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Noble gases (Xe, Ar, Kr) are very attractive as detector media in Dark Matter search and neutrinoless double-beta
decay experiments. However, the detection of their scintillation light (in the VUV spectral region) requires
shifting the VUV light to visible light, where standard photosensors are more efficient. Tetraphenyl butadiene
(TPB) is widely used as wavelength shifter, absorbing the VUV light and re-emitting in the blue region
(~430 nm). TPB is an organic molecule that may degrade due to exposure to environmental agents and also to
ultraviolet light. In this work, we present TPB ageing studies due to exposure to VUV light, aiming at quantifying
the reduction of the absolute fluorescence yield of TPB coatings of several thicknesses (130 nm, 260 nm, 390 nm,
1600 nm), exposed to various doses of VUV light at 170 nm (similar to the Xe scintillation). In our setup, the VUV
light is produced from a vacuum monochromator coupled to a deuterium lamp. The VUV exposure in our setup is
compared to the exposure obtained in the electroluminescent gaseous Xe TPC of the NEXT-100 experiment for
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1. Introduction

Heavy noble gases (argon, krypton, xenon) have outstanding spec-
troscopic properties that make them very attractive as detector media
in Dark Matter search and neutrinoless double-beta (33) decay experi-
ments [1]. However, their scintillation light, which is in the vacuum ul-
traviolet (VUV) spectral region, is difficult to detect by most standard
photodetectors, especially silicon photomultipliers (SiPM), which are
mostly efficient in the visible spectral region. The optical readout of
noble gas detectors thus requires shifting the VUV scintillation to visible
light using a wavelength-shifter. The organic compound fluor
tetraphenyl butadiene (TPB) of >99% purity grade [2] absorbs light in
the VUV-UV spectral region and reemits in the blue region, around
430 nm, as seen in Fig. 1. TPB is used as a wavelength shifter in noble
gas detectors (NEXT [3], ArDM [4]) due to the short scintillation wave-
lengths of the noble gases (128 nm for Ar, 172 nm for Xe). It is used as
a coating for the active surface of the photosensors and the internal
walls of the detectors.

TPB is an organic molecule known to degrade when exposed to
environmental agents (mostly humidity and oxygen) and to intense
light levels, by means of free-radical mediated photo-oxidation re-
actions [5]. This degradation results in a reduction of the fluores-
cence yield of the molecules and the subsequent reduction of the
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signal amplitudes in noble gas detectors. However, to our knowl-
edge, the photo-degradation of TPB coatings has not been quantified
as a function of a VUV exposure comparable to that obtained in a
noble gas detector, operated in the conditions of an underground
experiment.

In this paper, we present a study of TPB ageing due to exposure to
VUV light around 170 nm (xenon scintillation peak), aiming at quanti-
fying the reduction of the absolute fluorescence yield (or conversion ef-
ficiency) of TPB coatings as a function of exposure in the gaseous xenon
TPC used by the NEXT experiment for 33 decay search. Several TPB coat-
ings of different thicknesses (130 nm, 260 nm, 390 nm, 1600 nm) were
deposited by vacuum evaporation on quartz substrates, following the
protocol described in [6]. Each sample was exposed to controlled VUV
light in a dedicated setup, which simulates the exposure conditions in
the gaseous Xe electroluminescent TPC, called NEW, used in the NEXT
experiment [3]. This TPC is presently being installed in the Canfranc Un-
derground Laboratory (LSC) [7] for measuring the two-neutrino 33
decay mode (332v) of the 136Xe isotope. The absolute quantum yield
of the TPB-coatings was measured before and after exposure. The
photo-degradation of the TPB resulting from this VUV exposure is ana-
lyzed and discussed.

2. Experimental setup and method

Several rectangular quartz samples of dimensions 15 x 10 x 1 mm®
were used for the vacuum deposition of TPB layers of different
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Fig. 1. Fluorescence spectrum (red curve) obtained exciting a TPB layer, deposited on a
quartz substrate, with UV light at 250 nm (black curve) from a Xe lamp. The excitation
spectrum (black) is obtained using a reference quartz substrate without TPB.

thicknesses: 130 nm, 260 nm, 390 nm and 1600 nm. The absolute quan-
tum yield (or fluorescence efficiency) of these coatings was measured
immediately after the coating process and after exposure to VUV light
following the procedure described in the next subsections. These sam-
ples, when not exposed to VUV light, were stored in dark and in nitro-
gen atmosphere to avoid hydration and oxidation that may bias our
photo-degradation measurements.

