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Abstract

CYGNO is an international collaboration with the aim of operating a 1 m? opti-
cal time projection chamber (TPC) for directional Dark Matter (DM) searches
and solar neutrino spectroscopy, to be deployed at the Laboratori Nazionali del
Gran Sasso (LNGS). A He/CF, (60/40) mixture is used, along with a triple
Gas Electron Multiplier (GEM) cascade to amplify the ionization signal. The
scintillation produced in the electron avalanches is read out using a scientific
complementary metal-oxide-semiconductor (sCMOS) camera. This solution
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has proven to provide very high sensitivity to interactions in the few keV en-
ergy range. The inclusion of a hydrogen-based gas will offer an even lighter
target, resulting in a more efficient energy transfer in a DM particle collision,
and consequently, a lower detection threshold. Additionally, longer track lengths
of light nuclear recoils are easier to detect with a clearer direction. However,
the addition of such gas will contribute to quenching the scintillation, jeopar-
dizing the TPC performance. In this work, we demonstrate the feasibility of
adding 1% to 5% isobutane to the He/CF, (60/40) mixture by measuring the
respective absolute scintillation yield output. The overall scintillation produced
in the charge avalanches is not drastically suppressed by quenching due to the
isobutane addition. The presence of Penning transfer from excited He atoms to
isobutane molecules increases the number of electrons in the avalanches, par-
tially compensating for the loss of scintillation due to quenching. For the highest
applied GEM voltage, the total number of photons produced in the avalanche
per keV deposited in the absorption region presents a decrease of only a factor of
about three, from 2.30(20) x 10 to 8.2(4) x 103 photons/keV, as the isobutane
content increases from 0 to 5%. The quantification of the visible component
of the scintillation shows that isobutane quenches both visible and ultraviolet
(UV) photons emitted by He/CFj.

Keywords: Secondary scintillation, Optical TPC, Rare event detection, Dark
Matter, Directional Dark Matter, Neutrino, WIMP

1. Introduction

Dark matter (DM) search stands as one of the most important research ar-
eas in contemporary particle physics and cosmology, with Weakly Interacting
Massive Particles (WIMPs) emerging as one of the most compelling candidates.
Direct DM searches aim to detect nuclear recoils (NRs) resulting from WIMP
elastic scattering in a sensitive volume of a radiation detector. Given the low
rate and high background nature of these experiments, a main challenge lies
in discriminating NRs due to WIMP scattering from interactions that produce
electron recoils with significantly higher rates. Additionally, discriminating from
NRs induced by neutrons interacting in the sensitive volume is an advantage.
A detector with sensitivity to the direction of the incoming particle, recon-
structing the 3D-topology of the respective ionization event [1, 2, 3, 4, 5, 6],
offers a potential solution. This directional capability becomes crucial in the
case of DM discovery, where the motion of the Earth and the Sun around the
centre of the Galaxy generates, in the laboratory frame, an apparent wind of
WIMPs coming from approximately the Cygnus constellation. This results in
an anisotropic angular distribution of the WIMP-induced NRs, which, also due
to the Earth’s rotation, no background can mimic, providing a unique key for
unambiguous and positive identification of DM signals [1]. Furthermore, the
directional capability enables discrimination between WIMP scattering events
and solar neutrino events that otherwise constitute an irreducible background



known as the “Neutrino Floor” [7], and allows to constrain DM halo models
[1, 2, 3, 4, 5, 6].

CYGNO is part of a wider effort, the CYGNUS collaboration [2] that aims
at developing instrumentation for directional DM searches. The CYGNO ex-
periment [8, 9] focuses on developing a high-resolution optical Time Projection
Chamber (TPC) for directional dark matter searches and solar neutrino spec-
troscopy. The ionization signal is amplified by a triple Gas Electron Multiplier
(GEM) stack, with the secondary scintillation produced in the charge avalanches
read out by suitable photosensors. Using 2D high-granularity scientific comple-
mentary metal-oxide-semiconductor (sCMOS) cameras in conjunction with fast
light sensors, such as photomultiplier tubes (PMTs), for detecting the time pro-
file of charge arrival at the amplification plane, enables the inference of the track
extension along the drift direction and its inclination with respect to the am-
plification plane, faciliating the reconstruction of the 3D direction of the tracks
[10, 11].

