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ABSTRACT: Liquid Ar (LAr) and liquid Xe (LXe) time projection chambers (TPCs) are used for many
applications in neutrino physics and direct dark matter searches. The performance of these detectors,
particularly dual-phase ones, depends very strongly on the efficiency for detecting the far ultraviolet
(FUV) scintillation light. Such detection is particularly challenging for LAr, in which the strongest
scintillation feature is observed at a wavelength of 127 nm (175 nm for LXe). The current mainstream
approach is covering the optical surfaces with a wavelength shifter, which absorbs de FUV light
and emits at wavelengths that overlap with the optical band, where commercial devices have higher
detection efficiency. This work presents coatings designed to enhance the optical properties of the
detector materials and to be an alternative to the current technique. In particular, two possible coatings
are proposed: narrowband and broadband FUYV reflective coatings. The narrowband coatings are
tuned at the FUV scintillation light. They provide a large reflectance at the design angle; additionally,
these coatings are naturally transparent at longer wavelengths, which might be useful to selectively
detect the wavelength of interest. Their performance is evaluated taking into account the refractive
index of LAr and as a function of the angle of incidence. The same calculations are performed for
an aluminium-based broadband mirror. Finally, the effect on reflectance of submerging both sorts
of mirrors at liquid nitrogen temperature is presented.
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1 Introduction

Dark Matter (DM) is a hypothetical form of matter proposed by Oort [1] and Zwicky [2, 3] in the
1930s which would make up ~85% of the total matter in the Universe [4], as indicated by many
astrophysical observations [5—7]. One possible solution of the DM problem involves an extension of
the Standard Model through the existence of a new elementary, massive, weakly-interacting neutral
particle (WIMP). Experiments to detect WIMPs include the direct search for their interaction with
ordinary matter [8—10], the search for products of annihilation [11-13] and attempts to produce them
in high-energy collisions, such as in the Large Hadron Collider (LHC) [14, 15].

Current promising detectors of DM signals are dual-phase (gas-liquid) argon (Ar) or xenon (Xe)
time projection chambers (TPC). These detectors aim at observing and unambiguously identifying
the recoiling Ar (Xe) nucleus after a collision with a WIMP in the DM halo. This nuclear recoil
moves along the liquid Ar (LAr) target and produces excited and ionized Ar atoms in its vicinity. This
results in the formation of excited molecular states that, after some de-excitations, populate either
singlet or triplet states [16, 17] which, in turn, decay radiatively to the unbound ground state via
the emission of scintillation light. In LA, this scintillation is centered at 127 + 8 nm [18] in the far
ultraviolet (FUV), whilst for liquid Xe (LXe) the scintillation light is produced around the 160—188 nm
range [19-21]. For this light to be detected by visible sensing devices, the TPC inner surfaces are
most often coated with tetraphenyl butadiene (TPB), which absorbs the 127-nm scintillation light,
reemitting in the blue region (~420nm). This procedure eliminates any chance of exploiting the
spectral richness that has been a source of study in the last years [16, 22, 23].

Coatings can play an important role in minimizing the photons absorbed by the TPC walls
or, alternatively, acting selectively on photons at different spectral ranges [16]. This proceeding
assesses two sorts of FUV coatings: broadband mirror coatings based on Al protected with MgF,, and
narrowband mirrors based on the periodic combination of two fluorides, AlF3/LaF3 or MgF,/LaFs,
that give rise to a reflectance band by interference. The coatings are evaluated in terms of performance
at the Ar emission line both at near normal and away from normal incidence. The dependence of
coating reflectance with the incidence medium, either vacuum or LAr, is considered. Some preliminary
thermal tests of these coatings placed at cryogenic temperatures are also presented.



2 Expected performance of FUV coatings for TPC

Two sorts of coatings were evaluated: narrowband multilayer (ML) coatings and broadband mirrors.
Let us start with narrowband mirrors.

