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Preface

Neutrinos could be the only truly neutral particles among the elementary
fermions. A truly neutral particle would be identical to its antiparticle, as
proposed by Ettore Majorana more than 70 years ago [1]. The existence of such
Majorana neutrinos would have profound implications in particle physics and
cosmology. For instance, they provide a natural explanation for the smallness of
neutrino masses, the so-called seesaw mechanism. Besides, Majorana neutrinos
violate lepton-number conservation. This, together with CP-violation, is a basic
ingredient to help uncover the reasons why matter dominates over antimatter
in our Universe [2].
The only practical way to establish experimentally that neutrinos are their
own antiparticles is the detection of neutrinoless double beta decay (ββ 0ν ) [ 3,
4]. This is a hypothetical, very rare nuclear transition that occurs if neutrinos
are massive Majorana particles [ 5, 6].
NEXT will use a high-pressure gaseous xenon (HPXe) time-projection chamber (TPC) searching for the neutrinoless double beta decay 136 Xe. It will search
this rare nuclear transition in the 136 Xe isotope to explore the nature of the neutrino. This new generation detector will provide an excellent energy resolution
(.1%), very low background contamination (~10−4 counts/(keV · kg · y)) and
tracking capability to reconstruct the topological signature of the event to further reject background events [2].
Several experiments searching for rare events (such as dark matter or neutrinoless double beta decay) use noble elements as detection medium. These gases
scintillate in the vacuum ultraviolet (VUV) region, and this has some drawbacks
for the detection of the light. In the case of NEXT, to achieve optimal energy
resolution is necessary to improve the overall light collection efficiency of the detector. For this purpose a light tube made of reflective material should be used.
Unfortunately, there are no materials with high reflectivity in the VUV. The
most common solution then is to shift the light to the visible using a wavelength
shifter (WLS). In this report, we study and characterize the technique that is
going to be used in the experiment, namely, the coating of a high-performance
reflector with 1,1,4,4-Tetraphenyl- 1,3-butadiene (TPB), a WLS that matches
our requirements. Previous studies made by other experiments have been considered and used as a starting point for our work.
The report is organized as follows. First, we review the topic neutrinoless
double beta decay searches, describing briefly its current status (sec. 1). Then,
we describe the scintillation properties of xenon, and the wavelength-shifting
mechanism of TPB, explaining why this material matches our experiment’s
needs (sec. 2). In section 3, we describe with some detail the coating technique we have developed. Finally, we describe the experimental setup used for
the characterization of the reflectors (sec. 4), and some preliminary results (sec.
5). Section 6 summarizes the report and offers some conclusions.
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The NEXT experiment for ββ 0ν searches

1
1.1

Double beta decay

Double beta decay (ββ) is a rare transition between two nuclei with the
same mass number A that changes the nuclear charge Z by two units. The decay
can occur only if the initial nucleus is less bound than the final nucleus, and both
more than the intermediate one (Fig. 1). Many even-even nucleus can undergo
a ββ transition. Analogous transition of two protons into two neutrons are also,
possible in several nuclei, but phase space considerations give preference to the
former decay.

Figure 1: Simplified atomic mass scheme for isotopes with A = 136. Nuclei
136
Xe, 136 Ba and 136 Ce are stable against the ordinary decay. However, energy
conservation alone allows the transition 136 Xe →136 Ba + 2e− and the analogous
decay of 136 Ce with positron emission. From Ref. [8].
There are two basic modes of the ββ decay. In the two-neutrino mode, ββ 2ν ,
−
(Z, A) → (Z + 2, A) + e−
1 + e2 + ν e1 + ν e2 ,

lepton number is conserved and, then, the mode is allowed in the Standard
Model (SM). It has been repeatedly observed by now in a number of isotopes
(including a recent result shown by EXO [7] in 136 Xe) with a typical half-life of
1018 – 1020 years.
In contrast, the neutrinoless mode, ββ 0ν ,
−
(Z, A) → (Z + 2, A) + e−
1 + e2 ,

violates lepton number conservation and requires massive Majorana neutrinos. Hence, its observation would signal new physics. Neutrinoless double beta
decay can arise from a diagram (Fig. 2) in which the parent nucleus emits a
pair of virtual W bosons, and then these W exchange a Majorana neutrinoν M to
5

