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Abstract

This work investigates the capability of TMA ((CHs)sN) molecules to shift the wavelength of Xe VUV emission (160-
188 nm) to a longer, more manageable, wavelength (260-350 nm). Light emitted from a Xe lamp was passed through a gas
chamber filled with Xe-TMA mixtures at 800 Torr and detected with a photomultiplier tube. Using bandpass filters in the
proper transmission ranges, no reemitted light was observed experimentally. Considering the detection limit of the
experimental system, if reemission by TMA molecules occurs, it is below 0.3% of the scintillation absorbed in the 160-
188 nm range. An absorption coefficient value for xenon VUV light by TMA of 0.43+0.03 cm™Torr? was also obtained.
These results can be especially important for experiments considering TMA as a molecular additive to Xe in large volume
optical time projection chambers.

Keywords: Gaseous Radiation Detectors; Noble Gas Mixtures; Molecular Additives; VUV Absorption;

1. Introduction

High-pressure gaseous xenon optical time projection chambers (OTPCs) hold high promise for neutrinoless
double beta decay (0vBB) searches in %Xe, with strong background rejection based on high energy resolution
and accurate track reconstruction. Presently, two main collaborations are developing the technology towards ton-
scale masses: NEXT [1-3] and more recently PandaX-111 [4], with early R&D also carried out by the AXEL
collaboration [5]. The baseline design of NEXT consists of pure Xe with no additives. This allows aiming at a
superb energy resolution of 0.5% FWHM at the Q-value of the decay (Q@zz = 2458 keV) relying on
electroluminescence (EL) with no charge multiplication. [6-8]. However, elastic collisions of the drifting
electrons with the heavy Xe atoms result in considerable diffusion which degrades the quality of track imaging.
Electron diffusion can be significantly reduced by introducing low concentrations of molecular additives to Xe
[9, 10]. These cool down the electrons by including inelastic collisions that transfer kinetic energy to internal



degrees of freedom, but at the price of degraded energy resolution. This compromise calls for detailed
experimental studies to assess the positive and negative effect of such doping.

One of the molecular additives suggested [7] for high-pressure Xe OTPCs for 0vB g searches is trimethylamine
(TMA, (CHs)sN). TMA is potentially a promising option, since it might have the additional advantage of shifting
the wavelength of vacuum ultraviolet xenon scintillation [11] centred at 172 nm, to a higher, more manageable
wavelength, eventually avoiding the use of deposited wavelength converters [12] that can also present some
problems, namely in the gas purity.

Furthermore, the idea in [7] was to convert Xe excitation at the primary track to TMA ionization by the
Penning effect [13, 14], thereby reducing the Fano factor and improving the energy resolution. These advantages
may eventually compensate for the decrease in scintillation yield that is usually associated to the presence of
molecular additives [10, 15, 16].

The NEXT TPC uses primary Xe scintillation emitted at the ionization track to determine the start time to of
the event, allowing to calculate the longitudinal coordinate of the event.

Even though this signal is strongly suppressed by small amounts of TMA [17, 18], the large number of
emitted photons may, in principle, still be enough for a robust t, determination. Figure 1 shows a map of the
relevant processes affecting this question. This includes Penning transfers between excited Xe states and TMA,
and charge transfers between positive Xe ions and TMA - both of which may, in principle, lead to light emission
by TMA during recombination or de-excitation; in addition, the map includes the absorption of Xe VUV photons
and possible reemission by TMA at a longer wavelength, which is the subject of the present study (dashed
rectangle). Previous works have shown that TMA absorbs light (in the range 115-260 nm) [19-23]. However,
reemission studies, only carried out from 210 to 260 nm, concluded that reemission occurs, partially or totally,
depending on the absorbed wavelength, in the 260-350 nm range [22, 23]. Our purpose here is to extend these
studies to the absorption of Xe VUV light, noting that emission at longer wavelengths is favorable with respect to
the photon detection efficiency of silicon photomultipliers. As a useful by-product, we also re-measure the
absorption coefficient of Xe VUV light in Xe-TMA.

To make this study, an experimental setup was devised, which will be described and discussed in the
following section.
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Fig. 1. Schematic of the reactions in Xe-TMA mixtures after ionization and excitation of Xe. The present work studied the processes in red.

2. Experimental setup and method

The experimental setup consisted of a cylindrical stainless steel chamber with two opposed apertures (up and
bottom bases) and two connections to the gas system, as can be seen in Fig. 2.