2.1. VUV exposure setup and method

The photo-degradation of TPB coatings and the subsequent reduc-
tion of the fluorescence resulting from exposure to light is a stochastic
process that depends on the light intensity I, its frequency or event
rate v and exposure time T. The light intensity may be expressed in
terms of photon flux, ¢ =I/¢, where ¢ is the photon energy. The expo-
sure E can then be defined by Eq. (1).

E=IT = ¢eT (1)

In a noble gas TPC, the interaction of a particle with the gas produces
scintillation and ionization. The ions and free electrons produced have
to be drifted, amplified and read out for the detection of the particle.
The electroluminescence (EL) is an optical amplification process of the
ionization signal [8]. It is produced by drifting and accelerating the elec-
trons in a narrow region of high electric field, where secondary scintilla-
tion light is generated, as shown in Fig. 2, with a gain of about 2
thousand photons per electron (see page 3 reference [9]). The EL yield
thus depends on the energy of the incident particles that originate the
ionization charges and on the reduced electric field used to accelerate
the electrons, typically 2 to 3 kV/cm/bar. In argon and xenon, the EL
scintillation is emitted in the VUV spectral region, around 128 nm and
172 nm, respectively.

In order to assess the degradation of the TPB-coatings in such a TPC
over long periods of time (at least several months), as usually required
for underground experiments, an equivalent light exposure has to be
provided on similar TPB-coatings, using a monochromatic VUV light of
fixed intensity and frequency, varying the exposure time, to be com-
pared to the exposure obtained in the TPC over time.

In our test setup (Fig. 3), VUV light is provided by a deuterium lamp
coupled to a vacuum monochromator (VMC) for the selection of the ir-
radiation wavelength at 170 & 3 nm. The VMC output is coupled to the
vacuum chamber containing the TPB-coated quartz samples to expose
to this monochromatic VUV light. A vacuum level close to 10~* mbar

is obtained using a primary pump in series with two turbo-molecular
pumps, respectively connected to the vacuum chamber and to the
VMC. A fused silica diffusor lens with 220 grit polishes (Thorlabs
DGUV10-220) is used at the VMC output to provide a uniform illumina-
tion of the TPB-coated sample. This latter is placed a few cm away from
the light source, at a fixed distance, where the light intensity is previous-
ly measured by a calibrated photomultiplier tube (PMT) operated with-
out gain, i.e. with the current taken at the first dynode. The PMT
photocurrent provides the direct measurement of the photon flux at
the chosen longitudinal distance from the VMC output, where the TPB
samples are subsequently placed. The PMT and sample supports are
fixed to a movable vacuum feed-through that allows the correct adjust-
ment of the PMT/sample position to the desired light intensity. The PMT
is removed from the chamber for the successive VUV irradiation of the
TPB samples.

The energy of the VUV radiation (at 170 4+ 3 nm) being similar in
both the Xe TPC (Fig. 2) and the test setup (Fig. 3), from Eq. (1) we
can set the condition of normalization of the exposure in the TPC and
in the test setup:

&1 T1 = b1 2)

In Eq. (2), ¢1 and ¢, are the photon fluxes (number of photons per
unit of time and per unit of area) impinging in the TPB-coated surfaces
for the TPC and the test setup, respectively; T; and T, are the respective
exposure times.

