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Abstract We present a systematic study of the time and
band-resolved scintillation in xenon-based time projection
chambers (TPCs), performed simultaneously for the primary
(S1) and secondary (S2) components in a small, purity-
controlled, setup. We explore a range of conditions of general
academic interest, focusing on those of relevance to con-
temporary TPCs: pressure range 1–10 bar, pressure-reduced
electric fields of 0–100 V/cm/bar in the drift region (S1)
and up to the proportional scintillation regime in the multi-
plication region (S2), and wavelength bands 145–250/250–
400/400–600 nm, for both α and β particles. Attention is paid
to the possibility of non-conventional scintillation mecha-
nisms such as the 3rd continuum emission, recombination
light from β-electrons at high pressure (for S1), emission
from high-lying excited states and neutral bremsstrahlung
(for S2). Time constants and, specially, scintillation yields
have been obtained as a function of electric field and pres-
sure, the latter aided by Geant4 simulations.

1 Introduction

The main characteristics of xenon scintillation (and of noble
gases at large) are nowadays well established thanks pri-
marily to measurements performed with selective photo-
excitation [1–4,6–9], synchrotron radiation [10], electric dis-
charges [11–13], and bunched beams of X-rays [14], elec-
trons [15,16], protons [17] and heavy ions [18,19]. Time
or band-resolved measurements in conditions of interest to
radiation technology are, however, much more scarce: among
them, studies under α-particles [20–22] and, more recently,
β-electrons [23] can be highlighted.
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The dominant scintillation mechanism above some 100’s
mbar of xenon is the so-called 2nd continuum emission, with
a spectrum centered at around 172 nm and with an approxi-
mately Gaussian width of 10 nm (e.g., [15]). If attending to
uncertainties reported in the careful and independent inves-
tigations performed most recently in [24–26], the average
energy needed for an α-particle to produce a photon around
this band, for electric fields high enough to suppress charge
recombination, is nowadays known to a precision of around
one eV in the region 1–10 bar:Wsc = 35.0±1.2 eV. Although
uncertainties in Wsc for X-ray and electron excitation have
been historically reported to be considerably larger, in the
range 60–110 eV [27–30], recent studies point to values com-
patible with the ones measured for α particles [31]. Further-
more, state of the art calculations of the seed states stemming
from X-ray and MeV-electron excitation [32], once coupled
to a microscopic description of the atomic/excimer cascade,
can reproduce the main features of the scintillation spec-
trum of weakly quenched xenon mixtures [33], providing
Wsc = 39 ± 1 eV in the pressure range 1–10 bar. Calcula-
tions provide time and band-resolved spectra in a range of
pressures from 0.1 to 10 bar and wavelengths from 145 nm
to 1300 nm, for %-levels of common molecular additives.
The same framework enables the computation of the sec-
ondary scintillation produced by low-energy ionization elec-
trons accelerated in electric fields (a calculation undertaken
for pure noble gases earlier in [34]). As the gaseous transport
of those ionization electrons in electric and magnetic fields
is, too, firmly established nowadays [35–37], the experimen-
tal situation would seem satisfactory for the conditions of
interest to xenon-based gaseous detector technology.

With the increased understanding of the transport and scin-
tillation characteristics of weakly-quenched xenon mixtures,
and in light of the necessity of a better understanding of exist-
ing devices and exploration of their technological limits (for
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a review, see e.g. [38]), attention has been brought recently to
a number of subdominant and intriguing scintillation mecha-
nisms, hitherto neglected. The ‘3rd continuum’ emission, for
instance, has been proposed in [39] as a means to perform
electron/nucleus separation in argon TPCs, with potential use
in direct dark matter searches. Along the same line, for TPCs
that are strongly reliant on keV/MeV- electron scintillation
such as NEXT [40], the absolute scintillation yield and spec-
tral content is crucial, as it determines for instance how far
from the cathode a krypton event can be reconstructed dur-
ing energy calibrations [41]. In xenon, where 3rd continuum
emission in the 250–400 nm band is well established since
the works of Henck [42] and, specially, Millet [22], infor-
mation on the scintillation yields and their dependence with
pressure and particle type have not yet been published, to
the best of our knowledge. In practice, and given the higher
quantum efficiency and better optical properties involved in
their detection (less absorption to gas impurities and better
reflectivity at surfaces), it can be expected that the 3rd contin-
uum emission represents a substantial fraction of the primary
scintillation in noble-gas TPCs, dominating even over the fast
component in some conditions (e.g. in argon in the range
1–5 bar [39]). On another front, the NEXT collaboration
recently discussed the possible presence of charge recombi-
nation for MeV-electron tracks at pressures as high as 10 bar
[43] and, despite measurements for X-rays have excluded
recombination effects up to 10 bar in [44] , and the work of
the collaboration points to the absence of delayed recombi-
nation light, the impact of the phenomenon for calorimetry in
ββ0ν experiments is important enough that it requires further
elucidation , e.g., by studying the effect as a function of elec-
tric field. Another not-understood issue is the observed viola-
tion of pressure-reduced scalings of the proportional scintil-
lation yields (electroluminescence, EL) in xenon [45], greatly
exceeding the expectation from the departure of the ideal gas
behaviour. At typical EL fields around 1–2 kV/cm/bar, the
deviation can represent up to a 70% increase in the scintilla-
tion yields when going from 1 to 10 bar. Last, the observation
of neutral bremsstrahlung scintillation in argon TPCs [46]
has opened the path to similar explorations in xenon TPCs,
where the phenomenon was unambiguously demonstrated to
great precision in the secondary scintillation signal [47,48].
Experimental information about its spectral content is not
available as of today, though.

