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Abstract

Within the framework of xenon-based double beta decay experiments, we propose the possibility to improve the
background rejection of an electroluminescent Time Projection Chamber (EL TPC) by reducing the diffusion of the
drifting electrons while keeping nearly intact the energy resolution of a pure xenon EL TPC. Based on state-of-the-art
microscopic simulations, a substantial addition of helium, around 10 or 15 %, may reduce drastically the transverse
diffusion down to 2.5 mm/

√
m from the 10.5 mm/

√
m of pure xenon. The longitudinal diffusion remains around

4 mm/
√

m. Light production studies have been performed as well. They show that the relative variation in energy
resolution introduced by such a change does not exceed a few percent, which leaves the energy resolution practically
unchanged. The technical caveats of using photomultipliers close to an helium atmosphere are also discussed in detail.

Keywords: Helium, Xenon, Double-beta decay, TPC, Low diffusion, Electroluminescence

1. Introduction

Double beta decay is a process that has been observed
for very few nuclei in its two-neutrino mode. The unam-
bigous observation of a neutrinoless double beta decay
(0νββ) would definitely establish neutrinos as Majorana
particles, which would ultimately demonstrate the exis-
tence of lepton number violating processes [1]. Luckily,
one of these nuclei of interest is an isotope of Xenon, 136Xe.
Being a noble gas, Xenon can be used in Time Projection
Chambers (TPCs) where the target mass is actually the
detection volume. The scalability offered by xenon as a
detector medium is a key factor in order to probe the en-
tire inverted hierarchy, which would require reaching a
maximum sensitivity to the effective Majorana mass of the
electron neutrino, mββ, of about 15 meV. In order to reach
this sensitivity, ton scale detectors with a background rate
less than 1 count/year in the region of interest are a must.
The grail of all rare event experiments, which is exacer-
bated in neutrinoless double beta experiments, is to reach
the background free regime.

In this context, one of the specific technologies under
developement is the electroluminescent (EL) high pressure
xenon Time Projection Chamber [2], currently led by the
NEXT collaboration [3] that is using a plane of 1 mm2

SiPMs at 10 mm pitch and 8 mm from the center of the EL
region to perform the tracking of the events. Several ad-

vantages of this design include good energy resolution, in
the sub-percent range at Qββ (2459 keV), and the ability to
perform topological reconstruction of events at this energy.

An ∼MeV electron moving through the gas loses its
energy at a relatively constant rate until the end of its path
where the energy deposition rate increases. As a result,
a fully contained ionization trail left by such an electron
showcases a ‘blob-like’ end-point. The topology expected
from a double beta event consists then of two electron
tracks fully contained in the fiducial volume with a com-
mon origin and two ‘blobs’ at their ends. The main back-
ground source around Qββ stems from the γ-rays emitted
from 208Tl and 214Bi events for which one of the end-points
of the resulting track is misidentified as a blob. In addition,
any characteristic X-rays emitted during the interaction of
these gammas must convert relatively close to the main
ionization track to avoid being clearly separated from it.
While the ionization trail is drifted toward the EL region,
the diffusion of the ionization electrons degrades the imag-
ing performance of the TPC. Limiting its impact down to
the level of the technical limitation set by the pixel pitch
and EL gap thickness will allow for improved background
rejection and therefore a reduced background rate.

Hence, the topological resolution is limited by instru-
mental factors, tracking plane segmentation and the width
of the EL region, and physical limitations due to the diffu-
sion of the drifting electron cloud. Diffusion is particularly
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large in pure xenon (see [4] for further discussion specific
to NEXT detectors). After one meter of drift, a point-like
ionization deposit becomes a cloud distributed as a gaus-
sian of 10 mm sigma in the direction perpendicular to the
electric field (transverse) and 4 mm in the parallel direction
(longitudinal). This situation is far from ideal and can be
largely improved by adding molecular electron coolants
to the gas [5, 6] or by positive-ion detection [7]. As a ref-
erence, the thermal diffusion limit which can be found in
[8] gives a diffusion factor of ∼1.5 mm/

√
m for a field of

250 V/cm, which is very close to the ∼2.5 mm/
√

m value
obtained for instance in Xe/CO2 mixtures [6].

Looking forward, this paper explores the possibility of
using a substantial addition of helium to reduce the trans-
verse diffusion while keeping the energy resolution intact.
Helium is a particularly interesting alternative to the use of
molecular additives, being easier to handle and expectedly
free from light quenching effects. Its working principle and
main enabling assets are sketched in this communication.

2. Electron cooling and diffusion

The high diffusion of electrons drifting in heavy noble
gases is a well known issue. For VUV-quenched gas mix-
tures, as those commonly used in the operation of gaseous
detectors, the presence of molecular additives (CH4, CO2,
C4H10, ...) can be used advantageously in order to adjust
diffusion. The low energy rotational and vibrational states
of these molecules allow the electrons to cool down very
effectively leading to very low diffusion. This solution,
applied to an EL Xenon TPC, is detailed in [9]. In this
section we discuss the diffusion in pure noble gases and
explain the mechanisms by which adding helium signifi-
cantly reduces diffusion in xenon. We also present results
of simulations demonstrating that helium-doped xenon is
a serious candidate in the prospect of lowering the gas
diffusion, maintaining the energy resolution of pure xenon
at the same time.