The TPC filling gas chosen is a He/CF4 (60/40) mixture [12], providing high
sensitivity to interactions in the few keV energy range together and excellent
particle identification. This extends CYGNOQ'’s sensitivity to GeV and sub-GeV
WIMP masses for spin-independent coupling and is suitable for atmospheric
pressure operation while maintaining good tracking. Low mass nuclei result
in longer track lengths, improving the determination of their direction, hence
increasing directional sensitivity. CFy is added for its well-known scintillation
in the visible region matching the sCMOS camera sensitivity. Additionally,
fluorine provides sensitivity to spin-dependent WIMP-proton interactions.

The inclusion of a hydrogen-based gas offers an even lighter target, enhancing
gas tracking capabilities in terms of drift velocity, diffusion, and longer track
lengths [9]. The improvement in topological signature and particle identification
of the recoil event enhances the rejection of natural radioactivity background
down to low energy thresholds. Since the kinematic match between target and
DM masses allows for better energy transfer to the recoiling nuclei, the addition
of hydrogen will significantly improve the detectable capabilities for below 1
GeV DM candidates, Figure 1. More complete information on the foreseen
CYGNO TPC sensitivity and its comparison with those of other experiments
are shown in figures 14 and 15 of [9]. Hydrocarbons prove to be an excellent
choice for additives to the base He/CF mixture. However, the addition of such
gas impacts the scintillation, reducing the amount of light detected during a
recoil, which is a measurement of its energy, affecting the energy threshold of the
experiment. The sCMOS camera is more affected due to its higher granularity
and the higher level of scintillation required compared to PMTs. A higher energy
threshold limits the detectable recoils, thereby reducing the DM sensitivity of
the experiment. Previous studies demonstrated the energy threshold to be one
of the most important experimental parameters for DM searches [13].

In this work, we present experimental studies of the absolute secondary
scintillation yield produced in GEMs operated in a He/CF4 (60/40) mixture
and its admixture with a few percent of isobutane. We quantify this yield in
terms of the total number of photons produced in GEM avalanches per keV
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Figure 1: Spin-dependent sensitivity for WIMP-proton cross sections for the 30 m® CYGNO
TPC with an operative threshold of 0.5 keV and for 3 years of exposure with different back-
ground level assumptions corresponding to different possible number of background events per
year, Nppy = 100 (black), 1000 (red) and 10,000 (dark green). The dashed curves show the
sensitivity for a He/CF4 (60/40) mixture, while the dotted curves show the sensitivity for a
He/CF4/isobutane (58/40/2) mixture.

deposited in the absorption region and/or per avalanche electron. The overall
scintillation produced in the charge avalanches is not drastically suppressed by
quenching due to the isobutane addition. The presence of the Penning transfer
from excited He atoms to isobutane molecules increases the number of electrons
in the avalanches, partially compensating for the loss of scintillation due to
quenching

2. Experimental Setup

At present, CYGNO is operating a 50 L optical TPC prototype named LIME
[9]. This prototype is currently collecting data underground at the Laboratori
Nazionali del Gran Sasso (LNGS). The TPC operates in a 910 mbar He/CF,
(60/40) mixture. For measuring the absolute scintillation yield of this mixture
and its admixtures with isobutane, a dedicated setup was assembled for this
purpose, as shown in Figure 2. An aluminium chamber of dimensions 23 x 23 x
5 cm? was used to accommodate a drift mesh, a standard GEM foil, an induction
mesh, and a Large Area Avalanche Photodiode (LAAPD). The GEM is a 50-pm
thick Kapton foil coated on both sides with a 5-pm thick Cu film and perforated
by biconical holes in a hexagonal pattern, with 70-pm and 50-pm diameter at
Cu and Kapton, respectively. The meshes are made of stainless-steel wires,
80 pm in diameter, with 900-pm spacing, offering 84% optical transmission.
The LAAPD is an Advanced Photonics Instruments, Deep-UV series, with a
16-mm diameter active area and spectral sensitivity in the 120-1000 nm range



[14], encompassing the entire emission spectrum of the He/CFy4 (60/40) mixture,
between 200-800 nm [15], Figure 3. The visible component of the scintillation
yield was also determined by placing a borosilicate glass filter, N-B270 [16], on
top of the LAAPD to cut off photons below 300 nm, Figure 3. The sensitivity of
the N-B270 is similar to that of the sCMOS camera: ORCA-Quest [17], Figure
3.
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Figure 2: Schematic of the chamber used for the present studies.