Motivated by the aforementioned developments, we assem-
bled a purity-controlled mini-TPC dedicated to the system-
atic study of the time and band-resolved features of primary
(S1) and secondary (S2) scintillation in xenon. The layout
of the paper is straightforward: Sect. 2 describes in detail
the setup, analysis and simulation procedures performed in
order to extract the absolutely normalized time spectra for
each particle type, spectral band, pressure and field, Sect. 3
presents S1 data and Sect. 4 presents S2 data.

Fig. 1 Some key elements of the setup used in the present measure-
ments. Left-top: pressure-resistant PMs (R7378 from Hamamatsu) with
band-pass filter (positioned left-right in the frame) and without (top-
bottom). Left-bottom: a cathode from one of the multi-wire propor-
tional chambers (corresponding to the plane dubbed ‘readout’ in Fig.
2). Right: the setup once assembled and prior to mounting inside the
vessel

2 Experimental procedure

2.1 Description of the setup

The pressure/vacuum system employed in the present mea-
surements has been described elsewhere [49]: it features
a high-pressure compressor (10 normal liters per minute
at 12 bar) to force gas circulation through a cold getter
(SAES MC190-903FV), and sampled with a leak valve
into a residual gas analyzer for purity assessment (SRS-
RGA 200). Xenon is cryorecovered periodically with liq-
uid nitrogen so that volatile impurities oblivious to the cold
getter (mostly N2), and that accumulate due to system out-
gassing, can be pumped away. The experimental setup con-
sists of a mini-TPC (4.5 cm drift, 6.5 cm diameter) whose
anode region is instrumented with a multi-wire proportional
chamber (MWPC), see Fig. 1.

As the setup is aimed at optical readout, both MWPC-
cathodes (‘gate’ and ‘readout’ in Fig. 2) are based on wires
to ensure good optical transparency towards the photosen-
sor plane. Although immaterial for present measurements,
the amplification structure has a gating grid too, that has
been set at all times to the voltage corresponding to the elec-
trostatic potential expected for an uniform field in the drift
region (‘open’). All four planes’ wires are made of a 99.95%
purity tungsten core, plated with 99.99% purity gold. Anode
wires have a diameter of 20 ± 2 µm, and the gold plating
accounts for 3–5% of their total mass. For the remaining
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Fig. 2 Left: sketch of the experimental setup, indicating the main ele-
ments and distances, as described in text. Right-top: arrangement of
various PM+filter assemblies. Right-bottom: wire plane layout

planes, 80 ± 8 µm diameter wires with a gold coating thick-
ness of 0.5 µm were used. Anode and cathode wires have a
pitch of 2.5 mm (shifted by half a pitch for each alternating
plane), while the gating grid has a pitch of 1.25 mm (a sketch
of the setup is shown in Fig. 2 bottom-right). MWPCs have
been fabricated at IGFAE labs based on custom-designed
printed circuit boards (PCB) of about 6 cm aperture (Fig. 1
bottom-left). Wires were aligned with the help of 200 µm-
wide slits drilled on an aluminum jig, weights applied to them
(corresponding to tensions around 50 grams for the anode,
and 100 grams for the cathode) and finally soldered to PCB
pads. Analysis of the MWPC photographs confirmed that
the dispersion of the wires position was well within the tar-
get value of 200 µm. Metallic disks with deposits of 241Am
(for α runs) or 90Sr (for β runs) were housed alternatively in
a circular groove at the middle of the TPC-cathode, making
sure to leave them flush with its surface, and thus ensuring
a minimal distortion of the electric field. Field homogeneity
was enhanced through two circular aluminum frames placed
along the drift dimension (‘shapers’), separated by 1.5 cm
and connected with resistors. Their inner radius (facing the
TPC active volume) was layered with a 1 mm-thick reflec-
tor made of expanded teflon. Despite the modest 20%-level
reflectivity anticipated [50], its use facilitates the simulation
of the setup and interpretation of the results, avoiding para-
sitic reflections from the shapers or chamber vessel. Behind
the anode, four pressure-resistant photomultipliers (PMs),
model R7378 from Hamamatsu, were assembled in a teflon
frame and placed at close distance (Fig. 1 top-left). This PM
model has a maximum quantum efficiency of 24% at 400 nm,
dropping by about a factor×10 outside the 145–600 nm range
that is the sensitivity range assumed hereafter. Two filters
were used, aimed at identifying emissions in the NUV and
visible regions (250–400 nm and >250 nm). The response
of both filters and PMs is presented in Fig. 3, together with
2nd and 3rd continuum spectra from [15] and [22].

Fig. 3 Wavelength response of the filters and PM used in this work.
The 2nd continuum spectra measured by Koehler [15] in an electron
beam (red) as well as the 3rd continuum measured by Millet [22] at
1 bar (blue) are also shown, arbitrarily normalized

Since the third continuum measured earlier for α-particles
in [22,42] peaks at 270 nm, with a few 10’s of nm -wide blue-
wing and a red-wing extending up to wavelengths slightly
above 400 nm, the present choice of filters is convenient.
Little sensitivity above 600 nm can be expected in these mea-
surements though, due to the lack of PM efficiency. In the
following we labelled these PM+filter assemblies by their
response as ‘145–600’, ‘250–400’, ‘250–600’. Data acqui-
sition was performed with a CAEN DT5725 board having
14 bits, 125 MHz bandwidth and a sampling time of 4 ns.
Experience shows that, with 10’s of thousands events, this
bandwidth and binning is sufficient to reconstruct exponen-
tial time constants down to at least 4 ns (e.g., [39]), as needed
for present studies. The acquisition window was set to 5 µs
for S1 data (in order to account for the charge recombi-
nation tail at high pressures) and to 12 µs for S2 data (in
order to fully include the spatial extent of the ionization trail
for all conditions studied). Combined S1–S2 runs were per-
formed to evaluate the electron drift velocity and consistency
with the separate S1, S2 analyses. The board was triggered
by PM1[145–600] at a voltage threshold corresponding to
around 2–4 phe. A charge threshold at 6 phe was then applied
by software.