2.1. Transverse diffusion

While drifting in a noble gas TPC, secondary electrons
reach statistical equilibrium by balancing the energy gained
through the action of the electric field with that lost in colli-
sions with the environmental noble gas atoms. The fact that
electron energies (under the typical drift fields in TPCs)
are far from the excitation levels of the noble gas atoms
implies that electron-atom collisions are elastic, allowing
a fairly accurate estimate of the momentum transfer by
using a classical kinematic calculation of two body colli-
sions. The momentum transfer efficiency depends, then,

on the mass ratio of the two bodies. Assuming isotropic
scattering, one can approximate the fractional energy loss
averaged over all scattering angles by the formula:

δε

ε
∼

2mM
(m + M)2 (1)

where m is the electron mass and M is the atomic mass of
the noble gas. Table A lists this value for all noble gases
generated using eq. 1. It must be said that elastic scatter-
ings are not necessarily isotropic, but this assumption is
reasonable for helium in the whole context of this paper
[10]. As for xenon, this is a valid assumption for electron
energies up to about 2.75 eV [11]. As can be seen on the
bottom panel of Fig. 1, this condition is well fulfilled.
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Figure 1: The top figure shows electron-xenon and electron-helium
collision cross section vs. the electron energy as extracted from [12].
The Ramsauer minimum can be observed in the xenon cross section
(solid black) while the helium cross section (dashed red) remains stable
below 10 eV. The bottom figure shows three energy distributions at
400 V/cm and 15 bar as computed by Magboltz: one in pure xenon
(black) and the two others (green and red) in HeXe mixtures.

By contrast to this large increase of the momentum trans-
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fer for light gas, one could expect that the total energy loss
of the electrons will remain approximately constant as the
cross section at very low energies becomes much larger
for xenon than for lighter atoms, by virtue of its larger
size (‘solid sphere’ model). However, the existence of the
Ramsauer minimum [13] in the xenon cross section that
can be seen in Fig. 1 counteracts the increase in atom size,
making the overall electron cooling of helium much more
effective.

He 2.74 · 10−4

Ne 5.44 · 10−5

Ar 2.75 · 10−5

Kr 1.31 · 10−5

Xe 8.07 · 10−6

Table A: Mean fractional energy loss of electrons in collisions against
noble gas atoms.

Neon and helium are the two natural options with respect
to table A. While neon is easier to manipulate, helium is
much more promising in terms of performance, as can be
expected from its higher cross section at eV energies.

We provide the results of simulations performed with
the software Magboltz [14] as shown in Fig. 2. The most
relevant parameter to look at is the transverse diffusion,
which is the dominating factor in the overall 3D diffusion.
Additionally, as we will show, the transverse diffusion
component is the one that can be drastically reduced in the
presence of additives.

These simulations were done assuming the standard
working conditions in gaseous xenon-based ββ0ν exper-
iments, namely an operating pressure of 15 bar and an
electric field ranging from 300 V/cm to 500 V/cm in the
drift region. Unlike the longitudinal diffusion, the trans-
verse diffusion is weakly affected by the electric field. The
transverse diffusion coefficient is shown on Fig. 2 as a
function of the helium concentration.

A transverse diffusion of 3.5 mm/
√

m is achievable with
an admixture of 10% of helium while 15% of helium low-
ers it to the level of 2.5 mm/

√
m which is not far from the

limiting case of pure helium diffusion in these conditions
: 1.8 mm/

√
m. These values, which are less than a factor

two higher than the thermal limit, remain a considerable
improvement with respect to pure xenon.

These diffusion coefficients need to be considered in
light of all instrumental effects in EL TPCs such as NEXT.
Both the root-mean-square (RMS) spreads in the charge
signals detected by the tracking plane photo-detectors, and
the mean bias in position reconstruction, are relevant. The
spatial distribution in the plane transverse to the drift direc-
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Figure 2: Transverse diffusion coefficient vs. the helium concentration
in a HeXe mixture at 15 bar absolute pressure. Solid curves fitting the
points are drawn to guide the eye of the reader.

tion, and for a point-like energy deposition in the gas, is
affected by three factors:

• the transverse diffusion of the charge along drift, in-
troducing the RMS transverse spreads quoted above;

• the point spread function projected on the tracking
plane due to isotropic light emission from a line seg-
ment at a fixed x − y position within the EL region. A
full Geant4 simulation, including reflected light, has
been performed for the currently operating NEXT-
White detector. In this case, for a 6 mm wide EL
region and a 8 mm distance between the center of
the EL region and the tracking plane, a 3.8 mm RMS
transverse spread is obtained;

• the sampling of the point-spread function at the track-
ing photo-detectors’ positions. For a lattice of SiPMs
at a 10 mm pitch in the x − y plane, and conserva-
tively assuming no light sharing between neighboring
SiPMs, a 2.8 mm mean bias in transverse position
reconstruction is obtained. This value should be taken
as an upper limit on the position resolution induced
by the SiPM pitch. The position bias is reduced by
the effect of light sharing, and more elaborate algo-
rithms can provide a much better transverse position
estimate [15].