In order to determine the VUV light exposure in the TPB-coated sur-
faces of the NEXT TPC presently being installed at LSC (NEW), we as-
sume a maximum event rate of 100 Hz in the two-neutrino 33 decay
spectral region and an average energy of 1 MeV for the 33 events. We
assume an electric field of 2 kV/cm/bar in the TPC EL region, which cor-
responds to an optical gain of about 2000 photons per primary electron
[9]. The average energy required to produce an electron-ion pair in
xenon being W= 24.8 eV, the number of primary electrons produced
per event of 1 MeV is 10%/24.8 = 40323. As a result, the total number
of EL photons per event of 1 MeV is N; = 8.064 x 107,

In order to determine the flux of photons in the TPB-coated surfaces
of the NEW TPC, we need the dimensions of the chamber active volume.
NEW has a cylindrical field cage with a length L =508 mm and a radius
R=221 mm. Since all the TPC inner surfaces are covered with TPB, the
total area covered is A; = 2nR? + 2nRL=1.012 x 10° mm?. The flux of
photons in the TPB layers is then ¢ =N;v;/A; =7967 photons/s/
mm?, assuming an event rate vy =100 Hz.

Incident particle

EL region

L= 51

Cathode Anode
Pressure vessel walls

coated with TPB

Fig. 2. Electroluminescence process in a noble gas TPC. The EL signal (S2) amplifies the
ionization signal (electrons) drifted to the anode.
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Fig. 3. Experimental setup used to assess the degradation of TPB-coating samples exposed
to VUV light at 170 +3 nm from a deuterium lamp coupled to a vacuummonochromator
for the selection of the wavelength. The PMT is used for the calibration of the VUV light
intensity prior to the irradiation of the TPB samples.

To determine the flux of VUV light at 170 nm in the test setup
(Fig. 3), we use the photocurrent measured in the PMT at the position
of the TPB samples, which is 1 nA, i.e. 6.242 x 10° electrons collected
per second. Taking into account the quantum efficiency of the calibrated
PMT (0.3132 at 170 nm provided by the manufacturer), the number of
VUV photons impinging in the PMT is 19.93x 10° per second. The
PMT active area is A, =420.5 mm?. As a result, the VUV photon flux in
the PMT is ¢, = Nyvp/A; = 19.93 x 109/420.5 = 4.74 x 107 photons/s/
mm?. The flux in the TPB-coated samples is the same as they are placed
at the position where the PMT surface was placed for calibration.

For an exposure time of 1 month in the TPC (T; =2.592x 10°s), ac-
cording to Eq. (2) the equivalent exposure time in the test setup is T, =
Ti¢1/¢p2, =436 s (or 7.3 min). So, irradiating the TPB-coated samples
over 7 min in our test setup, with a photon flux corresponding to 1 nA
current in the PMT, would correspond to 1 month of exposure to VUV
light in the NEW TPC.

2.2. Absolute quantum yield measurement

The absolute quantum yield (QY) of a TPB-coating is the ratio be-
tween the intensity of the fluorescence light emitted by the coating

and the excitation light absorbed. To obtain the fluorescence spectro-
gram of a TPB-coated quartz sample, the sample was placed inside an
integration sphere coupled to a spectrometer, within which it was ex-
posed to monochromatic UV-visible light. The quantum yield was
then measured from the spectrogram.

A scheme of the experimental setup used is shown in Fig. 4. It in-
cludes a xenon lamp from Hamamatsu Photonics (model E7536,
150 W), coupled to a monochromator (MC) for the selection of the ex-
citation wavelength, and a spectrometer also from Hamamatsu Photon-
ics (Multichannel Analyzer C10027) coupled to an integration sphere
from Spectralon. The sphere is internally covered with a diffuse and
highly reflective PTFE coating, allowing multiple scattering of the light,
whose intensity is equal at any point of the sphere. The light is conduct-
ed from the MC to the integrating sphere and from this latter to the
spectrometer through quartz optical fibers of 1 mm diameter.

The spectrogram of the coated sample is measured and compared to
that of an uncoated reference quartz sample of the same dimensions
which provides the excitation spectrogram as shown in Fig. 1. The abso-
lute quantum yield of the TPB layer is calculated as the ratio between
the fluorescence yield and the absorption yield, the latter being deter-
mined as the difference between the incident and scattered light
peaks as shown in Fig. 5, S being the area of the incident light peak,
S; the area of the light peak scattered from the sample, and S, the
area of the light peak emitted by the sample. QY is determined from
Eq. (3). The excitation wavelengths considered were from 250 nm,
which is the lowest wavelength measured by the spectrometer, up to
430 nm which corresponds to the fluorescence peak of the TPB.