A potentially interesting feature for the new generation of Ar and Xe detectors is wavelength
selectivity, which would allow to reject scintillation from other materials, Cherenkov radiation or
to exploit the spectral richness of their scintillation. Such selectivity can be implemented in an
easy way developing ML coatings tuned to specifically reflect at a wavelength of interest and to
transmit at longer wavelengths (which could be handled by further optics and detectors). This was
selected as the main requirement for ML coatings. The best candidate for such FUV coatings consist
in MLs alternating layers of a high refractive index (n) material, typically LaFs, with layers with
a low n, typically AlF; or MgF, [24].

Photons generated by the scintillation of the Ar, inside the LAr TPC can impinge onto the ML
from any direction. This is a challenge for narrowband coatings, which, for a ML designed at a given
wavelength and incidence angle, reflectance decays away from the design angle.

For a ML tuned at normal incidence, as the incidence angle diverts from normal incidence, the
band naturally shifts to shorter wavelengths. Figure 1 plots the calculated reflectance and transmittance
of an (AlF3/LaF3)s (the subindex outside the parentheses represents the number of bilayers) ML
immersed either in vacuum or in LAr for various angles of incidence. Reflectance and transmittance
calculations in this research were performed with XOP-IMD software [25]. The incidence medium was
taken into account in the ML optimization. As predicted, the band shifts with the incidence angle and
the peak reflectance decreases. This decrease is more pronounced when the coating is immersed in LAr
compared to vacuum, which limits the efficiency of the coating to an aperture from 0° to ~60° in vacuum
to 0°- ~40° in LAr. The reflectance reduction when the light incidence medium switches from vacuum
to LAr is attributed to the smaller n contrast of the coating materials with LAr [26] compared to such
contrast with vacuum. Figure 1 also plots MLs transmittance, which evidences that these coatings are
naturally transparent to longer wavelengths, not only in the longer FUYV, but all the way to the infrared.
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Figure 1. Calculated reflectance and transmittance as a function of wavelength for an (AlF3/LaF3)¢ ML coating
aimed to reflect at 128 nm and to transmit at longer wavelengths. Calculations consider various incidence angles
and the ML immersed in vacuum (left) or LAr (right).



Let us now evaluate the expected performance of a broadband mirror for photon collection at
128 nm. It consists on a reflective Al film protected with a thin MgF, layer. Figure 2 shows the calculated
reflectance of a MgF,-protected Al mirror. The MgF; layer thickness was optimized for largest average
omnidirectional reflectance for the mirror immersed both in vacuum or in LAr. The optimal MgF; layer
thickness was evaluated in terms of the maximal integrated reflectance over 2= sr, and it was found
to be 27 nm for the coating in vacuum, whereas for a coating immersed in LAr the angle integrated
reflectance continuously grows with decreasing MgF, layer thickness; since Al needs to be protected
to avoid its oxidation, a minimum MgF, thickness with capacity to protect Al of 15 nm was considered.
Contrary to the narrowband ML, the reflectance dependence of an MgF;-protected Al mirror on the
incidence angle is relatively small. For LAr-immersed mirrors, the average angular reflectance is
calculated to be even larger than for the coating in vacuum. This behavior of Al/MgF, mirrors is
positive for their use in LAr TPCs and more studies are being performed to compare their performance
with the total coverage of the inner detector walls with a wavelength shifter. Additionally, these mirrors
are also efficient to reflect radiation at longer wavelengths, from the FUV to the infrared and beyond.
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Figure 2. Calculated reflectance at various incidence angles of a MgF,-protected Al mirror optimized for
largest reflectance at 128 nm for the coating immersed either in vacuum (left) or LAr (right).

The positive behavior of the AI/MgF; coating in reflectance contrasts with its opacity at any spectral
range from FUV to the infrared (compared to the transparency at longer wavelengths of the narrowband
mirrors), due to the strong absorption of the Al film. The current performance is still moderate compared
to that of Enhanced Specular Reflectors and other solutions used in the optical and UV band, but the
overall performance accounting for wavelength shifting efficiency and photon detection efficiency
must be evaluated coherently. This study is foreseen in a small characterization setup filled with LAr.

3 Experimental performance over cooling tests

Some preliminary cooling tests were made, which consisted in cooling down a coated substrate at
temperatures close to LAr. Three samples, which were not specifically prepared for this research but
had close performance to the target application, were used: two narrowband MLs [(MgF,/LaF3),o and
(MgF,/LaF3)g deposited on CaF;] and a 25-nm thick MgF,-protected Al mirror deposited on glass.