As is apparent from the above numbers, and for a drift
distance of one meter, a 10–15% admixture of helium suc-
cessfully reduces transverse diffusion effects to the same
level of the RMS transverse spread introduced by the detec-
tor optics, and to the same level of the mean bias introduced
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by the SiPM pitch.

2.2. Longitudinal diffusion

The diffusion along the drift direction does not follow
the same pattern as the transverse one. Good descriptions
of the longitudinal diffusion in the absence of inelastic
collisions can be found in Parker and Lowke (1969) [16]
and Skullerud (1969) [17]. To summarize, the longitudinal
diffusion is the summation of the purely thermal diffusion
and an effect arising from the enhanced velocity along
the drift field (‘drift velocity’). If the electron-atom colli-
sion frequency increases with energy then, while drifting,
the electron swarm tends to spread along the drift direc-
tion due to thermal diffusion. Electrons in advance of the
charge centroid will have an above average speed, which
will rise their collision frequency hence reducing their in-
stantaneous velocity due to momentum transfer. Similarly,
delayed electrons will experience fewer collisions leading
to a greater instantaneous velocity along the drift. These
concurrent effects will narrow the electron cloud and effec-
tively reduce the longitudinal diffusion. In the case where
the electron-atom collision frequency decreases with en-
ergy the effect described above is reversed.

When looking at the longitudinal diffusion of xenon-
based mixtures one needs to remember that the elastic
cross-section of xenon presents a minimum at 0.6 eV due
to the Ramsauer effect (Fig. 1). In the drift region the
energy distribution is located around that minimum which
causes small changes to affect greatly the longitudinal dif-
fusion due to the effect described previously. This explains
the observed ‘peak’ shown in [18] when looking at the
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Figure 3: Longitudinal diffusion vs. the applied electric field for differ-
ent mixtures. Solid curves fitting the points are drawn to guide the eye
of the reader.

longitudinal diffusion against the reduced electric field or
equivalently against the molecular admixture concentra-
tion as in [9]. In the latter case these ‘Ramsauer induced
peaks’ appear at very low concentration, typically on the
sub-percent scale, of the admixture due to their very strong
cooling power.

In the case of helium-enriched admixtures this effect
appears to be much broader than an actual peak as the
Ramsauer minimum of xenon is not dominant (Fig. 1).
When looking at the longitudinal diffusion against the elec-
tric field for different admixture levels of helium in Fig. 3,
we can identify a ramping up region followed by a ramping
down one. For any given mixture, lowering the longitudi-
nal diffusion requires the electric field to be high enough,
around 500 V/cm. This is specifically true for the 15:85
HeXe mixture whose ‘Ramsauer induced peak’ reaches a
maximum at 400 V/cm. It is to be noted that, at a glance,
operating the 15:85 HeXe mixture at a field between 150
and 250 V/cm looks promising, but drawbacks in terms
of charge recombination and finite electron lifetime are
expected at these low fields. Whether or not it is interest-
ing can only be decided by experimentation. But since
earlier results from [19] are not encouraging in this respect,
we concentrate here in the high field region. In this re-
gion, we can expect a longitudinal diffusion of the order of
4 mm/

√
m for a 10 and 15 % concentration of helium.

As in the transverse case, the longitudinal diffusion coef-
ficient needs to be considered in light of other instrumental
effects. The spatial distribution along the drift direction,
and for a point-like energy deposition in the gas, is affected
by:

• the longitudinal diffusion of the charge along drift,
introducing the RMS longitudinal spreads quoted
above;

• the spread introduced by the uniform light emission
along the width of the EL region gap. A minimum
width is required for high voltage considerations. For
the 6 mm wide gap of the NEXT-White detector, a
1.7 mm RMS longitudinal spread is obtained;

• the sampling of the photo-detector waveforms in the
TPC time domain. For a 1 µs time sampling, a
1 mm/µs drift velocity, and conservatively assuming
no light sharing among adjacent time samples in a
waveform, a 0.3 mm mean bias in longitudinal posi-
tion reconstruction is obtained.

Along this dimension, and given the assumption of a drift
length of one meter, the tracking capability of the detector
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Figure 4: Average energy loss per ionization (left figure) and Fano factor (right figure) vs. the helium concentration in a HeXe mixture as computed
by the software Degrad in a zero field scenario. The right figure also includes in red the intrinsic energy resolution at Qββ. Solid lines refer to the
limiting case where there is no Penning effect while the dashed lines assume perfect efficiency in Penning transfer. In both cases the change remains
minimal at low helium concentration, up to 20%.

is therefore still dominated by the diffusion in the case of
the helium-xenon mixtures considered.
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Figure 5: Scintillation probability of xenon vs. the helium concentration
in a HeXe mixture. Solid lines refer to the limiting case where there is
no Penning effect while the dashed lines assume perfect efficiency in
Penning transfer.

3. Energy resolution

The energy resolution is the main parameter of any ββ0ν
experiment as it reduces the size of the region of inter-
est which in turn reduces proportionally the amount of
background. Also, the inherent background from the two-
neutrino mode, that can only be rejected with a good en-
ergy resolution, limits the sensitivity of very large mass

detectors if resolutions at the percent level (FWHM) are
not reached. Hence the energy resolution at Qββ remains
a fundamental performance parameter. In the following
section we study how the energy resolution is affected by
the addition of helium to xenon.