S

Qr -2 ©)

The duration of the exposure to UV-visible light of the TPB-coating
samples for the QY measurement is negligible (typically 3 to 4 s)
when compared to the minimum exposure time (between 7 min and
~23 h) used for the photo-degradation studies. Also, the exposure to
the air and ambient light of the samples did not exceed a few minutes
necessary for the QY measurement. The operation conditions and mea-
surement time of the QY have thus a negligible influence on the

Optical Fiber
PMA-12
Xe Polychromator
Lamp
| BT-CCD |
Monochromator
WL 2 240 nm
13
Integration
sphere

Integration sphere:
Internal surface spectralon : 98%
Reflectance at 250 nm

PMA-12 : Photonic Multichannel Analyzer (Hamamatsu)

Polychromator : Czerny Turner type

BT-CCD : back-thinned CCD image sensor (Hamamatsu)

PC : Personal Computer

Fig. 4. Experimental setup used to measure the quantum yield of different TPB-coating samples.
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ﬁ S, : light scattered by the sample
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Fig. 5. QY measurement principle based on the absorption and emission spectrograms
from the samples.

irradiation effects on the TPB produced at 170 nm in the VUV exposure
setup (Fig. 3).

However, the variation in the exposure time of the samples (be-
tween 1 and 12 s) that may be set manually in the integration sphere
for QY measurements, induce fluctuations in the QY value at the level
of 1.2%. For a given time setting, QY is calculated as the mean value of
20 measurements provided automatically by the spectrometer soft-
ware. In order to assess the additional uncertainties introduced by the
measurement conditions and the operator, we have evaluated the sta-
tistical uncertainty on this mean QY value from a set of 10 repeated
measurements, at a fixed wavelength and time exposure settings. The
relative standard deviations obtained are of 1.06% and 0.33% for the
130 nm thick and 1600 nm thick TPB samples respectively.

The effects of the ambient temperature and the calibration of the
spectrometer were also considered for the assessment of the systematic
uncertainties on the QY values. Ambient temperature has no effect on
the QY as this magnitude is determined as a ratio of light yields, which
cancels possible variations due to temperature. The calibration of the
spectrometer was checked using various reference fluors provided by
Hamamatsu. Finally, the combined relative uncertainties on the QY
values presented in this paper are 1.6% and 1.2% for the 130 nm thick
and 1600 nm thick TPB coatings respectively.

3. Results

For each TPB-coating sample, we measured first the quantum yield
as a function of wavelength, in the range 250 nm up to 430 nm, using
the setup shown in Fig. 4 and according to the method described in
Fig. 5. The results are shown in Fig. 6.
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Fig. 6. Quantum yield of several TPB coating samples with different thicknesses as a
function of excitation wavelength in the region 250-430 nm, before exposure to VUV light.

Then we moved the samples to our VUV light exposure setup, shown
in Fig. 3, to be irradiated by different periods of time. After each period of
irradiation, the quantum yield of the samples was measured as a func-
tion of wavelength using the setup of Fig. 4. This study was made for
the thinner (130 nm) and the thicker (1600 nm) TPB-coating samples.

3.1. Quantum yield variation with coating thickness

Fig. 6 shows the quantum yield measured as a function of the excita-
tion wavelength for several TPB-coating samples with different thick-
nesses (130, 260, 390, 1600 nm), before irradiation with VUV light
(170 nm). As seen in the figure, the quantum yield or fluorescence effi-
ciency increases with TPB coating thickness, being close to 95% in the
range 300-370 nm for the thickest coating of 1600 nm. No significant
dependence of the quantum yield on the excitation wavelength is ob-
served in the UV range 300-370 nm, while above 400 nm there is a
clear drop of the efficiency vanishing around 430 nm. TPB is indeed
transparent to its fluorescence light (peak at 430 nm), as no absorption
is observed at the excitation wavelength of 430 nm. To compare our QY
values to available fluorescence efficiency measurements reported in
the literature, we consider the fluorescence efficiency measured in ref-
erence [10] for a TPB coating similar to our thickest sample. An efficien-
cy close to 80% is reported at 250 nm, to be compared to our QY of 72%.
These results are compatible at the considered wavelength, considering
the uncertainties and the different measurement methods used.