Each electrode was individually biased with CAEN N471 modules, with cur-
rent limited to 400nA for the LAAPD and 100 nA for the remaining electrodes.
Each power line was filtered using custom-made low pass filters with an RC
constant of 20 ms to ensure stable biasing conditions and electronic noise filter-
ing.

The chamber was operated in flow mode with a gas flow of about 4 dm®h~1.
The uncertainty in concentrations is less than 0.025 %, 0.025 %, 0.25 %, in
absolute value, for isobutane, CF4 and He, respectively.

X-rays from a ®°Fe radioactive source, 2-mm collimated, were used. A frac-
tion of the x-rays emitted by the source is absorbed in the gas in the drift region,
and the resulting primary electrons are driven towards the GEM holes under the
influence of a weak electric field, undergoing charge avalanche multiplication in
the strong electric field inside the GEM holes. This electric field is induced by
a voltage difference established between the GEM top and bottom electrodes,
Vaem - The avalanche electrons are collected and read out in the GEM bottom
electrode, while the scintillation produced along the electron avalanches is read
out by the LAAPD. Both output signals were amplified and formatted through
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Figure 3: He/CF4(60/40) emission spectra (orange area), taken from [15], LAAPD quantum
efficiency (blue), taken from [14]; Hamamatsu ORCA-Quest camera quantum efficiency (pur-
ple) [17] and N-B270 borosilicate glass filter transmission (green) [16]. The filtered spectra
(red) was computed by multiplying the N-B270 filter transmission with the total emission
spectrum of He/CF4 (60/40).

typical preamplifier/amplifier elements, and their pulse height was analysed by
a Multi-Channel Analyser (MCA).

The x-rays transmitted through the gas interact directly in the LAAPD.
Therefore, a typical pulse-height distribution readout in the LAAPD comprises
two main components, as shown in Figure 4 top panel: 1) the peak due to
the direct x-ray interactions in the LAAPD, dependent only on the LAAPD
biasing voltage,Vapp, and not on the voltages of the meshes or GEM electrodes;
therefore, the channel corresponding to the position of this peak in the MCA is
constant for a given Vapp; 2) the scintillation peak due to the photons produced
in the avalanches in the GEM holes and impinging the LAAPD; its amplitude
depends on Vggas and the induction electric fields, for a given Vapp. A typical
pulse-height distribution of the charge avalanche pulses read out at the GEM
bottom electrode is depicted in Figure 4, bottom panel. Gaussian curves were
fit to the peaks, from which the centroid and the full width at half maximum
(FWHM) were extracted for average pulse amplitude and energy resolution
measurements.

3. Methodology

The methodology used in this work closely follows the one previously de-
scribed in earlier works [18, 19, 20]. The centroid channel in the MCA, Ax,
of the peak corresponding to the peak resulting from direct interactions in the
LAAPD enables direct calibration of the MCA channel number in terms of
number of electron-hole pairs per channel, since the average energy needed to
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Figure 4: Typical pulse-height distributions obtained for x-rays from a 5°Fe radioactive source:
(top) read out at the LAAPD output; (bottom) read out at the GEM bottom electrode; .

produce an electron-hole pair in Si, w(Si), due to 5.9-keV x-ray interactions is
well known (3.62eV [21]):

5.9keV
Calg. = AXX—’Z(Si) (electron-hole pairs/channel) (1)
Therefore, the number of electron-hole pairs produced in the LAAPD by the
scintillation pulse, Npe s, is given by:

A 5.9keV
Npe,sc = Ase x Calge = A—ic X TS?) (electron-hole pairs),  (2)
where Ag. is the centroid channel of the scintillation peak in the MCA.
The gain achieved in the scintillation amplification, G g, i.e. the number of
electron-hole pairs produced in the LAAPD per primary electron produced in
the gas, is given by:

Npe,se  Ase  w(gas) . .

