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Abstract

SF¢, an inert and electronegative gas, has a long history of use in high
voltage insulation and numerous other industrial applications. Although SFg
is used as a trace component to introduce stability in tracking chambers, its
highly electronegative properties have limited its use in tracking detectors.
Here, we present results with SFg as the primary gas in a low pressure Time
Projection Chamber (TPC), using a thick GEM as the avalanche and readout
device. The first results of an *Fe energy spectrum in SFg are presented.
Measurements of the drift velocity and longitudinal diffusion confirm the
negative ion drift of SF¢. However, the waveform shapes have a peculiar but
interesting structure that indicates multiple drift species and a dependence
on the reduced field (E/p). The discovery of a distinct secondary peak in
the waveform, and its identification and use for fiducializing events in the
TPC, are also presented. All of these properties, together with the high
spin content of fluorine, make SF¢ a potentially ideal gas for spin-dependent
directional dark matter searches.
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1. Introduction

Sulfur hexafluoride (SF¢) is an inert, odorless, and colorless gas com-
monly known as an electron scavenger because of its large electron attach-
ment cross-section. The high electron affinity coupled with its non-toxicity
and non-flammability make it suitable for use in many practical applications,
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some of which include a gaseous dielectric insulator in high voltage power
devices, plasma etching of silicon and Ga-As based semiconductors, thermal
and sound insulation, magnesium casting, and aluminum recycling (Refs.
[1, 2] provide an extensive review of the properties and applications of SFg).
In particle detectors, SFg has been used as a quencher in Resistive Plate
Chambers (RPCs) operated in both avalanche and streamer modes, enabling
more stable operation by suppressing streamer formation in the former and
reducing the energy of discharges and allowing lower voltage operation in
the latter [3, 4]. As a result of its many diverse commercial and research
applications, SFg is one of the most extensively studied gases [1].

Nevertheless, studies of SFg in conditions applicable to particle physics
detectors other than RPCs are scarce because the qualities that make SFg
a good insulating gas, namely its electronegativity, also make it a non-ideal
primary gas in most detectors due to the difficulty of stripping the electron
from the negative ion at the anode, a necessary first step to initiate gas gain
amplification. However, with the advent of Micro-patterned Gas Detectors
(MPGDs), which have flexible geometries that can sustain high electric fields
at low pressures in the avalanche region, the potential for overcoming this
barrier could be realized. Demonstrating sufficient gas gain in SFg for low
energy event detection would open up the possibility for its use in a variety
of experiments, such as directional dark matter searches.

The potential for such uses lies in some important similarities with car-
bon disulfide (CS3), a negative ion gas that is currently used in the DRIFT
directional dark matter experiment [5]. Both SFg and CS, are highly elec-
tronegative with electron affinities of 1.06 eV for SFg, a value recommended
by Ref. [6] based on results from Ref. [7] and Ref. [8], and 0.55 eV for CS,,
the latest and most precise value to date [9]. Note however that, similar to
SF¢, the experimentally determined electron affinities of CSy have a large
spread, ranging from ~ 0.5 - 1.0 eV [10]. Nonetheless, both gases display
good high voltage stability at the low pressures (< 50 Torr) necessary for
detecting directionality in the low energy nuclear recoils from dark matter
interactions.

There are, however, important differences as well. SFg has an extremely
high room temperature vapor pressure of about 15,751 Torr compared to
about 300 Torr for CS,. In addition, CSs is highly toxic and its tendency to
be absorbed into detector surfaces make operation and maintenance arduous.
Moreover, for spin dependent dark matter searches, neither 12C or 32S atoms
have the nuclear spin content to be suitable detection targets whereas °F is



an excellent one [11]. To circumvent this, the DRIFT experiment employs a
mixture of 30/10 Torr CS,/CFy, whereby the advantages of the negative-ion
CS, and the spin content of fluorine can both be utilized. If the potential
of SFg could be realized, this sacrifice of precious detection volume to the
non spin-dependent CSs could be avoided, thereby providing a significant
improvement to the sensitivity of the experiment.

In addition to its high spin content, the electronegativity of SFg is one
of the primary characteristics that makes it a potential alternative to CS,
for use in large-scale tracking detectors. Electronegative gases have played
an important role in directional dark matter detection as the world’s current
leading directional limit is set by the DRIFT IId detector [5], which uses a
mixture of CFy, CSy and O,, with the latter two gases being electronegative.
The use of CS, in a directional dark matter detector was first suggested
by Martoff to suppress diffusion in large-scale detectors without the use of
a magnetic field [12]. In a detector with an electronegative gas, the free
electrons produced by an ionization event are quickly captured by the gas
molecules. The negative ions then undergo thermal diffusion as they drift to
the amplification and readout region. The importance of thermal diffusion is
that it enables long drift lengths with good tracking resolution, two necessary
conditions for track reconstruction experiments and rare event searches that
require large detection volumes. Furthermore, electronegative gases tend to
display superior high voltage performance over electron drift gases such as
CF, and Ny at the low pressures needed for the reconstruction of low energy
tracks. In fact, at pressures below about 1 atmosphere, SFg has a breakdown
field strength that is about three times higher than air [13] and Ny [14, 15],
and because diffusion in the thermal regime scales as y/L/E, where L is
the detector drift length and E is the strength of the drift field, high voltage
operation is required for the high fields needed to minimize diffusion over long
drift distances. Given the very appealing prospects of SFg, the questions that
we wish to address in this work are:

1. Is it possible to produce avalanche multiplication in SFg and detect an
ionization signal? This requires the efficient stripping of the electron
from SFy in the gain stage.