3.2. Quantum yield after exposure to VUV light

The TPB-coated samples with thicknesses of 130 nm and 1600 nm
were exposed to VUV light, using the setup of Fig. 3, for different periods
of time. After each irradiation the quantum yield of the samples was de-
termined as a function of excitation wavelength. Figs. 7 and 8 present
the results obtained for the thinner sample (130 nm) and the thicker
sample (1600 nm) respectively. The equivalence between exposure
times in the test setup and in the NEW TPC is shown for every curve
in these figures.

As shown in Figs. 7 and 8, the variations in the quantum yield values
as a function of excitation wavelength after long exposure time to VUV
light are large. At short excitation wavelengths (250-290 nm), the deg-
radation of QY produced at the first VUV exposure (equivalent to
1 month in the TPC) does not increase significantly with much larger ex-
posure times and seems to saturate. This behavior is observed for both
samples, the thin and the thick one, being the degradation, at the first
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Fig. 7. Quantum yield as a function of wavelength for the TPB coating sample of 130 nm
thickness, after different exposure times to VUV light. Equivalence to the exposure in
the NEW TPC is shown.
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Fig. 8. Quantum yield as a function of wavelength for the TPB coated sample with 1600 nm
thickness, after different exposure times to VUV light. Equivalence to the exposure in the
NEW TPC is shown.

exposure, larger for the thin sample (~18%) than for the thick one
(~10%). At longer excitation wavelengths, in the region 300-350 nm,
QY shows more significant dependence with exposure time, being the
reduction larger for the thin sample than for the thick one at the same
exposure time. For the thin sample, the reduction of QY is up to ~20%
at 1 year exposure time in the TPC and ~28% at 10 years exposure
time in the TPC, while the reduction level of QY in the thick sample
reaches ~18% only after 17 years exposure time in the TPC.

The measurements shown in the plots of Figs. 7 and 8 have been per-
formed in July 2015. Since then, the TPB samples were stored in dark
and N, atmosphere.

The QY measurements of the two TPB samples irradiated at 170 nm
during 14 h (130 nm thick) and 22 h 40 min (1600 nm thick) were re-
peated 7 months later (February 2016). The relative mean variation of
the QY values obtained after this long time storage was 4% for the thin
coating and 2% for the thick one. This result indicates that within the
measurement uncertainties described in Section 2.2 and the modifica-
tions of the samples related to the 7 months storage time, the results
shown in the QY plots presented in this paper are quite reliable. In addi-
tion, this shows that TPB samples, stored in appropriate conditions (ab-
sence of light, oxygen and humidity), may well preserve their
fluorescence efficiency over time.

4. Conclusions and discussion

In this work, we present studies of the fluorescence degradation of
TPB coatings due to prolonged and controlled exposure to VUV mono-
chromatic light at 170 4+ 3 nm (similar to the scintillation of Xe). This
work aims at quantifying the reduction of the absolute quantum yield
(or fluorescence efficiency) of thin (130 nm) and thick (1600 nm) TPB
coatings exposed to VUV light doses comparable to those expected in
areal electroluminescent Xe TPC, operated during periods of time rang-
ing from 1 month to several years.

The absolute quantum yield of TPB coating samples with different
thicknesses (130 nm, 260 nm, 390 nm, 1600 nm), was found to increase
with the coating thickness, being close to 95% in the UV spectral range
300-370 nm for the thickest coating (1600 nm), while above 400 nm
a clear drop of the efficiency is observed, vanishing around 430 nm.
TPB is indeed transparent to its fluorescence light, as no absorption is
observed at the excitation wavelength of 430 nm.

The variation of the quantum yield for prolonged exposure time of
the thinner and thicker samples to VUV light at 170 nm was investigat-
ed. The exposure in our test setup was normalized to the one expected
in the NEW TPC, used in the NEXT experiment, so that an exposure of

84 min in our test setup, for instance, is equivalent to 1 year exposure
in the TPC in normal continuous operation conditions.