Figure 2: Feynman diagram for a ββ 0ν process mediated by the exchange of
light Majorana neutrinos [9].
produce the outgoing electrons. The amplitude is a sum over the contributions
of all the ν M that may exist [8].
This is the simplest underlying mechanism of ββ 0ν , although, in general,
any source of lepton number violation (LNV) can induce ββ 0ν and contribute to
its amplitude. If we assume that the dominant LNV mechanism at low energies
is the light-neutrino exchange, the half-life of ββ 0ν can be written as:

−1
2
0ν
T1/2
= G0ν |M0ν | m2ββ
where G0ν (E0 , Z) is an exactly-calculable phase-space factor, |M0ν | is a
nuclear matrix element, and mββ is the effective Majorana mass of the electron
neutrino:
P 2
Uei mi
mββ =
where mi are the neutrino mass eigenstates and Uei are elements of the
neutrino mixing matrix. Therefore, a measurement of the ββ 0ν decay rate
would provide direct information on electron neutrino masses [2].
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1.2

Experimental searches

Double beta decay experiments are designed to measure the kinetic energy
of the electrons emitted in the decay. The golden signature available to a ββ 0ν
experiment is the sum of kinetic energies, which, for a perfect detector, equals
Qββ . In the 2ν mode the kinetic energy has to be shared -four body decay
products- showing a continuos shape but in the 0ν mode -2 body decay- shows
this peak (golden signature) at the end of the continuum. However, due to the
finite energy resolution of any detector, ββ 0ν events are reconstructed with a
finite spread energy range centered around Qββ , typically following a gaussian
distribution (Fig. 3).

Figure 3: Separating the 0ν mode from the 2ν by the total kinetic energy release
by the electrons in the decay. As shown an high energy resolution is desirable to
get rid off 2ν mode (left) and the background from the β-decays of the isotopes
208
Tl and 214 Bi (right) [2].
Good energy resolution is therefore essential to discriminate a continuous
spectrum arising from natural decay chains that can easily mask the signal
peak in the region of inters (ROI). The most significant backgrounds from decay
chains in our ROI are the high energy gammas produced in the β-decays of the
isotopes 208 Tl and 214 Bi, found in the thorium and uranium series (Fig. 3).
That is why germanium-based experiments have dominated the field so far. For
76
Ge based experiment, the achievable is resolution is 1% FWHM around Qββ .
However, energy resolution is not enough in itself to reject the 214 Bi peak.
Consequently, additional signatures to discriminate between signal and backgrounds are desirable. That is why this searches are required to be ultra-low
background experiments. Therefore, an underground operation and a shielding
to reduce external background due to cosmic rays and surrounding radioactivity,
and the use of very radiopure materials is needed. Also is used other rejection
events techniques as daughter tagging or tracking - later described - are used.
In addition, large detector masses, high ββ isotope enrichment, and high ββ
detection efficiency are clearly desirable, given the rare nature of the process
searched for [2].
7

We show here the most important past and future experiments of ββ 0ν
searches competitors:
• The Heidelberg-Moscow (HM) experiment [10], using high-purity germanium diodes enriched to 86% in the isotope 76Ge, set the most sensitive
limit to date: T0ν 1/2 (76 Ge) ≥ 1.9 × 1025 years (90% CL). The experiment
accumulated a total exposure of 71.7 kg · y, and achieved a background rate
in the ROI of 0.18 counts/(keV · kg · y). The energy resolution (FWHM) at
Qββ was 4.23±0.14 keV. A subset of the Collaboration observed evidence
for aββ 0ν signal on 2002 [10.1]. The claim has been severely questioned
[11], but no one has been able to prove it wrong. So this has became a
reference for the current and future experiments.
• CUORE [12] is an array of TeO2 bolometers. Due to the natural abundance of 130 Te (∼34%), the need for enrichment is less important. CUORE
can collect a large mass of isotope (∼ 200 kg for a total detector mass of
740 kg). The advantages and disadvantages of the technique are similar to those of 76 Ge experiments with about the same energy resolution
and efficiency for the signal. CUORICINO measured an irreducible background of 0.153±0.006 counts/(keV·kg·y)(in kilograms of detector mass).
CUORE expects to be able to reduce the background to 10−2 counts/(keV·
kg · y) (per kg of detector), or about 4 × 10−2 counts/(keV · kg · y) (per
kg of isotope). CUORE is scheduled to start data taking in 2014.
• GERDA [13] will search for ββ 0ν in 76 Ge using arrays of high-purity germanium detectors. This is a well-established technique that offers outstanding energy resolution (better than 0.2% FWHM at the Q-value) and
high efficiency (∼ 0.80). Its main drawback is the scalability to large
masses. The first phase of GERDA will run with the same detectors used
by HM and IGEX, for a total of 18 kg of isotope. Currently, the measured
background rate is at the level of 5 × 10−2 counts/(keV · kg · y), while the
goal of the collaboration is to reduce it to 10−2 counts/(keV·kg·y). The
second phase will add 40 kg of thick-window p-type BEGe detectors (34
kg of isotope). Such detectors have enhanced background discrimination,
due to pulse shape analysis. They are also optimized to suppress surface
backgrounds. The experiment expects to reach 10−3 counts/(keV · kg · y).
GERDA is already commissioning the detector with depleted Ge crystals,
and start a physics run during 2011.
• The Enriched Xenon Observatory (EXO) [14] will search for ββ 0ν decay
in 136 Xe using a liquid-xenon TPC (LXe) with 200 kg total 136 Xe mass
(80% enriched). The use of liquefied xenon results in a relatively modest
energy resolution (∼ 4% FWHM resolution at Qββ [14.1]). The strong
point of a LXe TPC is self-self-shielding and good position resolution. It
is then possible to select a fiducial volume capable to reject superficial
backgrounds and multi-hit events. The ultimate goal of the EXO Collaboration, is to develop the so-called barium tagging. This technique would
8