— = X ——= electron-hole pairs/primary electron),

Npoows ~ Ax ~ w(SD ( pairs/primary )( |
3

GSC =



where w(gas) is the w-value of the gas mixture.

Finally, the secondary scintillation absolute yield, Y, i.e. the number of
scintillation photons produced in the electron avalanches per primary electron
created in the drift region, is determined as follows:

_ Ase " w(gas) y 1
CAx T ow(Si) T QExQxT

where QF is the LAAPD average quantum efficiency, in electron-hole pairs per
incident photon. It is obtained through the convolution of the LAAPD QF
curve and the emission intensity distribution of He/CF4 (60/40) as a function
of photon wavelength [15] (54.0(27)%). Additionally, 2 is the relative solid angle
subtended by the photodiode (0.224(11)) and T is the mesh transparency (84%,
we consider the uncertainty in this parameter to be negligible).

Since the w-value of the He/CF, and He/CF4+isobutane mixtures are not
currently known to the best of our knowledge, in this work we define the sec-
ondary scintillation yield, Y/keV, as the number of photons produced in the
electron avalanches per keV absorbed in the drift region,

Y (photons/primary electron),  (4)

Npe,Sc 1 ASc 103

Y/keV = _
/keV = FokeV X OE X OxT ~ Ax  w(S) X OF X O x T

(photons/keV),

(5)
with w(Si) expressed in eV.

The number of avalanche electrons collected at the GEM bottom electrode
is determined by the centroid channel of the respective peak after the MCA
calibration in terms of electrons per channel, using a calibrated capacitor and a
precise pulse generator (BNC PB-4 model).

4. Experimental Results and Discussion

To evaluate the performance of our setup, we performed measurements for
the charge gain, defined as the number of electrons collected at the GEM bot-
tom electrode per primary electron, as well as for the scintillation yield, Y, for
pure CF4 at atmospheric pressure. The results obtained with this setup are
similar to previous results obtained in [22], thereby confirming the robustness
and consistency of the results achieved with the current configuration.

The impact of the drift field intensity in He/CF4 (60/40) was accessed. Be-
low 4kV em ™1, the drift field does not significantly affect the obtained avalanche
charge gain, secondary scintillation yield and corresponding statistical fluctua-
tions. Electric fields as low as 100 Vem™! can be applied without a substan-
tial degradation of these parameters. Consequently, we used a drift field of
300 Vcem ™! in the subsequent studies.

Figure 5 depicts the experimental results for the total number of electrons
produced in the avalanches within the GEM holes for He/CF4 (60/40) + isobu-
tane mixtures plotted against Vgpps. The data are presented for varying con-
centrations of 0, 1, 2, 3, 4, 5 and 10% isobutane, while keeping constant the ratio



between He and CF4. The displayed data exhibit the characteristic logarithmic
dependence of the charge on Vggas, evident in the inserted graph within the
main plot and depicted by the solid exponential trendlines. The charge growth
factors, (3, i.e. the coefficients of the exponential fit, for each isobutane content
are provided in table 1.
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Figure 5: Total number of electrons produced in the avalanches in He/CF4 (60/40) + isobu-
tane mixtures as a function of GEM voltage for 0, 1, 2, 3, 4, 5 and 10% isobutane. The
experimental measurements are presented by the open markers, whereas the corresponding
exponential trendlines are presented by the solid lines. Error-bars are shown whenever uncer-
tainties are larger than the maker-size.

The maximum voltage that can be applied across the GEM before the onset
of micro-discharges, defined here as more than 1 discharge per minute, is inde-
pendent of the isobutane concentration. The observed increase in the charge
produced in the avalanches with increasing isobutane content can be attributed
to the decrease of the gas w-value, which impacts on the GEM charge avalanche
gain, and to the Penning transfer from excited He metastable states (19.8eV
and 20.6 ¢V [23]) produced in the avalanche to isobutane molecules (10.68(11) eV
ionization energy [24]), resulting in additional electron-ion pair production. As
the isobutane concentration increases, the fraction of excited He atoms escaping
Penning effect decreases to zero, leading to saturation in the number of addi-
tional electrons produced by Penning effect, and subsequently, the number of
avalanche electrons stabilizes. In fact, the total charge obtained for 10% isobu-
tane content is comparable to that obtained for 5%, a factor of 3 higher than
the total charge produced in He/CF, (60/40). At low Viggas values, an increase
in voltage results in larger gains and a lower avalanche fluctuation term, leading
to a decrease in energy resolution. For higher values of Vg, the avalanche
fluctuation term becomes less important and the energy resolution becomes con-
stant. For higher Vggas values, the achieved energy resolution for °>Fe x-rays
does not exhibit a significant dependence on the isobutane content, reaching