A photograph of the experimental setup prior to its assem-
bly in the high pressure vessel is shown in Fig. 1-right,
and a sketch of the system is given in Fig. 2. The cham-
ber dimensions were chosen to provide good containment of
5.5 MeV α-tracks down to 1 bar (Rα=2.2 cm/bar [51]) and
0.5 MeV-electrons at 10 bar (Re ∼ 25 cm/bar [52]), at the
same time fitting inside a CF100 vessel, equipped with all
the necessary service ports (leak valve, pumping port, gas
inlet/outlet, PM-HV feedthroughs, PM-signal feedthroughs,
TPC-HV feedthroughs, vacuum gauge). All connections are
based on metal-metal VCR and CF standards.
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During the measurements the chamber was pumped
until a vacuum of 10−3 mbar was achieved. It was subse-
quently leak-tested by flushing helium at connections and
feedthroughs and checking the RGA readings. It was then
filled with xenon (purity-grade 5, from Nippon gases). After
establishing recirculation, few minutes were sufficient for the
scintillation yield to steadily increase until it reached satu-
ration. At that point, a purity level down to <1 ppm of O2

could be estimated from the RGA reading when sampling
with a leak valve, whereas the H2O and N2 backgrounds in
the RGA region were too high to allow measurements below
1000 ppms. Based on the O2-levels and given that the get-
ter removes H2O, O2 and other highly reactive impurities
down to ppb-level after a single pass, the main contaminant
in the system is expected to be N2, that was purged peri-
odically with cryorecovery/pumping cycles. In general, the
triplet time constant of the second continuum stayed in the
range τ ∗ =85–98 ns during the measurements (compared to
a world average of τ = 100.9 ± 0.7 ns cited for instance in
[47]). This means, if using the quenching rates of N2 in xenon
from [53] and the formulas in [33], that N2 concentrations
can be estimated to be in the range fN2 � 300–500 ppms,
following the standard Stern–Volmer relation:

1

τ ∗ = 1

τ
+ fN2 · KN2 · P (1)

fN2 = 1

PKN2

(
1

τ ∗ − 1

τ

)
(2)

Here KN2 is the N2 quenching rate for Xe∗ states at T =
20 deg (in [bar−1 ns−1]). Variations in the observed electron
drift velocity using S1–S2 time differences and comparison
with Pyboltz simulations yielded results compatible with N2

being present in the system at the level of 100’s of ppm too,
no other common contaminants being able to explain the
observations.

These relatively high values compared to the initial purity
of the bottle (10 ppm) seem to be a consequence of the
chosen setup, that integrates (besides low-outgassing PEEK
bars) structural plastics like teflon, acrylic and FR4 for the
MPWC structures, PMs and specially their bases, within a
small volume. In the absence of hot getters, N2 accumulates
over time until reaching equilibrium. The justification for this
experiment’s design is that in xenon (contrary to argon), N2

is known not to cause scintillation in Xe-mixtures even for
concentrations up to percent level [54], that is satisfied in
our setup by more than one order of magnitude in all cases.
Moreover, the comparison of the observed time constants for
the 3rd continuum emission with values in the literature (as
well as the observed independence on purity levels) allows
us to conclude that the emissions reported here are unlikely
to be affected by impurities except for the small quenching
observed for the 2nd continuum, that amounts to 3–15% lev-
els. In the following, estimates of the 2nd continuum yields

Fig. 4 Left: example of primary scintillation signals acquired during
an α-run at 10 bar. Right: signal-integral distributions in the four PM,
obtained in the same conditions and calibrated to photoelectrons

(∼ 1/Wsc|2nd) are corrected for the effect by multiplying by
the factor (e.g. [33]):

Fcorr = τs

τ ∗
s

(3)

This procedure needs assuming that quenching by impurities
modify, predominantly, the integral yield of the slow (triplet)
component of the emission as exp(−t/τs) → exp(−t/τ ∗

s ),
with τ ∗

s estimated in recombination-free conditions (high
electric field). Corrections to the much faster component are
×20 smaller, hence sub-%, and have been neglected. The
error of this correction comes from the error of about 1% in
the estimates of the τs values. As N2 is transparent to 2nd
continuum scintillation of xenon, no additional effects are
expected in present conditions.

2.2 Data analysis

Data analysis was performed with Matlab scripts, includ-
ing basic functions for pulse-shape analysis such as base-
line corrections and waveform time-alignment to correct for
offsets. Characteristic waveform parameters (rise-time, fall-
time, amplitude, integrated charge) were then retrieved. The
threshold used in the analysis is 6 phe, chosen to be comfort-
ably above the levels used for triggering the DAQ card. Out-
lier events may be removed through soft cuts in the charge,
position (from the charge barycenter of the four PMs) and
firing-time cuts. As particle rates are of the order of 100’s of
Hz, the influence of cuts for outlier removal was minimal on
the final results. We chose to apply a 3σ -cut around the peak
distribution for α-runs while, in the absence of a peak, no cut
was used for β-runs. Figure 4-left shows an example of sev-
eral waveforms taken in a typical α-run together with their
average (thick line). The distributions of charge integrals are
shown on the right.