allow the detection of the ion product of the 136 Xe decay, and thus eliminate all backgrounds but the intrinsic ββ 2ν . They find a background
rate of the of 10−3 counts/(keV · kg · y). EXO-200 is commissioning its
detector in 2011.
• The KamLAND-Zen (Zero Neutrino double beta decay) [15, 15.1] experiment plans to dissolve 400 kg of xenon enriched at 90% in 136 Xe in the
liquid scintillator of KamLAND. Xenon is relatively easy to dissolve and
also easy to extract. The major modification to the existing KamLAND
experiment is the construction of an inner, very radiopure and very transparent (to the liquid scintillator emission wavelength, 350–450 nm) balloon
to hold the dissolved xenon. The balloon, 1.7 meters in radius, would be
shielded from external backgrounds by a large, very pure liquid scintillator
volume. While the energy resolution at Qββ is poor, of the order of 10%,
the detection efficiency is much better (80%) due to its double envelope.
The estimation of the background rate is affected, among other things by
the radiopurity of the balloon and the liquid scintillator, as well as the
lifetime of the ββ 2ν process. A reasonable estimation for phase I of the
experiment (400 kg) is a background rate of 10−3 counts/(keV·kg ·y). The
detector expects to start operation in 2012. For phase II the collaboration plans to purchase 1 ton of xenon and optimization of shielding could
lead to an improvement in the background rate to a level of about 5 ×
10−4 counts/(keV · kg · y).
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0ν
Figure 4: Some past experiments given the best result isotope. All given T1/2
are lower limits, with the exception of the Heidelberg-Moscow experiment where
the 99.997% CL value is given [9].

Figure 5: Proposals considerer in the mββ sensitivity comparison. For each
proposal, the isotope that will be used, together with estimates for detector
performance parameters - FWHM energy resolution, detection efficiency and
background rate per unit of energy, time and ββ isotope mass - are given [2].
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1.3

NEXT (Neutrinoless Experiment with Xenon TPC)