3.1. Fano factor and w value

The energy resolution is primarily affected by fluctua-
tions in the production of electron-ion pairs. The variance
of the ionization is defined as:

σ2
e = FN̄e (2)

where F is the Fano factor and N̄e is the average number of
electrons produced at the energy E with N̄e = E/w, w being
the average energy needed to produce one ionization. The
case of pure gaseous xenon has been studied extensively
and is reported in the literature to have a Fano factor lying
around 0.17 [6, 20], and a w value of approximately 22 eV
[20]. It is relevant to remark that the xenon Fano factor is
very similar to the germanium Fano factor [21]; the better
energy resolution in germanium arises from the lower w
value and, consequently, from the higher number of total
ionization electrons produced relative to xenon. This in-
trinsic energy resolution is one of the great advantages of
gaseous xenon in the search for ββ0ν.

We computed those two parameters for the full absorp-
tion of single electrons of 2.48 MeV in different mixtures
ranging from pure xenon to pure helium using the Monte-
Carlo simulation software Degrad [14]. For event energies
higher than the binding energy of the K-shell (30 keV in
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xenon), the Fano factor and the w value do not change
sizeably. We assumed a gas at 15 bar and the simulation
includes the Penning transfer (set at 100%) ionizations
occurring between helium and xenon as well as side ef-
fects such as Bremmstrahlung. We enabled the Penning
ionizations of xenon atoms by excited helium atoms but
this topic deserves a specific discussion.

Penning transfer ionizations of xenon atoms by excited
helium atoms were also allowed. Helium excited states
are all well above the ionization potential of xenon atoms
and, among all the noble gases, the probability for a Pen-
ning transfer to occur at each collision is the highest in
the case of helium-xenon collisions [22]. When that is
factored in with the fact that helium metastable states are
very long lived (23S1 lifetime is 131 min [23] and 21S0
lifetime is 19.7 ms [24]) we can expect the Penning trans-
fer probability to be very close to unity. Whether or not
all the energy is transferred from helium to xenon through
ionization remains an open question as energy can as well
be transferred through wavelength shifting by exciting a
xenon atom. To avoid any bias, and since no specific mea-
surements have been made in the conditions discussed here,
we simulated the two limit cases. First we considered no
Penning ionization, i.e. all the energy goes to wavelength
shifting and does not intervene in the charge carrier pro-
duction. The second case is the one where all the helium
excited states ionize xenon atoms. According to [25] the
latter is probably closer to reality as hinted by their results
for argon-xenon mixtures. Results are displayed in Fig. 4.

There is no perceptible effect for the mixtures consid-
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Figure 6: Normalised energy distributions as computed by Magboltz at
a reduced electric field of 2.5 kV cm−1 bar−1 in pure xenon and 15:85
HeXe. We can notice that there is very slight depopulation of the high
energy tail of the distribution in the HeXe mixture.

ered here, up to 20% of helium, on both the Fano factor and
the w value. The latter is limited by the one in pure helium,
around 46 eV, but for the mixtures of interest its value is
just marginally increased. On the other hand, and for the
same mixtures, the Fano factor is left unaffected. Conse-
quently, the intrinsic energy resolution of helium-xenon
mixtures remains very stable in helium-xenon mixtures
as long as the helium concentration stays below 20%. In-
deed, the Penning effect is unlikely to play any role, as the
number of helium excited states is too low to make any
difference (dashed and continuous lines in Fig. 4). It must
be noted that these results show a trend similar to previous
experimental and numerical studies on the evolution of
the parameters in neon-xenon mixtures ranging from pure
xenon to pure neon [26, 27].

3.2. Primary scintillation

Since Degrad provides detailed numbers of every ex-
cited state population we can briefly discuss how the pri-
mary scintillation behaves in helium-xenon mixtures, as
detection of this prompt signal is necessary for a correct po-
sitioning of the events within the detector. The scintillation
properties of helium-xenon mixtures were studied in [28]
for relatively low partial pressures of xenon. This study
shows that the scintillation intensity as well as the number
of excited xenon atoms in the presence of an electric field
saturates above 1 bar of xenon (for 10 and 0.657 bar of he-
lium, 10% xenon in the mixture), indicating that a detector
with much more xenon than helium will have scintillation
properties very close to a pure xenon detector with a small
modification of the time distribution of the scintillation.

As in the previous section, the scintillation properties
of helium-xenon mixtures were simulated for the two dif-
ferent assumptions aforementioned regarding the Penning
transfer. The scintillation probability with respect to pure
xenon is shown in Fig. 5. The pessimistic scenario in this
case corresponds to the assumption of a 100% Penning
effect but, even in those conditions and as long as the he-
lium concentration does not exceed 20%, the scintillation
level remains within 3% of its value for pure xenon. As
expected, for the mixtures considered, the capability to
detect the primary scintillation and to position the events
in z remains totally unaffected.