In order to convert the measured charges to photoelec-
trons, a blue LED was placed inside the chamber and pow-
ered with a fast pulser (model 81130A by Agilent) by means
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Fig. 5 Signal-integral distributions of two PMs obtained in luminosity
conditions corresponding to about one photon per 100 ns time window
(regulated with a pulsed LED). The single-photon charge distribution
(green curve) is assumed to be Gaussian and multi-photon (n) peaks are
fitted to its n-convolutions, with integral values bound through Pois-
son statistics (noise pedestal: thin black line; 2-photon: red; 3-photon:
blue). The average value and uncertainty of the single-photon charge is
obtained from 3–4 fits with light yields around the ones shown here

of a square signal down to 40 ns width. Data was then taken
for intensity conditions estimated to be at around the single-
photon level. A fit was performed assuming a Gaussian dis-
tribution for the PM charge-response function measured in a
100 ns window, and taking its n-times convolution to account
for multiple (n) photons. The integral values of those Gaus-
sians, including that of the pedestal, were bound through
Poisson statistics for a given average number of photons.
The mean and width of the PM charge-response as well as
the average number of photons were left as free parameters in
the fit. Results are shown in Fig. 5. In general, the values for
the centroid position and width were observed to be within
5–10% irrespective from the LED intensity, for a Poissonian
average in the range n̄γ = 0.5–2. The photoelectron spectra
measured in the range 250–600 nm are shown in Fig. 6 for α

and β particles at 10 bar.
With the PM signals corrected for baseline and time off-

sets, and calibrated, it is possible to obtain the time profiles of
the emission in photoelectrons per unit time. Following the
procedure sketched in [39], they have been fitted to functions
like:

F(t) = (Are
−t/τs + A f e

−t/τ f ) � G(σ,to) (4)

where G(σ,to) is the PM time-response function under δ-
excitation (assumed to be a Gaussian of width σ and offset
t0) and the symbol � denotes a convolution. In the case of
the unfiltered PMs (range 145–600 nm), τ f corresponds to
the effective time constant stemming from the superposi-
tion of the second continuum singlet and the third contin-
uum (‘fast’), whereas τs is the time constant of the second
continuum triplet softly modulated by charge-recombination
(‘slow’). For the PMs insensitive to the second continuum
signal (250–400/250–600 nm), only one time constant is
needed in the fit. A more general fitting procedure should
involve the formation times, but there is no sensitivity to them

Fig. 6 Spectra (in number of detected photoelectrons) for the 90Sr β-
source (red) and for the 241Am α-source (blue), obtained at 10 bar and
high field conditions (above 50 V/cm/bar)

in present conditions and thus it destabilizes the fit. More-
over, for xenon above 2 bar the shape of the 2nd continuum
emission remains largely unchanged as shown in [33].

For all four PMs a %-level afterpulsing at a time delay
around 250 ns with respect to the main signal peak was
observed. The feature is reproducible with LED pulses and
also observed in independent measurements performed in a
dark box, confirming that it is inherent to the PM. For charge
recombination studies, given the large times involved, an
afterpulsing template was created by subtracting to the wave-
form the fit of expression 4 to the average waveform (done
in the range 0–200 ns and extrapolated to higher values).
For each pressure, the fit was performed in field conditions
where charge recombination was negligible and the shape of
the afterpulsing contribution hence estimated and subtracted
for lower field values.

In general, whenever yields are quoted, those in the range
145–250 nm refer to measurements performed in the range
145–600 nm after subtracting those for 250–600 nm (and
analogously for the 400–600 nm range). For 145–600 nm,
where two PMs are available, the average value is taken,
their values agreeing to within less than 10%.

2.3 Geant4 simulations

A Geant4 [55] simulation model was used to quantify the
light collection efficiency, which enables obtaining absolute
scintillation yields. The model includes all elements in the
setup (except the MWPC wires, that are included as an over-
all transparency factor): the TPC-cathode made of copper,
with the source housed at its center, deposited on an alu-
minum disk. It also includes the cylindrical teflon reflector,
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Fig. 7 The experimental setup modelled in Geant4, including the TPC-
cathode made of copper, aluminum-deposited radioactive source, cylin-
drical teflon reflector, MWPC frames, and the four PMs supported in a
teflon frame

Table 1 Reflectivity values for the different setup materials

λ 170 nm 270 nm

RAl 0.70–0.75 0.80–0.90

RCu 0.00–0.05 0.20–0.35

Rte f lon 0.16–0.21 0.22–0.29

the MWPC frames (FR4-based), the four PMs, filter hold-
ers and teflon frame. Each PM is modelled as a 5 mm-
thick/25 mm-diameter fused silica window over a 21 mm-
diameter photocathode acting as a sensitive detector. Two of
the PMs are coupled to band-pass filters by means of 10 mm-
long holders, as shown in Fig. 7. The optical properties have
been taken from the literature, including the reflectivities at
the wavelength of interest of expanded teflon [50], copper
[56,57], aluminum [58–60], and the refractive index of fused
silica [61]. A table compiling the values of reflectivity for the
different setup materials is presented in table 1.