The NEXT is a collaboration of many institutions that is building Next100 detector. This will start running on june 2013 in the LSC (Laboratorio
Subterraneo de Canfranc) [2].
NEXT will search for neutrinoless double beta decay in 136 Xe using a highpressure gas xenon time-projection chamber . The detector is conceived as
a radio-pure gas detector apparatus, with a total mass at least of 100 kg of
136
Xe enriched up to 90%. The design is a electroluminescent asymmetric TPC
(more about electoluminiscence in [16]) with separate-optimized function for
tracking and energy measurement. PMTs plane located behind the cathode
perform the energy measurement and provide t0 (event start). The Multi-Pixel
Photon Counters (SiPMs), located behind the anode grid will provide info on
the topological signature of the event, tracking function (see Fig. 6). The
experiment aims to take advantage of both good energy resolution and the
presence of a ββ 0ν topological signature for further background suppression.
As a result, the background rate is expected to be one of the lowest of the new
generation of ββ 0ν experiments.
The detection process is as follows:
When xenon decays by ββ process, two electrons are emitted producing
an excitation and ionization around the interaction vertex. The de-excitation
produces fast light signal called primary scintillation, S1 ( see sec. 2.1). The
energy deposited in the gas ( Qββ = 2480keV ) will be shared by the two electrons
in the gas. The energy lost is 70KeV per cm producing an ionization track. Due
to the electric field recombination is prevented and will cause the track drift
towards the anode.
In order to measure the signal, the chamber will include two detector’s planes
at each side of the fiducial volume, as we can see at the figure 6. The PMT
plane will measure the energy with resolution of 1% FWHM or better. The
S1 signal detected by the PMT plane will give the time start of the event (to ).
On the other side will be a tracking plane made of SiPMs. That will allow to
reconstruct the event track, providing topological information either to accept
it as a valid event or to reject it.
Before the SiPMs plane is formed the electroluminescent (EL) region. The
EL gap is made of two grids (the gate and the anode). Between both grids there
is an intense electric field, between 3 and 6 kV / cm·bar, with the tracking plane
located closely behind the anode. The incoming electrons will produce light in
the EL region without secondary ionization only by accelerating the charges [16].
The advantage of this procedure is that it is a proportional phenomena, meaning
that the created light is directly proportional to the number of electrons that
have arrived.
EL is emitted isotropicaly so, assuming perfect reflectivity of the walls, half
of the light will go to the PMT’s plane, where the energy can be reconstructed.
The other half of the light will go to the tracking plane, where the track will be
11

reconstructed it in 3D (2D plus time) (See Fig. 7). This trace is expected to
be a twisted line ended by energy blobs corresponding to the Bragg peak, as it
is shown in the figure 8. This is due to Bremsstrahlung (dE/dx), that is higher
as its velocity drops and also its energy.

Figure 6: Scheme of the NEXT-100 vessel [18].
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Figure 7: TPC process scheme. EL light generated at the anode is recorded in
the photosensor plane right behind it and used for tracking. It is also recorded
in the photosensor plane behind the transparent cathode and used for a precise
energy measurement [18].
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Figure 8: Trace topology corresponding to the ββ decay ( called “spaghetti with
two meat balls”). It is possible to observe the twisted trace due to a 70 keV cm
(dE/dx), ended by two clusters due to the Bragg beak, in this zone (dE/dx) has
200 keV cm [9].
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The main advantages of our technique over the direct competitiors are [18]:
1. The Excellent Energy Resolution. The intrinsic energy resolution
(FWHM at Qββ ) that can be achieved by an EL xenon detector operating
at high pressure is about 0.3%. The resolution of the PMTs initially
considered for the NEXT detector has also been measured to be about
0.4%. It follows that an EL TPC is the best option in terms of resolution.
Our initial results from the NEXT1-LBNL prototype show a resolution of
0.8–0.9 % at Qββ .
2. Low Background Rate. The background rate depends on three factors. Good shielding from external backgrounds (this can be achieved by
standard shielding techniques, such as installing the chamber inside a led
castle or water tank); low activity of the construction materials (which in
turn requires low activity sensors and a radiopure metal to build the vessel
and field cage rings, as well as isolating any electronics near the fiducial
volume and carefully measuring the radioactive budget of any component
in the chamber), and detector performance.
3. The Availability Of A Topological Signature. A HPXe offers the
possibility to determine the complete topology of each event in 3-D, based
on energy-sensitive tracking of the ββ decay electrons and identification
of “satellite” deposits. The NEXT topological signature has been studied
in great detail using MC simulation. Background rejection factors of up
to a factor 100 are possible exploiting the topology. The NEXT-IFIC
prototype is currently reconstructing the topology of electrons emitted by
Cs-137, Na-22 and Co-60 sources.
1.3.1

Current status of Next

The collaboration is in the Research and Development (R&D) stage and
operating three prototypes in Berkeley, Valencia and Zaragoza. This prototypes
allow us to prove the technology, understand the potential problems and how to
operate with the final detector. The Berkeley prototype has achieved a really
good energy resolution of 1.1% of the photoelectric peak in the energy spectrum
of 137 Cs, that can be extrapolated to 0.5% at Qββ (see Fig. 9); near the intrinsic
limit dictated by Fano factor (more about the Fano factor in [2]) . Moreover
the NEXT-IFIC prototype (Fig. 10) is working on the SiPMs performance and
data analysis. We achieved a resolution of 2% FWHM on 137 Cs and preliminary
tracking reconstruction with PMTs.
The conceptual design report for NEXT-100 has been sent out to the LSC
and is planed plan to begging running in June 2013 [2].
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Figure 9: The energy spectrum of
type.