3.3. Light yield

The reason behind using electroluminescence to am-
plify the ionization signal is that it provides a very low
variance when compared to electron avalanches, and poten-
tially allows Gas Proportional ElectroLuminescent Coun-
ters (GPELCs) to achieve an energy resolution fairly close
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Figure 7: Reduced EL yield, Y/p, vs. the reduced electric field, E/p (left figure). The points are obtained from simulation, while the lines are the
corresponding linear fit. Q-factor vs. the reduced electric field (right figure). The Q-factor is the quantitative definition of the yield fluctuation that
we use (see eq. 3).

to the intrinsic limit, given above. When looking at the
energy resolution versus the light yield in the EL stage it
is apparent that a too low number of produced photons de-
grades the energy resolution. This effect is due to the high
relative variance of the light production at low reduced
field, but also due to electronics noise and finite photon
statistics. On the other hand, the energy resolution deteri-
orates at high field when the electrons get enough energy
to ionize the gas atoms. A regime of interest in terms of
reduced electric field (E/P) for pure xenon has been iden-
tified in the range between 1.5 and 3.5 kV cm−1 bar−1 in
[29]. In this regime, the impact of the relative variance
of the light production is very low, but higher than the
fluctuations coming from the residual ionization, that is
hence subdominant.

The first excited state of helium being 7.67 eV higher
than the first ionization level of xenon, we expect helium
not to play a direct role in the secondary light production
of an EL TPC. This is confirmed by looking at Fig. 6:
unlike in the drift region, the normalised energy distribu-
tions in pure xenon and in HeXe mixtures keep the same
shape albeit a very small quantitative difference in the high
energy tail. In that energy region, interactions with xenon
dominate again over those with helium (Fig. 1), thus reduc-
ing the impact of the latter on electron cooling. On top of
that, a helium-xenon mixture remains totally transparent to
the VUV xenon light. Therefore, and keeping in mind the
conclusion of the preceding section, we do not expect the
total energy resolution of xenon to be hurt by the addition
of helium.

We used the scintillation model of [30] implemented

through a simulation based on the Garfield++ toolkit [31].
We studied the light yield for the 5:95, 10:90 and 15:85
HeXe mixtures as well as for pure xenon for comparison
purposes. The simulation generates electrons in a region
that has a drift electric field of 400 V/cm across 0.5 mm
before entering the EL stage. We took 5 mm as the length
of the EL gap and 15 bar for the gas pressure, while the
reduced electric field goes from 1.0 to 5.0 kV cm−1 bar−1,
with a step of 0.25 kV cm−1 bar−1. The field maps have
been produced with the COMSOL [32] electrostatic mod-
ule. Each configuration consists of a sample of 10,000
initial electrons.

When looking at the results in Fig. 7, the first impression
is that the HeXe mixtures stay very close to pure xenon
in terms of light yield, which is great for energy resolu-
tion. Everything else staying equal, we can notice a slight
shift of the threshold toward higher fields the more we
add helium. This is due to the residual cooling effect of
helium, but this small shift can be overcome by increasing
adequately the voltage across the EL gap.

To evaluate the fluctuation in the light production we
used as a figure of merit the Q-factor, which is defined as
follow:

Q = σ2
EL/N

2
EL (3)

The advantage of using the Q-factor is that it adds directly
to the Fano factor in the energy resolution formula, when
restricted to the sole contributions of the intrinsic energy
resolution and the electroluminescence process:

RE = 2.35
√

w
Qββ

[F + Q] (4)
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Also, as seen in the right plot in Fig. 7, the fluctuations
in the light production increase the more helium is added.
But all in all this is not worrisome as these fluctuations
are well below the Fano factor. For the sake of example
we can take the specific case at 2.5 kV cm−1 bar−1 and
put together the results given by Degrad and Garfield++

in eq. 4: in pure xenon the w and Fano factor given by
Degrad are respectively 22.36 eV and 0.1736 while the
Q-factor is 8.67·10−6 which leads to an energy resolution
of 0.295%; in 15:85 HeXe the Q-factor is 3.50·10−5, the
w is 22.43 eV and F is 0.1804 so we obtain an energy
resolution of 0.302%. One can quickly remark, given the
values, that the difference between both energy resolutions
is due to the different w value and Fano factor.

In reality, eq. 4 contains a finite photon-statistics term,
whose detailed evaluation is outside the scope of this work.
But given that the scintillation yield (Fig. 7) remains
largely unaltered, we do not expect the situation to worsen
compared to a pure xenon experiment.

4. Collateral advantages of helium as an additive

A helium-xenon mixture used in an EL TPC would pro-
vide a competitive diffusion while keeping the advantage
of the pure xenon energy resolution. At the same time,
and contrary to the general situation regarding molecular
additives, light yields will be largely unaffected too (both
primary and secondary). But one can think of additional
advantages over the use of either molecular additives or
pure xenon.

4.1. Drift velocity

In rare event search experiments, the drift velocity is
not a crucial parameter. According to Magboltz, whose
simulation results can be seen in Fig. 8, a drift velocity
more than twice the one in pure xenon can be achieved
with helium-xenon admixtures. In our favourite scenario
of 15:85 HeXe at 400 V/cm the drift velocity is expected to
be 1.7 times the one in pure xenon at the same field. This
would have a minor positive impact in the data acquisition
process, allowing shorter data buffers and plausibly an
increased lifetime at the same impurity concentrations.