Light collection efficiency was simulated both for the S1
and S2 components at 170 nm and 270 nm, the main peaks of
the 2nd and 3rd continuum emission. The overall dependence
with wavelength was found to be small in present conditions,
the dominant effect being the collimation introduced by the
filter holders (see later, Fig. 9). For S1, photons were gen-
erated isotropically at the interaction positions of the α and
β particles, using the 90Sr spectra in this latter case (Fig. 8).
For S2, photons were generated isotropically at the positions
of the ionization electrons upon arrival at the MWPC anode.
The spread of the ionization electrons, obtained from PyBoltz
[37] as a function of pressure and drift distance from the point
of electron production to the MWPC anode, was included too.

In order to reduce the computation time due to photon
tracing, and statistically represent all track topologies, their
spatial distribution was estimated initially by propagating a
large number of (α/β)-events. The geometrical corrections

Fig. 8 Simulated tracks obtained at different pressures for a cross sec-
tion of the setup, for α (left) and β (right) tracks emitted from the source
surface (upper rectangle)

Fig. 9 Simulated light collection efficiencies per PM obtained in the
experimental setup for α-tracks, as a function of pressure. For the S1
and S2 components, photons at 170 nm and 270 nm (the main peaks
of the 2nd and 3rd continuum emission) have been employed. Error
bands account for the range of parameter values. Single points at 10 bar
indicate the S1 collection efficiency for β events (they were slighlty
displaced for better representation)

were thus estimated by launching N = 106 photons from the
resulting distributions.

Calculated light collection efficiencies at 170 and 270 nm
for S1 and S2 are presented as a function of pressure in Fig. 9.
For β-tracks we restrict the analysis to 10 bar, pressure at
which, according to simulations, a fraction 45% of the source
energy is contained (compared to an asymptotic value of
55% at high pressure). The rapid change in containment with
pressure is illustrated in Fig. 8-right.

A comparison between the experimental measurements of
the primary scintillation in the 2nd continuum band (obtained
at high electric field) and the corresponding Geant4 simula-
tions is shown in Fig. 10, normalized to the highest pressure
yield. In the following, the average value of the simulated
light collection efficiency and its standard deviation is used
for correcting the experimental yields.
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Fig. 10 Measured yields in the 145–250 nm band relative to the aver-
age of the two highest points and comparison with Geant4 simulations.
The band includes the spread on the assumed reflectivity values

3 Results for primary scintillation (S1)

3.1 Electric field dependence

Primary scintillation for α-tracks at varying pressure and
electric field has been studied thoroughly, for instance in the
works of Suzuki, Saito, Mimura, and Bolotnikov and Ramsey
[20,21,24,25,62]. Given the high ionization-density, charge
recombination becomes severe at high pressure, with each
neutralized ion resulting in the emission of an additional
photon in correlation. At a shorter time scale, the scintil-
lation process features contributions from the singlet (‘fast’)
and triplet (‘slow’) scintillation precursors, with exponential
time constants τ f = 4.5 ns, τs = 100 ns (e.g., [33] and ref-
erences therein). However, as the time exceeds few 100’s of
ns, a power-law component can be anticipated following the
arguments in [21], roughly as dN/dt ∼ t−1/2. The effect,
resulting from the charge recombination process, can be seen
in Fig. 11-top, where the time spectrum in the entire observed
range of 145–600 nm is shown for different pressures and no
electric field. In Fig. 11-bottom the electric-field dependence
for 10 bar is also shown. For comparison, measurements from
[21] have been overlaid. Despite the longer time scale used in
that work (up to 30 µs), both measurements indicate that the
amount of recombination light (charge) above the first 5 µs
is well below 5%, even in the harshest conditions considered
here (10 bar, no electric field). The top figure also highlights
how that the prompt component increases with pressure, as
discussed in next section.

Figure 12 shows the 2nd continuum yields (145–250 nm)
for α (top-left) and β (top-right) particles obtained on a 5 µs
window and normalized to zero-field conditions. For the case
of α’s, data at 9 bar from [20] has been overlaid (squares).
It has to be mentioned that the corresponding figure as pre-

Fig. 11 Average time spectra for the primary scintillation signal (S1)
from α-particles, as detected with the unfiltered PMs (range 145–
600 nm), given in photoelectrons per ns. Top: dependence with pres-
sure for no-field conditions, with data from [21] given as squares. Bot-
tom: dependence with pressure-reduced field at 10 bar. A fit to Eq. (4)
(including a fast and slow component) is given by the continuous line,
in recombination-free conditions

sented in that work seems to indicate that charge recombi-
nation is independent from pressure above 3 bar, contrary to
our observations. When inspected more closely, it appears
that only high pressure measurements extend down to zero
field, so the normalization for lower pressures seems arbi-
trary and thus misleading. Under the assumption that Wsc

is independent from pressure up to 10 bar in the absence of
recombination (i.e., at high fields), our observations are more
in line with those of Saito [25], who shows that Wsc(E = 0)

becomes gradually smaller at high pressure in the range 1–
10 bar, as observed here (see next section). Furthermore,
Fig. 12-top/right shows that charge recombination from β

particles is negligible even at 10 bar, a pressure sufficient to
contain 0.5 MeV tracks (e.g., [52]). Control measurements at
0 and 50 V/cm/bar have been performed at lower pressures,
showing compatible values. These measurements seem suf-
ficient to convincingly exclude any sizeable form of charge
recombination for the case of β-particles up to 0.5 MeV,
in line with the observations for X-rays performed also at
10 bar in [44]. Higher energy (1–2 MeV) electrons, stemming
for instance from γ -conversions, will certainly undergo even
smaller recombination effects, as an increasingly large frac-
tion of the track pertains to the minimum ionizing regime.
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Fig. 12 Primary scintillation as a function of electric field, relative
to zero-field conditions. Top-left: α-particles from an 241Am source,
observed in the band 145–250 nm (data from [20] is shown as black
squares). Top-right: β-particles from a 90Sr source, band 145–250 nm.
Bottom-left: α-particles from an 241Am source, band 250–400 nm.
Bottom-right: β-particles from a 90Sr source, band 250–400 nm. For
the β source and pressures below 10 bar, only control measurements at
0 and 50 V/cm/bar were performed