The quantum yield as a function of the excitation wavelength, mea-
sured right after the VUV irradiation of the TPB samples, shows an irreg-
ular behavior which contrasts with the smooth regular behavior before
irradiation. The quantum yield as a function of the exposure time to VUV
light appears to depend significantly on the wavelength used for the ex-
citation of the molecule and the characterization of its fluorescence
mechanism. The behavior observed is not an artifact of our QY measure-
ment procedure and related uncertainties, as these have been accurate-
ly analyzed and evaluated, and found to correspond to <2%. The large
variation of the QY with wavelength observed, seems to suggest it is re-
lated to the molecular states immediately after irradiation. It may also
indicate that the VUV light damages only part of the molecular structure
responsible of the wavelength shifting mechanism. This damage would
induce an irregular absorption/reemission pattern with wavelength.

The variation of QY with exposure times of the thin and thick TPB
samples, highlighted by the excitation light in the range 300-350 nm,
is not significantly observed at short excitation wavelengths in the
range 250-290 nm. This feature, most probably related to the molecular
structure of the irradiated coatings, would suggest a possible similar be-
havior of QY at VUV excitation wavelengths. The fluorescence efficiency
of ~80% at 250 nm and 170 nm reported in reference [10], for a coating
similar to our thick one, may suggest that the fluorescence mechanism
at these two excitation wavelengths are similar, and therefore, we
would expect a similar fluorescence response after prolonged irradia-
tion, i.e., <15% VUV-induced reduction of QY after about 5 years contin-
uous operation of the TPC.

It was not possible with the QY measurement setup described in this
paper, to assess the QY degradation of the irradiated TPB samples when
excited in the VUV spectral range, and especially at the Xe scintillation
wavelength (170 nm). A quantum yield measurement equipment suit-
able for vacuum ultraviolet light should be used in this case. Such equip-
ment is not available for us at present.

However, with the measurements presented in this paper, in which
the TPB samples are irradiated at VUV doses comparable to those ex-
pected in a real noble gas detector, and then illuminated in the UV-
visible for assessing the variation in the fluorescence mechanism,
we provide a magnitude of the damages in the fluorescence yield
that may be expected in the TPC over large exposure times. This
damage, due only to exposure to monochromatic VUV light, is
shown not to exceed 15% in the lifetime and real operation condi-
tions of the underground experiment, typically 5 years operation
with an event rate lower than 100 Hz. The thick TPB coating
(1600 nm) has shown to have larger fluorescence efficiency, be-
tween 95% and 100%, and stronger resistance to VUV radiation dam-
age than the thin coating (130 nm).

Finally, it is here worth to compare our study with previous ones re-
ported in the literature and addressing the TPB photo-degradation, main-
ly references [5] and [11], in which TPB samples are exposed to direct
sunlight, and to a full spectrum fluorescent light shone through various
filters, in air, and during several hours. Severe degradation of the TPB sam-
ples has been reported, with potential losses at up to 80% level after a
month of exposure. In these reported works, the light doses to which
the samples are exposed are much larger than the largest dose used in
our studies, which compares to that expected in a real electroluminescent
TPC in operation during several years. The conclusions on the strong deg-
radation reported do not address the fluorescence degradation as a func-
tion of the exposure dose to monochromatic VUV light, i.e., in similar
conditions as in a noble gas TPC.

In the present paper, despite the limitations of our setup for a com-
plete characterization of the irradiated TPB samples in the VUV spectral
range, a method for a quantification of the quantum yield reduction in-
duced by exposure to VUV light is presented, and an assessment of the
order of magnitude of the reduction of the TPB fluorescence yield in a
noble gas TPC, after several years of operation, is provided.
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By repeating our QY measurements of the TPB samples irradiated at
170 nm after 7 months storage of the samples in a controlled atmo-
sphere (dark and N,), we found that no >4% average relative variation
is obtained on QY. This indicates both the reliability of our measure-
ments and the stability of the coatings stored in appropriate conditions.

As indicated in reference [11], TPB coatings prepared for their use in
a noble gas TPC, for Dark Matter or neutrinoless double beta decay ex-
periments, have to be preserved from humidity, oxygen, sunlight and
strong UV exposure. However, in-vessel VUV-induced degradation of
coatings of ~1.6 um thickness, does not seem to be a major issue in
the normal irradiation and time exposure conditions of the under-
ground experiments.
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