4.2. Technical blessings

In an EL TPC, gas purity is a crucial parameter because
it plays a major role in the electron lifetime and light yield.
Helium, being a noble gas and even more chemically inert
than xenon, would be implemented quite easily in an exist-
ing pure xenon gas system, and no additional care would
be required from the purification systems. The relatively
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Figure 8: Drift velocity vs. the helium concentration in a HeXe mixture
for three different fields. Solid curves fitting the points are drawn to
guide the eye of the reader.

large amount of helium needed in the gas system makes it
easy to monitor with commercial systems like an RGA.

As enriched xenon is both very rare and expensive, one
can not afford to lose it. The intended partial pressures of
helium in the gas system, about 2 bar, would provide a very
convenient way to hunt eventual leaks in the gas system.
In the case of micro-leaks helium is much more likely to
escape, and in greater quantity than xenon, triggering a
reaction from the system before losing any sizeable amount
of xenon.

Also, the recovery of xenon is a technical requirement
of any xenon-based neutrinoless double beta experiment.
Separating helium from xenon is very easy through cryo-
genic recovery because of the significant disparity between
the boiling point of helium, 4.22 K, and the melting point
of xenon, 161.4 K. A few cycles of cryogenic recovery are
enough to retrieve almost 100% of the xenon.

5. Helium and phototubes, a risky call

In the current state of the art, phototubes are the most
commonly employed technology in measuring light levels
similar to those produced by the primary and secondary
scintillations detected in performing respectively the S1
trigger and the calorimetry. And it is public knowledge
that helium atoms are a great danger for phototubes [33].
Indeed, phototubes require a very good vacuum level.
Gaseous impurities cause afterpulses and lower the break-
down voltage of the phototubes. Once the internal pressure
of helium is around 10−2 or 10−1 mbar at best it causes a
total breakdown of the phototube, making it unusable.
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The high permeability of glasses, especially fused silica,
to helium is due to the fact that the holes in the amorphous
structure of the glass are large enough to allow the small
helium atoms to pass through them [34]. Knowing the
permeability constant of fused silica [34, 35], one can
show using the empirical formula in [34] that it would take
less than a couple of hours of operation at around 1 bar to
fatally damage a phototube.

While this problem looks tough, the effort needed to
overcome it may be worth it in view of the aformentioned
discussions. In the same studies on glass permeability to
helium it is shown that the glass composition dictates its
permeability. Boro-silicate or soda-lime glasses are sig-
nificantly less permeable to helium than fused silica. A
common interpretation is that the non glass-former ele-
ments like CaO, Na2O or even PbO block the open areas in
the glass structure which limit the number of open channels
for helium atoms to diffuse, hence reducing the permeation
constant. While soda-lime glasses can handle an atmo-
sphere of helium at 1 bar for as long as hundreds of days
before seeing any afterpulsing, they are not a commercially
available option for a radiopure experiment.

However, for decades, only an upper limit of helium
diffusion through the crystal version of silica, crystalline
quartz, could be set experimentally. Some theoretical cal-
culations [36] even demonstrate the incapability of helium
atoms in their ground state to diffuse along the channels of
crystalline quartz.

Operation within a helium atmosphere will require the
use of optical windows that are able to withstand the gas
pressure and prevent helium diffusion through them. Syn-
thetic sapphire is also a mineral commonly used as a
window-material because of its good optical properties
and mechanical robustness. It has a much higher den-
sity, 3.98 kg/cm3, than crystalline quartz, 2.65 kg/cm3,
which somewhat hints toward its non-permeability to he-
lium. In addition, the hexagonal compact structure of
sapphire (Al2O3) leads the oxygen ions to almost achieve
a perfect close packing of equal spheres [37] maximizing
the volume occupation of the crystal so, unlike crystalline
quartz, there are no channels extending through the whole
c-axis of sapphire. This structure prevents helium atoms
from moving through the crystal by forcing the atoms or
ions to cross significant energy barriers. Such crossings are
very unlikely to happen hence remaining unnoticeable at
room temperature for reasonable periods of time. A com-
pilation of measurements of noble gas diffusion through
minerals can be found in the review [38].

Since helium diffusion through sapphire has not yet been
studied we can look at a very similar mineral: hematite.

Its crystal structure belongs to the hexagonal scalenohe-
dral class of the trigonal crystal system which is also the
case of sapphire (also known as corundum). The extrapo-
lation of the data measured in [39] sets the diffusion coeffi-
cient of hematite at room temperature below 10−26 cm2/s.
This is about twenty orders of magnitude below the same
value measured for glasses, typically ranging from 10−8

to 10−7 cm2/s [40] at room temperature. The activation
energy in the temperature-dependent diffusion equation is
the characteristic value describing the height of a potential
barrier in the material, hence comparing those of a crystal
and glasses is relevant to our discussion. The hematite
activation energy is 116 kJ/mol while the glass activation
energies reported in [35] range from 20 kJ/mol for fused
silica to 52 kJ/mol in the case of an aluminosilicate glass.
Consequently, for our particular application, it seems as
though we can assume that sapphire is unpermeable to
helium.