This result is of interest to contemporary high pressure TPCs
(e.g. [40]); its validity, however, is restricted to pure xenon
and is not generally applicable in the presence of additives,
as the diffusion of the ionization cloud can be reduced by up
to one order of magnitude in those conditions [63,64].

Also interestingly, the bottom rows in Fig. 12 show the
same measurements for the scintillation in the 250–400 nm
band, that is classically attributed to the 3rd continuum and
hence involving Xe+,∗

n , Xe++
n precursor states (e.g. [19],

[65], [66]). Despite the higher ionization state and reactivity
compared to single-ionized ions, it is interesting to see that
they do not participate of the charge recombination process.
Similarly, the time constant for the emission is in the range
8.3–8.5 ns with independence of the applied field, these val-
ues being similar to earlier measurements performed in [22]
(8.2±0.5 ns). A control measurement on the same band for
argon at 10 bar yielded 4.8 ns, also in agreement with expec-
tations (e.g., [39]). Similar conclusions can be extracted for
β-particles: at 10 bar, where 0.5 MeV electron tracks are
well contained in our mini-TPC, no systematic trend can be
observed, within the somewhat large errors stemming from
the lower scintillation in this case. The scintillation in the

range 400–600 nm displays identical behaviour and is not
shown.

3.2 Pressure dependence

Pressure variations cause changes in the scintillation mech-
anisms as well as in the light collection efficiency, the latter
due to changes in the size of the particle trails. For α-particles,
the primary scintillation yields obtained at high fields in the
range 145–250 nm decrease by up to 25% at 1 bar relative
to 10 bar, in approximate agreement with the decrease of the
light collection efficiency obtained in simulation (Fig. 10).
The fact that the 2nd continuum yields at high fields are dom-
inated by light collection effects, being approximately flat at
the production point, is consistent with earlier observations
(for instance [25]).

The absolute yield, on the other hand, can be obtained
when considering the measured number of photoelectrons
Ym , the weighted quantum efficiency 〈QE〉λ, the light col-
lection efficiency (G) and the transparency (T ) of the wire
planes (93.6% for the gating grid, 96.8% for the cathodes
(‘gate’ and ‘readout’) and 99% for the anode). In particular,
Wsc can then be found as:

Wsc = G · T · 〈QE〉λ
Ym[145−600] − g · Ym[250−600] · εα (5)

where εα indicates the energy of the α particle and g
is a factor of order one that corrects for the marginally
different geometrical efficiencies of filtered and unfiltered
PMs. Using the wavelength response of the different sys-
tem components in Fig. 3, the average quantum effi-
ciency in the 2nd continuum range can be estimated to be
〈QE〉[145−250] = 0.137, while for the third continuum range
we obtain 〈QE〉[250−400] = 0.182 and 〈QE〉[250−600] = 0.189.
Prior to this work, the third continuum spectra has been stud-
ied at around 1 bar in [22] (α excitation) and [67] (X-ray flash)
showing good mutual agreement. The pressure-dependence
has been measured in [42] (α excitation) up to 4 bar, show-
ing little change in shape except for an overall blue-shift of
50 nm compared to the above results. We thus assume the
3rd continuum spectrum to be pressure-independent in our
conditions. For the 2nd continuum, independence of shape
above 100’s of mbar is well established (e.g., [1]).

Wsc-values estimated from expression 5 are shown in
Fig. 13 for the 145–250 nm range (red and blue circles). For
comparison, data from [24] at zero-field are shown as squares
and the average value obtained at high field in [25] as a contin-
uous line with its error (dashed). Since the scintillation mea-
surements in previous works were not band-resolved, the sys-
tematic up-shift observed here might be naturally attributed
to the effect of 3rd continuum emission, that usually takes
place in a more favourable detection band.
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Fig. 13 Average energy to produce a scintillation photon in the 2nd
continuum band (Wsc) after PM calibration, quantum efficiency and
geometrical corrections (blue and red circles), for α-particles. A com-
parison with (band-unresolved) data is shown both at zero field in [24]
(squares) and high field in [25] (average value shown as continuous line
and error band as dashed)

One outstanding feature, characteristic of the scintilla-
tion process in this pressure range, is that the scintillation
mechanisms responsible for the 2nd continuum (determin-
ing the populations of the singlet and triplet components) are
expected to saturate slightly above 2 bar (see for instance
[5]). The high quality of the single-photon calibration and
time-alignment of the waveforms allows to reliably subtract
the time spectra, so the phenomenon can be addressed more
clearly. According to Fig. 14-up, in our 2nd continuum mea-
surements (blue dots) the singlet component is not even dis-
cernible at around 1 bar, however at 10 bar it is already
fully formed (Fig. 14-bottom). Indeed, the fast-component
observed over the entire range of 145–600 nm (red dots) is
dominated at 1 bar by the 3rd continuum emission (green
dots), in analogous way to the observations recently made in
argon [39]. So while the time spectrum looks qualitatively
independent and relatively dull as a function of pressure, the
fast component peak changes from being 3rd continuum-
dominated to being 2nd continuum-dominated, and likewise
its spectral content changes too.