values around 14%.

Figure 6 shows the experimental results obtained for both the total and
the visible component of secondary scintillation yield, Y/keV as a function of
Ve for isobutane concentrations of 0, 1, 2, 3, 4 and 5%, in the top and bottom
panel, respectively. Scintillation signals were also monitored for 10% isobutane,
simultaneously with the charge signals, but the scintillation peak was not distin-
guishable under these conditions. As expected, for all mixtures, the secondary
scintillation yield increases with increasing Vg following the exponential in-
crease in the number of secondary electrons produced in the avalanche, as evi-
denced by the solid exponential trendlines. The scintillation growth factors, 3,
i.e. coefficients of the exponential fit, for each isobutane content are detailed in
Table 1.
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Figure 6: Total (top panel) and visible (bottom panel) secondary scintillation yield, Y/keV,
produced in the GEM avalanches in He/CF4 (60/40) + isobutane mixtures as a function of
GEM voltage for 0, 1, 2, 3, 4 and 5% isobutane. The experimental measurements are depicted
by the open markers, whereas the corresponding exponential trendline is presented by the
solid lines. Error-bars are shown whenever uncertainties are larger than the maker-size.

Our results show that both the total and the visible component of the sec-
ondary scintillation yield decrease as the isobutane content increases. This
decline is attributed to quenching by the isobutane molecules of the excited
state species resulting from He and CF4 excitation. In contrast, the energy res-
olution achievable at the highest values of Vggps does not exhibit a significant
dependence on the isobutane content, reaching values of about 20%. Our results
align with those in [15], i.e. about 60% of the scintillation emitted by He/CF,4
(60/40) belongs to the visible component.
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The secondary scintillation yield, expressed as the number of scintillation
photons emitted per avalanche electron, Y/e™, is depicted in Figure 7 as a func-
tion of Vg for the different isobutane concentrations under study. Notably,
both the total (top panel) and visible (bottom panel) secondary scintillation
yield per avalanche electron remain constant, independent of Vggas. This ob-
servation implies that the number of photons emitted in an avalanche is pro-
portional to the number of electrons produced in that same avalanche, and the
ratio between total (overall) excitation and ionization cross-sections for electron
impact is independent of the electric field intensity, for the electric field values
corresponding to the range of applied GEM voltages. Figure 7 shows a decrease
in the total and the visible secondary scintillation yields per avalanche electron
with increasing isobutane concentration. The total number of photons produced
in the avalanche is only 11.3(5) % of the total number of avalanche electrons in
He/CF, (60/40), decreasing this value to 1.42(6) % for 5% of isobutane, Table
1. This is due to quenching, by the isobutane molecules, of the excited state
species resulting from He and CFy excitations.

The average number of visible photons emitted per avalanche electron in
He/CF4 (60/40), as presented in Table 1, is consistent with the value found in
the literature, which is 0.077(15) photons/avalanche electron [15]. Additionally,
the average number of ultraviolet (UV) photons emitted per avalanche electron
for the various isobutane admixtures was determined and is presented in Table
1. These values clearly indicate that isobutane quenches both the visible and
the UV photons emitted by He/CFy.

Table 1: Summary of the results obtained for He/CF4 (60/40) + isobutane mixtures and for
different isobutane contents.

