation (10)). Both coating procedures are performed at a temperature
of (20 ± 1) °C, and the tubes stay immersed in the paint for 90 s before the paint or tube is
extracted at a fixed velocity. Both processes are operated in the Landau–Levich–Derjaguin
(LLD) regime [31] where, for sufficiently high viscosity η and coating speed vcoating, the
wet-film thickness is given as [29,30]
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4.3. Noise

The background noise of the WOM comprises the dark noise of the PMT and the
scintillation noise caused by radioactive decays in the tube glass and, optionally, the glass
of the housing. A climate chamber was used to measure the PMTs’ dark noise rate at
different temperatures. The PMTs were wrapped in black cloth and enclosed in a metal
box to prevent impact from background light and radio frequency interference (RFI). To
estimate the noise rate of the PMTs, a single photo-electron (SPE) spectrum was obtained
from a measurement over time. An exponential together with a Gaussian was fitted to the
data, and the number of photons under the Gaussian distribution was taken. The noise
rate was then estimated by dividing the number of photons by the dead-time-corrected
measurement length in seconds. The chosen PMTs had dark noise rates at −10 ◦C of
r−10◦

DNR = (172.5 ± 27.7)Hz.
For the choice of the pressure vessel, quartz glass samples from different companies

were tested. For the quartz glass of the prototype [10], a dark noise rate of 6 Hz kg−1 was
measured at room temperature; thus, rTube = 4 Hz for the 700 g tube and rHousing = 50 Hz
for the 8.3 kg housing in the prototype design.

4.4. Effective Area

The mean projected effective area is defined here by

〈

A
proj
eff (θ, φ)

〉

=
Ndet

N
plane
sim

(11)

where N
plane
sim photons are emitted from a plane that is uniformly rotated around the

detection device, and of these, Ndet will be recorded by the device.
The effective area of a single PMT with a diameter of 3.5 inch (see Ref. [11]) is

obtained by deriving the sensitive projected area for isotropic illumination using the MC
simulation described in Section 2.3. Using a quantum efficiency of 18% averaged over
the WLS emission wavelengths (400 nm to 500 nm) and cathode area, the effective area is
approximately APMT

eff = 12.0 cm2 in water, ice, or air as environment.
For a WOM in the prototype geometry (see Section 1), all losses from optical prop-

agation into and in the WOM tube, as summarized in Equation (1), are multiplied by
the projected sensitive area. The WLS efficiency is taken from the slide measurement in
Figure 11. The fraction of captured photons εTIR is derived using Equation (3). The attenu-
ation during propagation in the tube ǫTP in dependence on the distance to the tube end
is taken from the data shown in Figure 12, where the TIR effect is factored out. The PMT
efficiency is chosen as above, and the loss at the tube to glue or at the gel to PMT interfaces
is chosen to be ǫIF = 0.95 (compare with Section 3.6). Then, the effective area of the WOM
is approximately Aice

eff = 78.6 cm2 in water or ice and Aair
eff = 126.4 cm2 in air, averaged over

the wavelength range of 250 nm to 600 nm.
In the evaluated design, the effective area of the WOM exceeds the effective area of

the single PMT by a factor of approximately Rice = 6.5 in ice and Rair = 11.3 in air. The
wavelength-dependent effective area of the WOM and a single PMT is shown in Figure 14.
The Cherenkov spectrum (without attenuation in medium) is shown in parallel to illustrate
the advantage of an enhanced sensitivity at a lower wavelength. The ratio of the average
effective area improves to a factor of approximately RCher

ice = 10.4 in ice and RCher
air = 18.9

when weighted with the Cherenkov spectrum.
The effective area scales linearly with the diameter of the tube. The scaling of the

effective area in dependence on the WOM length saturates due to the attenuation of
photons during propagation in the tube, as shown in Figure 15. In reality, the dimensions
are further restricted by several limitations: The dip-coating station would need to be
scaled; glass tubes of appropriate quality are limited in diameter due to manufacturability;
the high weight and bulkiness of the device complicate handling in the laboratory and
during deployment.
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4.5. Signal-to-Noise Ratio

In order to calculate the signal-to-noise ratio (SNR) of the WOM in comparison to
a single PMT, the averaged effective area from Section 4.4 is used as signal strength,
and the sum of the noise measurement in Section 4.3 of all components is used for the
denominator. In practice, the noise of the WOM components would not sum up, at least not
for bright signals, because one would add a coincidence requirement for photons hitting
both PMTs, which should reduce the noise significantly. Here, noise rates are summed
up conservatively.

For the WOM SNR, this calculation yields improvement factors of approximately
Fice = 3.2 or Fair = 5.5 compared to a single PMT embedded in ice or air. Weighting the
effective area with a Cherenkov spectrum (without photon attenuation in medium) would
improve the SNR even further. The corresponding improvement factors are approximately
FCher

ice = 5.2 in ice and FCher
air = 8.9 in air.

5. Conclusions, Applications, and Outlook

In this work, a novel photosensor concept is described in which PMTs are comple-
mented with a tube with wavelength-shifting coating in order to enhance the signal-to-noise
ratio. It is demonstrated that consistent coatings can be applied in a simple procedure
to glass tubes, which allows one to effectively convert the UV fraction of the incident
spectrum. Theoretical studies and experimental work were conducted to understand all
features of this concept and its performance in detail. In particular, it is shown that, in
air, ǫmeas

one−sided = (46.4 ± 4.4)% of the converted photons can be detected at the end of the
prototype tube. This simple concept can thus be applied to significantly enhance the light
collection area of any light sensors. As the WLS tube does not add significantly to the
dark noise, for the prototype design, this leads to improvement factors in the Cherenkov
weighted signal-to-noise ratio of FCher

air = 5.2 in ice and FCher
ice = 8.9 in air. As a side effect,

the sensitivity of the WOMs is improved in the UV, which is particularly beneficial for
the detection of Cherenkov or scintillation light by matching the emission spectrum of
the WLS paint with the PMT wavelength sensitivity. Aside from the PMT, the cost of the
module is dominated by the coated glass tube, while expenses of the paint and glue are
insignificant due to the small amounts required for each module. The transit time spread
of detected photons is wider than for bare PMTs because it is smeared predominantly by
the propagation time in the tube. While the photosensors at the tube ends can be read out
independently, only a single photon is generated in the wavelength-shifting process, so in
single-photon detection mode, no information about the incidence position along the tube
can be obtained.

The prototype design does not reach the maximal sensitivity possible in an optimized
geometry due to practical considerations. A wider and longer tube, if manageable, would
improve the SNR. Silicone photomultipliers (SiPMs) could be chosen for the tube readout
in bright conditions, e.g., when deploying in liquid scintillator as a detector medium. Light
guides were evaluated to couple smaller PMTs to wider tubes. However, this has stringent
theoretical limitations and proved complicated in practice.

One prototype module enclosed with a vessel was built using simple off-the-shelf
electronics as proof of concept following the prototype design described in this work; see
Figure 16. Hydrogel [38] was used as a filling material to improve the optical properties of
the module. The module was deployed in the Canadian sea at a depth of 2539 m within the
Ocean Network Canada [39]. It operated stably at the given conditions and provided data
on the local bio-luminescence.

Another application for which prototypes are already at hand is the envisioned SHiP
experiment [40,41]. SiPMs are coupled to the WLS tubes, which are to be deployed in the
veto chamber of the experiment.

For the upcoming IceCube Upgrade, which extends the low-energy infill of IceCube,
a WOM with an improved design that has been adjusted to the environmental needs has
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