The dynamics of the 3rd continuum can be studied by
analysing its scintillation yield relative to the 2nd continuum
one, so as to cancel most of the effect from the uncertainty
in the geometrical correction factor, that dominates the abso-
lute yields (Fig. 15). The fraction of 3rd continuum emission
is reduced by about a factor ×2.5 when increasing pressure
from 1 to 10 bar, starting from a seemingly modest 10% value

Fig. 14 Average time spectra for the primary scintillation (S1) of α-
particles in high electric field conditions (above 50 V/cm/bar, i.e., no
charge recombination). The directly measured spectra (red for 145–
600 nm and green for 250–600 nm) have been subtracted to obtain
the uncontaminated 2nd continuum signal (blue). Top: 1 bar. Bottom:
10 bar. Fits to Eq. (4) have been included with continuous lines

and ending at 4%. However, when taking its effect on the
fast component (for instance considering a 20 ns time win-
dow around the fast peak) its relative contribution goes from
60% at 1 bar to 20% at 10 bar. At high pressures, where the
event containment is highest, the ratio has been derived for
β-electrons too (pink point). Yields from β-electrons emerg-
ing from surface deposits are complicated to interpret, as
they unavoidably interact with walls, potentially leading to
spurious scintillation. Thus, the 2nd/3rd continuum ratio has
been obtained in this case as an average value with an uncer-
tainty coming from its spread, obtained for different cuts in
the number of photoelectrons detected in the 2nd continuum.
The approximately 30% spread observed, compared to up to
a factor ×20 obtained in simulation if assuming that scin-
tillation from the walls dominates the 3rd continuum signal,
suggests that most of the observed scintillation has its origin
in the gas.

For a complete study, time constants have been obtained
from fits to Eq. (4) and are compiled in table 2. For the
3rd continuum emission (in the range 250–400 nm) they are
found to vary with pressure in the range 8.23–8.75 ns (being
largely field-independent). These time constants as well as
the light yields were found to vary by less than 5% when
the gas purity was purposely brought to conditions where
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Fig. 15 Ratio of 3rd to 2nd continuum scintillation for α-excitation,
considering the 250–400 nm and 400–600 nm bands (blue and red,
respectively), obtained in recombination-free conditions (i.e., above
50 V/cm/bar). The pink point represents the ratio for β-electrons as
obtained at 10 bar, where events are contained up to around 0.5 MeV

the triplet time constant was only 34 ns, in a dedicated run
at 2 bar. Additionally, for the highest pressure (at which the
fast peak observed in the unfiltered PMs is expected to be
dominated by the singlet component of the 2nd continuum)
a value for τ f = 5.2 ± 1.0 ns was obtained, compatible with
the singlet time constant. Values for the triplet time constants
are affected by impurities, so we select the highest value as
an estimate, corresponding to injection of fresh gas at 2 bar
(τs = 98.5 ± 0.5 ns).

4 Results for secondary scintillation (S2)

Secondary scintillation was obtained following an analysis
procedure similar to the one used in the reconstruction of the
primary scintillation. Aiming at a direct analysis, we concen-
trated on the pressure range 3–10 bar to avoid geometrical
effects that complicate the reconstruction of the time pro-
file due to the extension of the ionization trail. In the chosen
pressure regime the events are well-described as diffusion-
dominated Gaussian functions. In all cases, a drift field of
50 V/cm/bar was employed in order to avoid sizeable charge-
recombination effects. Importantly, in order to overcome PM
saturation during the scan, the PM bias voltage was varied so
as to always being below a predefined maximum signal. The
lack of saturation was confirmed offline by seeking linear-
ity in the charge vs. amplitude plots (the former being more
prone to saturation). An example of an average event in the
different bands is given in Fig. 16.

For each event, the signal charge (integral of the wave-
form) was converted to photoelectrons (phe) based on LED

Fig. 16 Example of secondary scintillation signals recorded in the
145–600 nm range (upper plots), 250–400 nm (bottom-left) and 250–
600 nm (bottom-right). The average waveform obtained for 10,000 evts
is shown in black (thick line). The events were taken at 10 bar, with
4.0 kV applied at the anode and 50 V/cm/bar in the drift region. Due to
the increased diffusion and extended ionization trails, signals become
wider as pressure decreases, and complicates the analysis and geomet-
rical corrections below 3 bar. (Amplitudes are not directly comparable
as the PM bias is different in each case)

Fig. 17 Example of photoelectron distributions obtained for the sec-
ondary scintillation of α-tracks at a pressure of 10 bar, with 4.0 kV
applied at the anode and 50 V/cm/bar in the drift region

calibrations and histogrammed. Soft cuts in low energy
events were applied to avoid outliers, and the average value of
the histograms was used as an estimate of the yields (Fig. 17).