The chamber was 49.7 mm long with its upper base in contact with a xenon lamp through a suprasil® window
(311 suprasil® Heareus, 10 mm thick) and the bottom base connected to a photomultiplier tube (Hamamatsu
model R8520-406), through a second similar window. These windows and the photomultiplier tube (PMT) are
suitable for the transmission and detection of light in the wavelength range of interest. The window has an
increasing transmission efficiency from about 5% at 160 nm to 85% at 180 nm and to 92% at 500 nm [24]. The
PMT has a quantum efficiency slightly above 20% for the wavelengths of interest [25]. When needed, adequate
bandpass filters were fitted between the PMT and the window, as shown in Fig. 2, carefully adjusting these three
surfaces, to minimize the air absorption for these wavelengths.

The xenon lamp used was custom made (it is a xenon-filled proportional counter with an 24*!Am radioactive
source placed inside), with the light intensity controlled by the voltage applied to the anode. Since in a
proportional counter without gas purification the scintillation intensity decreases with time due to the increase of
the impurity levels in the gas filling, the light intensity emitted by this lamp was monitored along the experiment
and appropriate corrections were made for this effect.
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Fig. 2. Schematic of the experimental setup, showing the custom made Xe lamp, separated from the gas chamber through a suprasil®
window. Also shown is the photomultiplier tube (PMT) that collects the light from the gas chamber and that is also connected to the gas
chamber through another suprasil® window and eventually a filter.

For each measurement, the chamber was filled with the gas to be studied and, when the xenon lamp was
turned on, xenon scintillation photons entered the gas filled chamber. If absorbed by the gas molecules, these
photons may be reemitted at longer wavelengths. The light collected at the PMT, corresponding to light that was
either not absorbed in the gas or absorbed and reemitted, produced a signal which was fed to a multichannel
analyzer (MCA - Amptek MCAB8000D), generating a spectrum with a centroid proportional to the number of
photons collected per lamp event.

In order to single out the range of wavelengths of interest for this study — Xe scintillation emission (160-
188 nm), coming directly from the lamp, and TMA reemission (260-350 nm) — appropriate bandpass filters were
used, whose characteristics are summarized in table 1. As shown, the filters had different nominal transmissions
for which the corresponding peak centroid positions in the MCA were corrected. Filter BP1 (U-330 UV from
Edmund Optics) had a transmission above 70% in the 250-370 nm range with the maximum of 90% at 310 nm
[26]. Filter BP2 (VUV bandpass from S.A.Matra®) had a peak nominal transmission at 172 nm of 12% with
17 nm FWHM [27]. Nevertheless, since the range of wavelengths transmitted by this filter (160-188 nm)



corresponds to a region of abrupt increase of the suprasil® window transmission [24], this transmission was
corrected by weighting the bandpass filter transmission with that of the suprasil® window in the range of
wavelengths transmitted by the filter. Thus, an average transmission of 9.5% was obtained for the bandpass filter.
Without filter (WF) the transmission range (160-650 nm) was limited by the PMT response and window
transmission.

Table 1
Nominal transmission efficiency for the filters used

Filter type Transm. range Max.transm. eff.
(nm) (%)

Without filter (WF) 160-650 100

Bandpass 1 (BP1) 220-400 90

Thin glass (TG) >350 95

Bandpass 2 (BP2) 160-188 12

The full lamp emission spectrum was not available, although it was known to be predominantly in the Xe
VUV range. To have a better understanding of the experimental results, a study of the lamp emission using the
different filters was made, with vacuum in the experimental chamber (10 Torr). Fig. 3 shows the light collected
when using each of the filters, corrected by the respective transmission of the filter used, and normalized to the
total light collected without filter. It can be confirmed that the lamp emitted mainly (>90%) in the 160-188 nm
range, however residual emission (<0.75%) above 220 nm was also detected. Although the set of filters used
covered the regions of interest for the present study (160-188 and 260-350 nm), allowing to separate the relevant
ranges, the overall filter coverage has a gap in the 188-220 nm range which means that photons within the 188-
220 nm range were only detected without filter. As can be seen in Fig. 3, the sum of the contributions of the
different wavelength ranges amounts to 94%. The missing 6% can be due to either the photons emitted in the
filter gap range (188-220 nm), or to a slight overestimation of the BP2 filter efficiency. Nevertheless, since the
reported TMA reemission is in the 260-350 nm range, this limitation was not considered relevant for the present
study.