0% 1% 2% 3% 4% 5%

% isobutane

Charge growth

fmotor. fo 0.02055(7)  0.02110(5)  0.02180(7)  0.02236(7)  0.02280(6)  0.02315(7)

arowth factor, f. 0.0204(12)  0.0205(17)  0.0203(32)  0.0216(32)  0.020(5) 0.023(10)

Visible scintillation

Total scintillation ‘
growth factor, By ‘

0.0223(16)  0.0232(14) — 0.0236(20)  0.0249(25) —

Total number of photons
emitted per avalanche 0.113(5) 0.0655(24)  0.0383(17)  0.0247(10) 0.0176(6) 0.0142(6)
electron, Y /e~

Number of visible photons
emitted per avalanche 0.0669(27) 0.039(5) — 0.0175(8) 0.0124(12) —
electron, Y /e~ (vis)

Number of UV photons
emitted per avalanche 0.046(6) 0.027(6) — 0.0072(13)  0.0052(13) —
electron, Y /e~ (UV)

Despite the decrease by almost one order of magnitude in the total secondary
scintillation yield per avalanche electron with an increase in isobutane concen-
tration up to 5%, the secondary scintillation yield per keV deposited in the drift
region only decreases by a factor of almost 3. While quenching diminishes the

11
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Figure 7: Total (top panel) and visible (bottom panel) secondary scintillation yield per
avalanche electron, Y/e™, produced in the GEM avalanches in He/CF4 (60/40) + isobutane
mixtures as a function of GEM voltage for 0, 1, 2, 3, 4 and 5% isobutane. The experimental
measurements are depicted by the open markers. The average number of photons emitted
per avalanche electron is presented by the horizontal solid line, whereas the corresponding
coloured region illustrates their 95% confidence interval.

number of photons released per avalanche electron, the number of avalanche
electrons increases due to the Penning effect and to the gas w-value decrease,
partially compensating for the former effect.

Figure 8 shows the average percentage of the visible and the UV compo-
nents of the scintillation emitted by the various He/CF, (60/40) + isobutane
admixtures, calculated using the results from Figure 6 and Table 1. We observe
that the UV component is more quenched with the addition of isobutane when
compared to the visible component of the scintillation.
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Figure 8: Percentage of the visible (red) and UV (purple) photons emitted by different isobu-
tane admixtures to He/CF4 (60/40). The error-bars correspond to a 95% confidence interval.

5. Conclusions

We studied the impact of adding isobutane to the He/CF4 (60/40) mixture,
specifically the production of charge and scintillation photons within electron
avalanches occurring inside GEM holes. The studies involved measuring the
total number of electrons produced in the avalanches, the number of both total
and visible scintillation photons emitted in the avalanche per keV of energy
absorbed in the drift region, and the number of photons emitted per avalanche
electron. These measurements were performed as a function of the voltage across
the GEM, Vg, considering isobutane concentrations of 0, 1, 2, 3, 4 and 5%
added to the He/CFy4 (60/40) mixture.

While the number of photons produced in the avalanches per avalanche elec-
tron is reduced by 90% reduction as isobutane increases from 0 to 5%, due to
quenching of the excited state species from He and CF, excitations, the overall
scintillation produced in the charge avalanches only decreases by 35%. This re-
duction is attributed to the simultaneous presence of Penning transfer from He
excited atoms to isobutane molecules and to the reduction in the gas w-value.
This process increases the number of electrons in the avalanches with increasing
isobutane content, thereby enhancing the photon output and partially compen-
sating for the loss of scintillation due to quenching.

The maximum voltage applicable to the GEM was found to be independent
of the isobutane concentration. The results exhibit a constant secondary scintil-
lation yield per avalanche electron, independent of Viggps, denoting a constant
ratio between the total (overall) ionization and excitation cross sections for elec-
tron impact within the electric field intensity range corresponding to the studied
GEM voltages. Additionally, the results demonstrate that isobutane quenches
both the visible and the UV photons emitted by He/CF,4 (60/40), with a more
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pronounced attenuation of the UV component. The visible component consti-
tutes approximately 59.4(24)% of the total photon emission for He/CF, (60/40),
increasing to about 71(5)% for isobutane concentrations around 4%.

Future studies will explore the potential to enhance the secondary scintilla-
tion yield by using a higher concentration of CFy4. Given that scintillation in
these mixtures is generated through CF4 a higher concentration may compen-
sate for the decrease in yield caused by the addition of isobutane.
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