137

Cs recorded by the NEXT-LBNL proto-

Figure 10: IFIC’s prototype

15

2

Research on wavelength shifter reflector techniques

The detection of vacuum ultraviolet (VUV) photons is a very challenging
problem. Their are strongly absorbed by nearly all materials used for visible
optics, but they are not energetic enough to be treated calorimetrically like
X-rays or γ-rays.
In our case the detectors have been chosen taken into account some parameters as radiopurity and resolution in number but their sensitivity to VUV is not
as high as desirable. Moreover to achieve that high level of energy resolution is
necessary to optimize the light collection efficiency up to the 90% [18]. For this
purpose a light tube made of reflective material is used to allow the detectors
to see the maximal amount of light. However there is no that high reflectivity
material for VUV light. Xenon scintillates in the VUV range, with a peak at
∼175 nm. As said before, in section 1.3, we use PMTs for energy measurement
(R11410 from Hamamatsu) and SiPMs for the track reconstruction (S1036211-025P from Hamamatsu). In those range the quantum efficiency of PMTs is
about 25% (see Fig. 11) and these PTMs are placed inside an enclosure optically
coupled to a sapphire window (that absorb UV) to hold the high pressure inside
the TPC. These PMTs were chosen because their ultra-high radiopurity but is
not allowed to pressurize them, therefore the enclosure is needed. Furthermore
the SiPMs are not sensitive to this wavelength (see Fig. 12)

Figure 11: QE of the R11410-10 phototube. From Hamamatsu Photonics technical sheet.
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Figure 12: The photon detection efficiency as function of the wave length of the
incident light for the SiPMs considered [2].
The sensitivity and reflectivity in VUV range problem can be side-stepped by
down-scattering VUV photons into the visible wavelength band with a fluorine.
One very common technique is to coat a surface in contact with the noble
element with a thin film of a wavelength shifter (WLS) organic compound [19].
The wavelength shifters and in particular fluorines that are able to convert
VUV light to blue light are under studies since a long. Their good results and
also those obtained by the Collaboration using this method on the SiPM [17]
shows that this a good way to work. The technique use to achieve that results
in our case is discussed in this article. Also are shown some of the previous
studies made, specifically the ones that show result in our area.
First of all we may do a very simple explanation on the emission mechanism to better understand of all the process and then we explain how work the
wavelength shifter.
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2.1

Xenon scintillation

Rather than simply exciting an atomic or molecular state which then emits
light as it relaxes to the ground state, scintillation in noble elements is actually
produced by the de-excitation of dimer molecules formed from combinations of
excited or ionized atoms and a ground state atom. This scintillation light has
two components arising from two different states: a short-lived, singlet state,
and a long-lived, triplet state. The lifetime difference comes from whether the
noble atom in question is ionized or simply excited when it forms the dimer
molecule. Dimers formed from an excited atom can decay very quickly with a
typical lifetime of 10 ns. Ionized dimers, on the other hand, must recombine
with a nearby electron before the dimer state can decay. This dramatically
increases the lifetime of the dimer to microseconds or longer. Because the scintillation light corresponds to a transition in a temporary dimer state, there is
no corresponding transition in the surrounding monoatomic medium to absorb
photons once produced. As a result, these scintillation photons have a very long
path length, making noble elements essentially transparent at their scintillation
wavelengths [19] and upper wavelengths. The scintillation scheme of Xenon can
be sen in figure 13. That is why this step-down process can be done, shift the
photons to lower energy without any absorption of light due to the gas used.

Figure 13: Mechanism of scintillation in xenon. There are two main channels
for the production of vacuum ultraviolet (VUV) scintillation, ionization and excitation. In both situations a photon of scintillation is produced in the radiative
decay of the molecule Xe2 [22].