By applying the Geant4 corrections with the same param-
eters as for the primary scintillation signals, and given the
good agreement obtained with earlier measurements in such
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Table 2 Time constants obtained in this work for the 3rd continuum
band at different pressures (largely independent from the pressure-
reduced field in the range 0–100 V/cm/bar). The value for the fast com-
ponent of the 2nd continuum (singlet), obtained from a fit to the unfil-

tered PM in high pressure conditions (to minimize contamination from
3rd continuum emission) was τ f |2nd = 5.2 ± 1.0 ns while the highest
value achieved for the slow (triplet) component (at E > 50 V/cm/bar)
was τs |2nd = 98.5 ± 0.5 ns

τ f |3rd [ns] 8.30 ± 0.07 8.16 ± 0.10 8.63 ± 0.07 8.50 ± 0.25

P [bar] 1 2 4 10

Fig. 18 Top: absolutely normalized secondary scintillation yields as
a function of pressure, measured by the unfiltered PM (145–600 nm).
Bottom: scintillation yields in a pressure-reduced representation. The
drift field is 50 V/cm/bar in all cases and the overall systematic error is
estimated to be less than 25%

a case, one can expect that the reported secondary scintil-
lation yields are within less than a 25% error. This uncer-
tainty can be decomposed as coming from two sources,
added quadratically: 10–13% represents the measurement
error (dominated by the single-photon calibration and the
geometrical efficiency) and 20% is the maximum devia-
tion with respect to earlier Wsc values, added in quadrature.
Fig. 18 shows the absolutely normalized secondary scintil-
lation yields obtained in this way (top) an after applying P-
scalings (bottom).

The measurements show clearly the presence of a propor-
tional EL-region together with an exponential one, hinting

Fig. 19 Secondary scintillation yields in the UV region 250–400 nm
for different pressures, relative to 2nd continuum scintillation (145–
250 nm). For illustration, the (stronger) emission in the visible 400–
600 nm band is shown too, for 10 bar. As the spectra of secondary
emission is not known, detected (photoelectron) ratios are plotted and no
QE correction has been attempted. For 140–400 nm, where the response
of the PM is largely flat, the scintillation ratio at production is expected
to be within a factor ×2 of the values shown of the values shown, at
most

at the onset of multiplication. As expected, the linear region
shows yield/P vs. E/P scalings while the exponential one
does not. Indeed, the multiplication process follows the anal-
ogous scaling for the yield of electrons per cm, however this
latter magnitude enters in an exponent due to the avalanche-
nature of the process. As a result, for the same pressure-
reduced voltage it is easier to obtain gain at higher pressure,
as Fig. 18 (bottom) illustrates. More important, we can not
reproduce here the evidence pointing to the violation of P-
scalings reported earlier in [45]. In that work, an increase of
the pressure-reduced yield was observed as a function of pres-
sure, at fixed values of the pressure-reduced electric fields.
Our measurements, on the other hand, favour a canonical
explanation without the need to invoke new phenomena (for
instance, increased probability of excitations of ground-state
dimers as the pressure increases).

Finally, Fig. 19 shows the scintillation in the 250–400 nm
and 400–600 nm ranges relative to the yield in the range 145–
250 nm (expectedly, from the 2nd continuum). The emission
in the UV region (250–400 nm) stays at the 0.05% level
and increases exponentially with the onset of multiplication,
suggesting that the contribution of high-lying states becomes
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more important as the field increases. On the other hand,
the visible emission at 400–600 nm (plotted just at 10 bar,
for clarity) shows a stronger contribution below the onset of
multiplication. A natural candidate is neutral bremsstrahlung,
since the 0.15% levels observed are compatible with the 0.1–
1% levels expected for the effect when considering high EL
fields [48]. Also, as expected, yields are higher than in the UV
region. It is interesting to note that, despite the faint nature of
the emission, α tracks can be cleanly reconstructed in either
of the bands, not requiring the detection of VUV scintillation
(e.g., Fig. 17).

5 Conclusions

Simultaneous time, band and particle -resolved measure-
ments of primary (S1) and secondary (S2) scintillation have
been performed in pure xenon through a mini time projec-
tion chamber (TPC), its anode equipped with a multi-wire
readout. The systematic measurements performed as a func-
tion of pressure and electric field allow a thorough charac-
terization of subdominant phenomena in xenon. In particu-
lar, we have been able to establish the relative S1-yields of
3rd to 2nd continua emission for α-particles (241Am) to be
in the range 10–4% in the pressure range 1–10 bar. At 10
bar, where energy containment reaches 80% of its maximum
value, β ′s from a 90Sr-source produce a ratio of 6 ± 2%,
compatible with the value observed for α’s. Similarly to
the recent observations in argon [39], for the lowest pres-
sures studied (around 1 bar in case of xenon) the prompt
scintillation component is dominated by this 3rd-continuum
emission thus creating, in the absence of spectral informa-
tion, the illusion of a pressure-independent time profile. This
3rd continuum emission has a time constant in the range
8.3–8.5 ns, compatible with previous observations, being the
yields and time constants largely field-independent in the
measured pressure range, up to pressure-reduced fields of
100 V/cm/bar. On the other hand, the 2nd continuum yields
for α-particles are compatible with earlier values although
somewhat larger by 20% (Wsc = 43 ± 5 eV in the range 1–
10 bar). The well-studied light recombination characteristics
are reproduced at the same level. Although part of the differ-
ence can be explained through the previously unaccounted
3rd continuum emission, some tension remains. In the case of
β-particles, no hint of recombination light was observed even
at 10 bar and in the absence of electric field, as anticipated.

Last, measurements of the secondary scintillation compo-
nent exhibit a good pressure-scaling in the 3–10 bar range,
against earlier evidence [45]. Our results favour a canonical
interpretation without the need to invoke the dynamics of
neutral Xe∗ dimers in the gas. The band-resolved measure-
ments performed in the range 400–600 nm and 250–400 nm
show the presence of additional secondary scintillation at the

level of 0.05–0.2%, qualitatively compatible with the inten-
sity and spectral characteristics of neutral bremsstrahlung.
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