Prior to each gas filling, high vacuum was made in the chamber and during the measurements, the gas
composition of each mixture was monitored with a residual gas analyzer - RGA (Hiden quadrupole HAL200),
placed on the evacuation line, isolated by a precision leak valve, through which a small leak was allowed,
enabling the gas analysis. The RGA was previously calibrated for these mixtures.

The working gas pressure was 800 Torr for all the experiments and the gas was continuously purified by
convection, either with a hot getter SAES 707 in pure xenon or a cold getter SAES MC1-702-F in Xe-TMA
mixtures.
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Fig. 3. Ratio between the light collected at the PMT with and without filter, as a function of the voltage applied to the lamp anode, measured
in vacuum for different filters. The series in red (160-188 nm) reports to the left axis, while the series in green (220-400 nm) and blue
(>350 nm) report to the right axis. The values were corrected for each filter transmission.

3. Results

In order to detect and measure the eventual reemission of Xe scintillation by TMA molecules, the chamber was
filled with Xe-TMA mixtures and the light, coming directly from the lamp or reemitted, was collected at the
PMT. The initial study was made without any filter. In Fig. 4 the MCA spectra obtained for the different Xe-
TMA mixtures are presented. We can observe a gradual decrease of the centroid channel as TMA concentration

increases, related with the reduction of

the light that is collected by the PMT, due to absorption by TMA.
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Fig. 4. MCA spectra of the light (160-650 nm) collected by the PMT for different Xe-TMA mixtures in the chamber. The total gas pressure is
800 Torr. The voltage applied to the lamp was 2000 V. A zoom is shown for the mixtures with 0.45%, 0.32% and 0.23% TMA fraction.

When possible, the MCA software fitted a Gaussian curve to the spectra and calculated the centroids of these
distributions. When the light reaching the PMT is so low that the obtained spectra involved only a few channels



near the origin, the MCA software was not capable of performing the fit. In these critical cases, the centroid
positions were calculated through the weighted mean of the number of counts in each channel, as explained
below. Above 0.5% of TMA at 800 Torr, the photons reaching the PMT were not enough to produce a visible
signal and only residual light was detected.

To clarify, for each Xe-TMA mixture, if the light collected was coming directly from the lamp (160-188 nm)
or if it was being reemitted by TMA (260-350 nm), the measurement was repeated for every mixture using the
220-400 nm BP1 bandpass filter. The corresponding spectra are presented in Fig. 5. As can be seen, with this
filter, the fraction of light collected at the PMT was always the same, either in vacuum, in pure xenon or in the
different mixtures, with the mean centroid position at channel 1.64+0.12 corresponding to about 0.2% of the total
amount of light emitted by the lamp that reaches the PMT without filter and in vacuum (channel 708 in the
MCA).
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Fig. 5. MCA histogram of the light collected by the PMT using the bandpass filter BP1 (220-400 nm) for different Xe-TMA mixtures in the
chamber. The total gas pressure is 800 Torr. The voltage applied to the lamp was 2000 V.

The results are summarized in Fig. 6, where the centroid channel of the MCA spectra is depicted as a function
of TMA concentration in the mixtures. It can be seen that, without filter, the light collected decreases
progressively as TMA percentage increases up to a partial TMA pressure of about 4 Torr (0.5% TMA at
800 Torr) (green symbols, left axis). With the bandpass filter of 220-400 nm on the PMT, the collected light is
always the same and centered at channel 1.64 (red symbols, right axis). In Table 2 we summarize the results



obtained for the light detected with the different bandpass filters used, relative to the light in vacuum without

filter, in Xe and Xe-TMA mixtures at 800 Torr total pressure.
It can thus be concluded that not only TMA absorbs Xe scintillation, even at low percentages (above 4 Torr -

0.5% concentration - in an estimated average path of 50.3 mm), but also that it does not reemit it in the 260-

350 nm range as far as our system could detect.
The absorption coefficient of TMA in the 160-188 nm range was calculated from the slope of the linear fit to

the logarithmic experimental values without filter (Fig. 6). The value of 0.43+0.03 Torrcm™ was obtained, in

agreement with previous measurements performed at low pressure [19].
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Fig. 6. Light collected at the PMT (MCA channel) as a function of TMA concentration in the mixture, at 800 Torr in an estimated average
path of 50.3 mm, without filter (green symbols, left axis) and with the 220-400 nm filter (red symbols, right axis). The voltage applied to the
lamp was the same in all cases (2000 V). Horizontal error bars are the same in both series. Vertical error bars in the data without filter,
although represented, are small and not visible.

Table 2

Light detected (relative to the light in vacuum without filter) in pure Xe and Xe-TMA mixtures at 800 Torr total pressure, without filters and
for the different bandpass filters used (at 2000 V lamp voltage).