18

2.2

Wavelength shifter

There are some fluorine wavelength shifter (WLS) that can be used for
shifting the light from the VUV to the visible directly or even combine two of
them to achieve this in a three step process. This WLS are organic compounds
that basically absorb a photon in the UV and re-emits some of them with lower
energy.
This aromatic organic compounds fluoresce when their Π-orbital electrons
are excited, either by ionizing particles or UV radiation. Electrons excited to the
vibrational states of the first excited state (S1 ) relax within picoseconds to the
lowest lying level of S1 before decaying to the ground state with the radiation
of a photon at the compound’s characteristic emission wavelength, see figure
14. If the concentration of the wavelength shifting solute is high enough this
energy is transferred by non-radiative dipole-dipole interactions to its excited
levels producing fluorescence. The transfer is efficient if there is good overlap
between the binder’s emission spectrum and the absorption spectrum of the
solute. Energy transfer to further solutes is possible, allowing the final light to
be shifted to even longer wavelengths [20]

Figure 14: Energy levels diagram of an organic molecule with Π-electron structure [2].
Some of this WLS characteristic are shown in the 15th figure. The WLS that
match better to our purpose is the 1,1,4,4-Tetraphenyl-1,3-butadiene (TPB)
because of its emission spectrum peak is on the maximum of SiPM sensitivity
(430 nm).
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Figure 15: Different WLS with their emission spectrum (top)[17]. Visible reemission spectrum for a TPB film illuminated with 128, 160, 175, and 250 nm
light. All spectra are normalized to unit area (bottom) [19].
The TPB WLS is delivered in solid state as a powder, this allow us to use
basically three techniques of deposition on the acrylic materials that we would
use. It is clear that the better the homogeneity of the deposition the better
resolution in the detector, because one would shift all the light homogeneously
rather than only the photons that arrive to area with TPB but not the ones
that arrive to the no TPB (or less TPB) region. The techniques used by other
studies are: vacuum evaporation, spraying, or by dissolving in a polymer matrix.
For comparison in figure 16 can be seen that spraying create a small crystal
structure while the evaporation method achieve a really good homogeneity. The
dissolving procedure introduce more technical problems for our large panels than
the homogeneous achieved [21].
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Figure 16: Surface structure of evaporated (left) and sprayed (right) TPB on
3MTM foil under the microscope, illuminated by 250 nm light [21]
Although the different studies does not agree on the optimal thickness of
deposition is clearly shown that has to be more than 0.5 mg/cm2 for optimize
the QE and less than 2.0 mg/cm2 in order to allow its emission to pass through
the TPB deposited layer.

Figure 17: Quantum efficiency versus thickness of TPB for 175 nm incident
light (top left) [20]. Conversion efficiency as absolute yield in photoelectrons
for the various thicknesses of deposited TPB on 3MTM foil compared to a few
measurements of TTX foils (top right) [21]. Transmittance of the TPB at its
emission wavelength as a function of thickness (bottom) [2]
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2.3

Reflector material

Regarding to the choice of the reflector material, on which is deposited the
TPB, some aspects have to be considered:
Reflectivity It has to be a good enough reflector to the TPB emission wavelength.
Outgasing Due to the extreme purity of the Xenon any material that would
slowly release trapped compounds that can not be remove by vacuum
pumping would be undesirable.
Radiopurity high radiopurity of the materials used in the detector is needed.
Stiffness The material has to have sufficient rigidity to form the light tube.
Conductivity Because of the presence of a strong electric field at the position
of the light reflector non conductive materials has to be considered.
According to these requirements the most used and studied materials that can
be used are:
1. Extruded PTFE: Polytetrafluoroethylene is a synthetic fluoropolymer of
tetrafluoroethylene most well known by the DuPont brand name Teflon.
It is radiopure, has a high electronegativity making it suitable for use as
an insulator, is used in pipework because of the its strength. Its reflection
coefficient is about 73% at 175nm. However it was observed a decrease
of about 15% of reflectivity when the PTFE was exposed to intense VUV
radiation during about 90 h [22]. Moreover due to its porosity it has a
really high outgasing rate.
2. ESR from 3M: The Vikuiti™ Enhanced Specular Reflector foil from the
company 3M™ is a multilayer specular reflecting polymer film. It Is highly
radiopure and low outgasing. Its appearance is that of a polished metal
although the material is non conducting. It has a specular reflection coefficient of practically 100% in a large region of the optical spectrum [21].
It can be attached to one or two rings using a few points to hold the tube
shape.
3. Tetratex® (TTX) from the company Donaldson Membranes: TTX is an
aligned polytetrafluoroethylene (PTFE) fibrous cloth and is nearly a 100%
diffuse Lambertian reflector. It is also radiopure and has low outgassing
[21]. It is non conducting but is not rigid enough to make itself a tube, it
has to be attached to supporting structure.
The TPB deposition and the response on this materials coated to the VUV is
the subject of the subsequent chapters.
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3

Development of the reflectors

As shown above the better homogeneity of the vacuum evaporation, the
experience of other experiments and its feasible way to carry out in our facilities ( or with ICMOL collaboration as have been done for the SiPM daughter
boards coating) suggest the use of this technique. Moreover the vacuum evaporation allow us to make cleaner deposition to prevent any possible adition of
background source from the environment.