Xe/He 
mixture

crystal/metal 
welding

metallic sealingvacuum

PMT

Figure 9: Scheme for the operation of PMTs in a helium-rich atmo-
sphere (top figure). The PMT itself remains at vacuum looking into the
active volume through a crystalline quartz/sapphire window that can
be coated with a wavelength shifter to maximize the light transmission.
The crystal is welded to a metallic frame that can easily be mounted
in a flange with a metallic sealing, avoiding helium diffusion into the
PMT volume. The bottom figure shows one of the NEXT-NEW PMT
protective windows. A similar concept can be applied for operation
within a helium atmsophere using a metallic sealing for this frame.
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One way to protect the PMTs is to encapsulate them in
a vacuum vessel with a sapphire window separating them
from the helium atmosphere. Sapphire optical properties
offer a very good transmission of the blue light obtained
from the VUV xenon light by a wavelength shifting coating
(TPB). Consequently it should be possible to operate an
EL TPC with helium safely, either with crystalline quartz
or sapphire. However, the welding of the crystal window
remains a technical issue to consider. Leak-proof sealants
are well understood and metal-on-metal sealants should
provide enough tightness to prevent any helium contami-
nation of the PMTs. On top of that, one can maintain the
PMTs inside a secondary vaccum to further prevent any
damage. Fig. 9 includes a schematic representation of this
proposal as well as an example of a sapphire window used
to protect PMTs.

A more drastic solution for the operation of helium-
xenon detectors is to replace the PMTs by SiPMs. This
solution will largely simplify the mechanical design asso-
ciated with windows, weldings and operation of PMTs at
vacuum. Current SiPMs sensors may offer a very interest-
ing alternative if one can control the issues associated with
the large number of channels and the capacitance increase
associated with operating a large surface covered by SiPMs.
Recent advances in this direction from different fields such
as dark matter searches allow for an optimistic scenario, in
which such issues are solved, to be considered.

6. Conclusion and perspective

We have proposed a new gas mixture that will enable
a strong improvement on the topological signature of the
current HPGXe technology by reducing the transverse dif-
fusion by a large factor. On the other hand, the use of such
a mixture will reduce the amount of the source isotope in
the detector. The final value of the helium concentration
should be a compromise between an improvement of the
background rejection factor and a reduction of the active
mass that is needed to maximize sensitivity. In this work
we studied the impact of a helium admixture on the diffu-
sion coefficients. The result of the simulations shows that
a transverse diffusion of 2.5 mm/

√
m is achievable with

15% of helium, improving by a factor of 4 the pure xenon
value. It must be noted that an earlier work described in
[41] on a helium-xenon scintillator was done in the context
of medical imaging, but to the knowledge of the authors
this work has not been further pursued.

On top of that, the intrinsic energy resolution remains
unaltered, to within a few percent, in a helium-xenon mix-
ture with respect to pure xenon. This is because the Fano

factor, the number of ionization electrons and the opti-
cal properties of the gas do not change appreciably for
those concentrations of helium. The photon yield in the
EL region is slightly modified but not enough to become a
limiting factor for the energy measurement.

The difficulty of operating phototubes close to a helium
atmosphere also appears to be solved on paper. Windows
made of good optical crystals such as crystalline quartz or
sapphire can provide a helium-tight system that will allow
for a safe operation of PMTs next to a helium atmosphere.
On top of that, we encourage further tests using SiPMs as
it will largely simplify the mechanical issues associated
with PMTs. A successful development of a helium-xenon
gaseous optical TPC could have an impact in other research
areas such as nuclear physics or dark matter searches.
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the Laboratorio Subterráneo de Canfranc for hosting and
supporting the NEXT experiment.

References

[1] J. Schechter, J. Valle, Neutrino Masses in SU(2)×U(1) Theories,
Phys. Rev. D 22 (1980) 2227. doi:10.1103/PhysRevD.22.

2227.
[2] D. Nygren, High-pressure xenon gas electroluminescent TPC for

0nu beta beta-decay search, Nucl. Instrum. Meth. A 603 (2009)
337–348. doi:10.1016/j.nima.2009.01.222.

11

http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1016/j.nima.2009.01.222


[3] F. Monrabal, The NEXT experiment to search for the neutrinoless
double beta decay of Xe-136, PoS ICHEP2016 (2016) 497.

[4] J. Renner, et al., Background rejection in NEXT using deep neural
networks, JINST 12 (01) (2017) T01004. arXiv:1609.06202,
doi:10.1088/1748-0221/12/01/T01004.

[5] C. D. R. Azevedo, et al., Microscopic simulation of xenon-based
optical TPCs in the presence of molecular additives, Nucl. Instrum.
Meth. A 877 (2018) 157–172. arXiv:1705.09481, doi:10.
1016/j.nima.2017.08.049.

[6] C. A. O. Henriques, et al., Secondary scintillation yield of xenon
with sub-percent levels of CO2 additive for rare-event detection,
Phys. Lett. B773 (2017) 663–671. arXiv:1704.01623, doi:
10.1016/j.physletb.2017.09.017.