TMA TMA No filter 220-400 nm >350 nm 160-188 nm
(Torr) (% at 800 Torr) (%) (%) (%) (%)

8.49 + 0.45 1.06 +0.06 0.94 +£0.07 0.24 +0.05 0.50 +0.05 *

6.03 £0.14 0.75+0.02 0.89 +£0.07 0.22 +0.05 0.45 +0.05 *
4.38+0.23 0.55+0.03 0.88 +0.07 0.22 +0.05 0.48 +0.05 *

3.58 +0.04 0.45+0.01 1.05+0.11 0.25+0.05 0.48 £ 0.05 *

2.57 £0.37 0.32 +£0.05 1.44 £0.07 0.23+0.05 0.47 £0.05 0.7+05
1.83+£0.33 0.23+0.04 3.65+0.07 0.24 £0.05 0.46 £ 0.05 16+10
1.16 £ 0.04 0.15+0.01 7.81+0.10 0.19+£0.05 0.49 £ 0.05 6.6+1.0
0.73+0.38 0.09 +0.05 16.5+0.2 0.21+0.05 0.49 £ 0.05 11.2+1.0
0.56 +0.23 0.07 £0.03 255+0.9 0.23+0.05 0.51 +£0.05 245+1.0
0.00 0.00 100 0.24 +0.05 0.49 + 0.05 93.2+4.4

* not measurable



4, Discussion

Although our experimental results indicate that there is no reemission of Xe light by TMA molecules, the upper
reemission limit that can be established from these measurements depends on the detection limit of our
experimental system. In order to assess this limit and to infer from it an upper reemission probability of Xe
scintillation by TMA molecules, further analysis was made by a Monte Carlo simulation.

First of all, the limit of light detection of the MCA had to be estimated. In our best working experimental
conditions and when the light collected in vacuum at the PMT with no filter (maximum light collected) was in
channel 708 in the MCA, we considered that the smallest change that could be meaningfully detected in the
critical region referred before (near the origin of the MCA) was 0.5 of a MCA channel. This corresponds to
0.07% of the maximum light collected at the PMT.

However, due to the isotropy of the eventual light reemission by TMA molecules, its detection efficiency by
the PMT will be different from that due to the lamp. In fact, the reemitted photon besides having a higher
wavelength can be emitted in all directions, and at different reflection coefficient in the chamber walls is higher
than for VUV light. Figure 7 sketches the detection of the light without (a) and with reemission (b). The balance
between the photons that can, through reemission either reach the PMT or miss it is important in the calculation
of the reemission probability from the experimental data. To estimate the result of this balance, a Monte Carlo
simulation model was developed. In this model all the characteristics and geometric details of the experimental
setup were included, as well as the optical effects capable of changing the photons’ direction, such as the
refraction in the transmission windows and specular reflection of the different energy photons in the inner
polished walls of the device, chosen according to the different wavelengths involved (VUV and ~300nm).
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Fig. 7. Schematic representation of the light detection (a) without reemission and (b) with reemission. Blue lines represent Xe lamp photons
and the red dashed lines the solid angle subtended by the PMT. Green dashed lines represent the reemitted photons and orange dashed lines
photons reflected on the walls.

The flowchart of the Monte Carlo simulation is presented in Fig. 8. Each simulation run (for vacuum and for
all the mixtures) considered 108 photons entering the chamber coming from isotropic emission from the lamp.
The initial photons’ wavelength was chosen from a Gaussian distribution centered at 172 nm with 14 nm FWHM
[28], reproducing the xenon VUV emission. The change in this distribution and in the photon’s direction due to
the window transmission and refraction, respectively, was also considered.

The simulation uses the TMA VUV photon absorption coefficient obtained from our experimental results and
includes the possibility of reemission following photon absorption by TMA, considering different possible re-
emission probabilities. The reemitted photon wavelength was chosen from the wavelength distribution in [23].



Each photon is followed in its path in the chamber, suffering eventually reflection on the inside surfaces of the
chamber — either suprasil® or stainless steel — until it is absorbed by TMA (only for VUV photons), by the
surfaces, or transmitted through the windows. The simulation checks if the photons transmitted through the exit
window are detected by the PMT and if so they are counted as reemitted or as coming from the lamp, depending
on their wavelength. The photon transmission and reflection coefficients, the refraction index of the suprasil®
window and the photomultiplier quantum efficiency were taken from their data sheet [24, 25]. The reflection
coefficient for the chamber stainless steel was obtained from [29] for wavelengths above 250 nm and from [30]
for the VUV.