3.1

Vacuum Coating Machine

The evaporation chamber developed by the Argon Dark Matter (ArDM)
collaboration was lend to as at beginnig of the summer. This is a stainless steel
vacuum chamber large enough to house reflector sheets of 120×25 cm2 which
have the right size for the NEXT-100 detector. The apparatus consists mainly
of two parts, a horizontal tube with pumping connection on its closed end and a
slide-in copper array of 13 ceramic crucibles mounted onto a Viton-sealed access
flange (Fig. 18). The crucibles are electrically heated by connecting them in
series for better uniformity and lower total supply current. The TPB powder
goes into these crucibles, as you turn on the power supply the temperature of
the tungsten resistors that hold the crucibles increase. When is heated the TPB
evaporates and, due to the vacuum inside, the thermal energy is enough to stick
the TPB to the foils. The reflector sheets are supported by 100µm stainless
steel wires in a crescent arrangement for constant distance from the crucibles.
Vacuum evacuation of the chamber is done through the liquid Nitrogen
cooled cold trap. The cold trap is used to protect the turbo-pump (HiCube
400 Classic from Pfeiffer Vacuum) from being contaminated by the TPB and
remove of the water vapor. After achieving 10-4 mbar vacuum the power supply
switches on.
We were doing several runs during the summer to test the machine, achieve
the desired vacuum, hold the sheets properly and search for the optimal current.
This was done in order to heat the TPB slowly enough to evaporate it without
bubbling -as other studies suggest [17, 20, 21 ] for an uniform and constant
deposition. The result was that a reasonable evaporation is achieved after four
hours at 10A current.
Was also studied the amount of TPB needed on each crucible to achieve the
desired thickness on the foils (Fig. 19). This was done measuring the weight of
the foil before and after the the deposition and calculating its surface density.
The best result achieved is a thickness of 0.17mg/cm2 with 0.10g per crucible.
The final results are shown in figure 19 where different materials -coated and
uncoated- are illuminated with a 254nm lamp.
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Figure 18: Drawing of the ArDM setup used to deposit layers of TPB onto
3MTM and TTX foils (top) [21]. Detail of the slide-in copper array with the
ceramic crucibles on the tungsten resistors (center). The setup during a coating
run: in the front can be seen the connections to the power supply and in the
rear part the vacuum system - liquid nitrogen cold trap and turbo pump- as
well the nitrogen dewar (bottom).
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Figure 19: From left to right and top to bottom: one of the first thickness
deposition measurements; ESR foil coated with TPB but a part (can be seen
the quite transparency of this TPB thickness deposition); ESR foil without TPB
illuminated by a 254 nm lamp (shown its specular appearance); The same as
on the left but coated with TPB ( the re-emision in the blue is clear); Coated
and uncoated (top) piece of TTX under the illumination of a 254 nm lamp;
Vacuum chamber storage to prevent of air and light degradation of the TPB
coated sheets.
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4

Characterization of the reflectors

After coating the foils in order to characterize them a detector setup has
been developed. This is also a way to show the gain in light collection of using
this material as light tube in Next-100.
This setup consist in a vacuum chamber with a PTM detector (R8520 from
Hamamatsu) on one side and on the other side one 240nm AlGaN based LED
(UVTOP240 from Roithner Laser Technik GmbH). The power and signal connections are made through a ceramic feedthroughs on both side of the chamber.
This setup forms a 10cm diameter light tube of 20cm length. It allow us to
measure the amount of light collected by the PMT with each material that
make up the light tube. The additional equipment is power supply for the PMT
(TC952A Tennlec Oxford High Voltage), a pulse generator to for the LED (Agilent 33250A) and an oscilloscope (Yokogawa DLM2000) to read out the signal
(Fig. 20).
The electrical collections technique was improve using vacuum coaxial wires
welded by low temperature solder to kapton isolated wires. Also vacuum teflon
shrink tube isolator were used. The connections show good results and this
technique was applied to the NEXT-IFIC prototype improving its connections.