[7] L. Arazi, On the possibility of positive-ion detection in gaseous
TPCs and its potential use for neutrinoless double beta decay
searches in 136Xe, in: 8th Symposium on Large TPCs for Low
Energy Rare Event Detection (TPC2016) Paris, France, December
5-7, 2016, 2017. arXiv:1703.10491.
URL http://inspirehep.net/record/1520750/files/

arXiv:1703.10491.pdf

[8] D. Gonzalez-Diaz, F. Monrabal, S. Murphy, Gaseous and dual-
phase time projection chambers for imaging rare processes, Nucl.
Instrum. Meth. A878 (2018) 200–255. arXiv:1710.01018,
doi:10.1016/j.nima.2017.09.024.

[9] C. D. R. Azevedo, L. M. P. Fernandes, E. D. C. Freitas,
D. Gonzalez-Diaz, F. Monrabal, C. M. B. Monteiro, J. M. F.
dos Santos, J. F. C. A. Veloso, J. J. Gomez-Cadenas, An homeo-
pathic cure to pure Xenon large diffusion, JINST 11 (02) (2016)
C02007. arXiv:1511.07189, doi:10.1088/1748-0221/11/
02/C02007.

[10] W. C. Fon, K. A. Berrington, A. Hibbert, The elastic scattering
of electrons from inert gases. i. helium, Journal of Physics B:
Atomic and Molecular Physics 14 (2) (1981) 307. doi:10.1088/
0022-3700/14/2/014.

[11] G. W. Fraser, E. Mathieson, Monte Carlo Calculation of Elec-
tron Transport Coefficients in Counting Gas Mixtures. 3. Xenon
or Argon with ethane; xenon with methane or carbon dioxide,
Nucl. Instrum. Meth. A 257 (1987) 339–345. doi:10.1016/

0168-9002(87)90755-8.
[12] P. Babington, Interactions of Photons and Electrons with Atoms,

1st Edition, Vol. 17, Springer-Verlag Berlin Heidelberg, 2000.
[13] S. G. Kukolich, Demonstration of the Ramsauer-Townsend effect

in a xenon thyratron, American Journal of Physics 36 (8) (1968)
701–703. doi:10.1119/1.1975094.

[14] http://magboltz.web.cern.ch/magboltz/, degrad 3.2 and Magboltz
11.1.

[15] A. Simón, et al., Application and performance of an ML-EM
algorithm in NEXT, JINST 12 (08) (2017) P08009. arXiv:

1705.10270, doi:10.1088/1748-0221/12/08/P08009.
[16] J. H. Parker, J. J. Lowke, Theory of electron diffusion parallel to

electric fields. i. theory, Phys. Rev. 181 (1969) 290–301. doi:

10.1103/PhysRev.181.290.
URL https://link.aps.org/doi/10.1103/PhysRev.181.

290

[17] H. R. Skullerud, Longitudinal diffusion of electrons in electro-
static fields in gases, Journal of Physics B: Atomic and Molecular
Physics 2 (6) (1969) 696.
URL http://stacks.iop.org/0022-3700/2/i=6/a=309

[18] J. L. Pack, R. E. Voshall, A. V. Phelps, L. E. Kline, Longitudinal
electron diffusion coefficients in gases: Noble gases, Journal of
Applied Physics 71 (11) (1992) 5363–5371. doi:10.1063/1.

350555.

[19] A. Bolotnikov, B. Ramsey, Studies of light and charge produced
by alpha-particles in high-pressure xenon, Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spec-
trometers, Detectors and Associated Equipment 428 (2) (1999)
391 – 402. doi:10.1016/S0168-9002(99)00173-4.
URL http://www.sciencedirect.com/science/article/

pii/S0168900299001734

[20] T. H. V. T. Dias, J. M. F. dos Santos, P. J. B. M. Rachinhas, F. P.
Santos, C. A. N. Conde, A. D. Stauffer, Full-energy absorption of
x-ray energies near the xe L- and K-photoionization thresholds in
xenon gas detectors: Simulation and experimental results, Journal
of Applied Physics 82 (6) (1997) 2742–2753. doi:10.1063/1.
366105.

[21] B. Lowe, Measurements of fano factors in silicon and germanium
in the low-energy x-ray region, Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, De-
tectors and Associated Equipment 399 (2) (1997) 354 – 364. doi:
https://doi.org/10.1016/S0168-9002(97)00965-0.
URL http://www.sciencedirect.com/science/article/

pii/S0168900297009650

[22] K. L. Bell, A. Dalgarno, A. E. Kingston, Penning ionization
by metastable helium atoms, Journal of Physics B: Atomic and
Molecular Physics 1 (1) (1968) 18.

[23] S. S. Hodgman, R. G. Dall, L. J. Byron, K. G. H. Baldwin, S. J.
Buckman, A. G. Truscott, Metastable helium: A new determi-
nation of the longest atomic excited-state lifetime, Phys. Rev.
Lett. 103 (2009) 053002. doi:10.1103/PhysRevLett.103.

053002.
URL https://link.aps.org/doi/10.1103/PhysRevLett.

103.053002

[24] R. S. Van Dyck, C. E. Johnson, H. A. Shugart, Radiative lifetime
of the 21 s0 metastable state of helium, Phys. Rev. A 4 (1971)
1327–1336. doi:10.1103/PhysRevA.4.1327.
URL https://link.aps.org/doi/10.1103/PhysRevA.4.

1327
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