To relate experimental and simulation outputs, the simulation results in vacuum were normalized to the
experimental ones, in vacuum (channel 708 of the MCA). Using this relation, the number of simulated photons
that reach the PMT was converted into a channel number.

Eph> ¢’ph s
% TMA

absorption

Z
B

-

Z

0

@
o
&

direction

reflection

Z

:ttl'ﬂl'ﬂ
i

OGP

Fig. 8. Flow chart of the simulation carried out to assess the reemission probability of the photons eventually reemitted by TMA.

For each Xe-TMA mixture, the simulation was run considering different reemission probabilities, starting
arbitrarily with the reemission of 0.1% of the absorbed photons, counting the reemitted photons that reach the
PMT and converting them into a MCA channel. These results are presented in Fig. 9 where each curve represents
the expected channel in the MCA for a given reemission probability, as a function of the TMA percentage. The
nearly constant MCA channel value for TMA concentration above 0.2%, indicates that almost all lamp photons
are absorbed in the mixture (~97%), and from then on, the number of reemitted photons is approximately
constant, depending mainly on the reemission probability used.



The horizontal full line represents the estimated detection limit of 0.5 channel of the MCA. The reemission
probability corresponding to this limit is the lowest reemission probability that would be detectable in our
experimental conditions. Since, within our experimental conditions, no reemission was observed these results
allow us to conclude that if reemission does occur, it must be below 0.3% of the light absorbed by TMA,
otherwise it would have been experimentally observed.
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Fig. 9. Monte Carlo simulation results for number of reemitted photons (converted to channel in the MCA) as a function of TMA
concentration, for four different reemission probabilities.

5. Conclusions

In order to assess the behavior of TMA regarding the reemission of xenon scintillation in the known TMA
emission range of 260-350 nm, a special experimental setup was built. It consisted of a cylindrical stainless steel
chamber 49.7 mm long, with two opposing suprasil® quartz windows in contact, one with a xenon lamp that
emitted photons into the chamber and another with a photomultiplier tube that detected light that, after traversing
the gas, was not absorbed by the gas molecules or that was reemitted. The light collected in the photomultiplier
tube created a peak in a multichannel analyzer, whose centroid position was proportional to the intensity of the
light detected. To quantify the wavelength distribution of the light emitted from the lamp and to identify the TMA
absorption and expected reemission, adequate bandpass filters were used in vacuum, in pure xenon and in Xe-
TMA mixtures with compositions in the range 0.07% - 1.06% TMA. All mixtures considered had their
composition checked with a residual gas analyzer. In all experiments, the total gas pressure was 800 Torr and the
gas was continuously purified with suitable getters. For TMA percentages above 0.5% in an estimated average
path of 50.3 mm, xenon VUV light is absorbed and no signal can be observed in the MCA. An absorption
coefficient of 0.43+0.03 Torrcm™ was estimated for TMA in the 160-188 nm range, a value in agreement with
previous measurements. Concerning TMA reemission in the 260-350 nm range, it was not observed within our
estimated experimental precision (0.07% of the total light collected), for any TMA concentration. To take into
account the isotropy of the reemission process and estimate an upper limit of detectable reemission in our
experimental system, a Monte Carlo simulation was implemented. The Monte Carlo model used the measured
experimental TMA absorption coefficient and included the relevant geometrical and optical details of the
experimental system, including a wavelength dependent reflection of the radiation in the chamber’s inner walls.
Normalizing experimental and simulation results in vacuum conditions, reemission probability values could be
scanned in order to reproduce the 220-400 nm filter experimental results in the mixtures, until the experimental
detection limit was achieved. The simulation results have shown that a reemission probability higher than 0.3%



should be detectable in our experimental system. Since no detectable reemission was observed, we concluded that
if reemission occurs, its probability is below 0.3%.

Concerning the use of TMA as a dopant in a high-pressure TPC searching for Ovf, and in particular the
question of the possibility to detect a robust, primary scintillation, to signal, we believe that it will be quite
challenging. In fact, the excited Xe dimer that follows the initial interaction has two radiative decay channels: a
172 nm direct radiative emission that will be strongly absorbed by TMA molecules without reemission (or
<0.3%) as proven in this work; or, with a low probability (~3%, [18]), through fluorescent transfer to TMA, with
subsequent emission of ~300 nm radiation. In either case, it appears unrealistic that a primary scintillation signal,
even at the Qg energy, will be detectable.
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