Coatings tuned at 128 nm have to survive and keep sufficient performance at the LAr temperature
of —186°C (coatings tuned at ~170 nm would operate under a less cold temperature of —108°C). A
thermal range of more than 200 K might originate thermal stress and hence crack generation, especially
for fluoride MLs. This is due to the relatively large coefficient of thermal expansion (CTE) of the fluoride
materials, particularly when compared with most used substrates, such as fused silica. Table 1 plots CTE
of usual substrates and main FUV coating materials. The deleterious effect of stress increases with total
coating thickness; that is why a modest number of only 6 bilayers was used in the above calculations.

The coatings used in these cryo tests had been deposited using thermal evaporation in a high-
vacuum chamber. The samples had been stored in a desiccator since deposition prior to the present
cooling tests. Coating FUV reflectance was measured in GOLD’s reflectometer [27] (GOLD is the
Spanish acronym for Thin Films Optics Group, Madrid, Spain). Details on the deposition process
and the reflectometer are explained in previous publications [28-30]. Liquid N, (LN, —200°C)
was used for the cryo-tests.

Table 1. The coefficient of thermal expansion (CTE) of usual substrates and FUV coating materials. Data
available in [31] and references therein.
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Substrate:
fused silica 0.55
CaF, 18.85
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AlF3 6.7
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Figure 3. Reflectance as a function of wavelength for (MgF,/LaF3)9 and (MgF,/LaF3),9 MLs tuned, respectively,
at 120 nm, close to the 127-nm Ar; line, and at 160 nm, close to the ~175-nm Xe, line (left) and of a 25-nm thick
MgF;-protected Al mirror optimized for largest reflectance at ~122 nm (right) both before and after immersion
in LN,. The small variation of the coating tuned at 120 nm is attributed to measuring at a different spot in the
sample with some lateral gradient more than to a temperature effect.



FUYV reflectance was measured both before and after the sample was submerged in LN, for some
minutes (later warmed to room temperature by blowing with dry Ny) and it is plotted in figure 3. For
all three coatings no significant reflectance difference was observed. In practice, an optical coating in
a TPC with LAr may have to be subject to several processes of cooling down to LAr and warming
up back to room temperature. Hence further research is necessary to check if these coatings will
survive a series of various such thermal cycles.

4 Summary

We have presented calculations and preliminary results of candidate mirrors to be used to improve the
optical performance of LAr and L.Xe TPCs, which operate at ~127 nm and ~175 nm, respectively.
Narrowband mirrors based on AlFs/LaF; or MgF,/LaF; ML coatings tuned at these wavelengths have
a normal reflectance of 80% to 90%, which decreases by a few percent when the incidence medium
is replaced from vacuum to LAr. For omnidirectional scintillation light in TPC’s, the band shifts
to shorter wavelengths for light incoming away from normal incidence, so that only a certain angle
range of the incoming light can be effectively reflected by a given narrowband coating. For an optics
immersed in LAr, the angle range that is efficiently reflected is narrower than for vacuum-immersed
coatings, and it is limited to the ~0°—40° range. In contrast, these coatings are naturally transparent at
longer wavelengths, which can be useful in the case that distinctive spectral features are identified
for the electroluminiscence process or for different ionizing radiation sources.

Broadband mirrors based on MgF,-protected Al have normal-incidence reflectance of ~80%.
To operate in LAr, a 15-nm thick MgF, layer was considered to protect the Al layer and reflect the
omnidirectional incoming radiation with an average reflectance >80%. These coatings not only
effectively reflect the FUV, but extend their reflectance to the infrared and beyond.

We have programmed experimental studies of the performance of these mirrors and their actual
effect in overall light collection efficiency in small experimental setups filled with LAr.

The two sorts of mirrors were subjected to a single cooling down process to LN, temperature,
with no significant change in reflectance after warming up at room temperature. This is a positive
result, although further tests on mirrors subjected to several cooling/warming thermal cycles would
be required to confirm the stability of the coatings at cryo temperatures.
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