Figure 20: From left to right and top to bottom: PTM holder with the PBC
base in which is connected the PMT and special wires suitable for vacuum
connections; the same PMT plane show from the other side of the detector;
LED holder and connections; the whole detector with the power supply, pulse
generator and oscilloscope.
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The measurements are done so that with the same setup we can compare
each material. The PMT HV is set 900V (its optimal gain relation). The LED
is powered by 50ns pulse with 10ns time rump-up to minimize switch on noise.
The LED is pulsed at 100kHz frequency. The amplitude of the pulse has been
tune to achieve single photon emission. That means to either see one photon or
not signal. It was challenging because what is low level for one setup resulted
in too much light for other. Finally set the amplitude to 2.715 Vpp , using the
stainless steel light tube as a reference.
The signal recorded by the PMT was measured by the oscilloscope, with an
external trigger provided by the pulse generator. In order to ensure that only
LED initiated events were recorded. The oscilloscope (Fig. 21) then integrate,
with respect to time, the signal. The result corresponded to the total charge
divided by the impedance of the load (50Ω) :
´
´
´ I
I dt = Q
dt = R1
V dt = R
R

Figure 21: Oscilloscope screen image. Is shown the PMT signal (yellow), the
filtered signal (red), the LED trigger (green) and integral of the signal measurement (yellow histogram).
Then all data is analyzed with the ROOT analysis framework plotting in an
histogram the frequency in charge measurements for the same number of events
for each setup. In the following plots can be seen this measurements:
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Figure 22: Steel tube, nothing on the walls, and the LED off.

Figure 23: Steel tube, nothing on the walls, and the LED on.
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Figure 24: With a 3M foil as a light tube.

Figure 25: With a 3M foil coated with TPB.
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Figure 26: Light tube made of TTX attached to 3M.

Figure 27: TTX coated with TPB over 3M.
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5

Preliminary results

An enhancement on the light collected by the amount of charge measured
in each setup was expected in the order o that the measures were made. The
results comparing the mean charge collected in each setup shows :
Material
Mean charge (C)
Gain

Steel
-1.819E-9
reference

ESR
-2.815E-9
1,54

ESR + TPB
-2.929E-9
1,61

TTX
-3.491E-8
19,19

TTX + TPB
-3.622E-8
19,91

As can be observed in the plots and above the enhancement is clear reading
the mean charge of the distribution. The light collected with the ESR foil is
one and a half times better than with the light tube naked. The improve with
the TTX is impressive, is quite twenty times more than the light that reach the
detector without reflector.
Also can be seen the little improvement with the TPB coated reflectors, just
1,04 times more than without TPB in both cases.
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6

Conclusions

Regarding to the techniques used, has been shown a good way to develop
coated reflectors. The coating machine has been used successfully and can be
used in the future with the guide developed to its use. Also a useful technique
to characterize the reflectors has been developed successfully.
Concerning to the reflectors, this results show up that a reflector light tube
works to improve the light collection and it could be enough to use it in the
final detector.
Therefore based on the results shown above -material properties, homogeneous response under the UV lamp (Fig. 19) and measurements- a layer of TTX
attached to an ESR foil shows the bets light collection. So has been chose as a
substrate for the TPB deposition. It can be a multilayer specular and diffuse
reflector, is radiopure and stiff enough to be used as a light tube in NEXT-100.
Although the good results, it shows that more studies have to be made in the
characterization of the coated reflectors. Is planned to make more depositions
with different thickness in order to observe how much can increase the light
collection and which is the optimal thickness to our goals.
We succeed in getting an old batch of TPB (from 2007 whereas the TPB
used was from 2011) that allow us to make measurements of degradation on
time.
One drawback of this study is that with an LED source we can only show
relative results and the LED not correspond to the wavelength of xenon. We
plan to improve the characterization technique using a radioactive source to
excite Xenon and measure the energy of each event (scintillation) to determine
the gain and reflectivity. We will reproduce this measurements and the further
characterization with this technique.
It is also important to say the meantime of development of this work, simulation of re-emison and reflectivity measurements with Geant4 has been started.
The simulation of the geometry of the detector has been made. We will check
the simulation and the measurements in order to tune the reflectivity numbers
for the Next-100 simulation.
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