2. What is the highest achievable gas gain, and how does it depend on
pressure? For example, if good gas gain can be achieved at high pres-
sure, it could be of interest in other applications such as the use of SeFg
(selenium hexafluoride) for double-beta decay searches.



3. What is the diffusion characteristic of SFg and how does it compare to
CS,?

4. Is fiducialization of events in the drift direction attainable in SFg and /or
SFg mixtures, and if so, under what conditions?

2. Experimental Setup and Procedure
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Figure 1

The detector used to make measurements for this work is shown in Figure
1 and consists of a 60 cm long acrylic cylinder with an inner diameter of 30.5
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cm. The ends of the detector are made from aluminum plates, one of which
serves as the cathode, which can be powered up to a maximum voltage of
-60 kV. The accuracy of the reading from the front panel meter on cathode
power supply has been checked using a FLUKE 289 Multimeter with a high
voltage probe. The readings between the two meters are within about 1%
at 5 kV and better than 0.1 % at 40 kV so the uncertainty in the cathode
voltage should not represent a significant systematic. The other end plate of
the vessel is grounded and serves as the anode. The field rings are made from
a kapton PC flex board that has 1.3 cm wide copper strips at 1.3 cm spacing
and are connected to 23 (56 M) resistors. Amplification is provided by a
single 0.4 mm thick GEM (THGEM) with a hole pitch of ~ 0.5 mm that is
mounted on two acrylic bars attached to the anode plate. The surface of the
THGEM facing the cathode is grounded to the anode plate while the other
surface is raised to high voltage. Signals are read out from the high voltage
surface with an ORTEC 142 charge sensitive preamplifier which has a 20 ns
rise-time (at zero capacitance) and a 100 us decay time constant.

Ionization can be introduced into the gas volume either from an internally
mounted *Fe 5.89 keV X-ray source (Figure 1b) or by a system using a
Stanford Research Systems (SRS) NL100 337.1 nm pulsed nitrogen laser
illuminating the cathode. The NL100 laser has a FWHM pulse width of 3.5
ns, a pulse energy of 170 mJ, and a peak power of 45 kW. The spot size in
the longitudinal, or drift, dimension is, for our purposes, essentially a delta
function, but the projected spot size in the X and Y (lateral) dimensions
is a 1 mm x 3 mm rectangle. However, in this paper, we do not make any
measurements involving the lateral extent of the ion cloud as it would require
wires or readout strips with multiple readout channels.

The operating procedure is as follows: After sealing up the vessel, a
weekend long pump down is conducted to reduce out-gassing as much as
possible from the acrylic cylinder and other components inside the detector.
The vessel is then back-filled with gas to the operating pressure, accurate to
0.1 Torr, and the cathode is powered up to its operating voltage. Noting that
although the focus of this paper is on measurements of the basic properties
of SFg, for comparison purposes we also present measurements made in CS,
using the same setup and operating procedure. Once the cathode is at the
full operating voltage, the detector is allowed to sit for about a half-hour to
one hour to stabilize before the THGEM is powered up and measurements
are made. The measurement waveforms are acquired with a Tektronix TDS
3054C digital oscilloscope and National Instruments data acquisition software



where every triggered event is read out and saved to file for analysis.

The saved files contain the voltage signals from the ORTEC charge sen-
sitive preamplifier which integrates charge collected by the THGEM readout
surface with a rise time of ~ 100 ns and an exponential decay time con-
stant of 100 us. The current, I(t), entering the preamplifier is related to the
detected voltage signal, V (t), by

10 x5~ (-5). 0

T

where 7 = 100 us is the decay time constant and the second term is for
the decay tail removal. We use Equation 1 to transform the acquired volt-
age pulses into a current signal in software. After the conversion, pulses are
smoothed with a Gaussian filter to suppress high frequency noise. The pro-
cessed waveforms are then ready for further analysis to measure drift speed,
diffusion, and additional features described below.

3. Waveform Features

We measure the drift velocity by firing pulses from the SRS nitrogen laser
onto the cathode. The 3.5 ns pulses generate what are essentially point-like
ionization events in the longitudinal extent. The laser pulse also provides the
trigger to the DAQ system and gives us the initial time marker, Ty. We define
the drift time as the time between the initial laser trigger and the arrival time
of the pulse peak, T}, rather than the leading edge of the ionization signal at
the THGEM. The magnitude of the drift velocity, vy, is then given by

L

- 2
Vq Tp_T()7 ()

where, L = 583 &= 1 mm, is the distance between the THGEM and the
cathode. We measure the drift velocity over a range electric field values
(86-1029 V/cm) for several different pressures: 20, 30, 40, 60, and 100 Torr.

The averaged pulse shapes acquired in 20 Torr of SFg for six different
drift electric field strengths are shown in Figure 2, with zoomed in views in
Figure 3. Interestingly, the pulses are not a single Gaussian peak but display
additional structure. At low fields, the pulses appear to be a composition of a
broad, low amplitude component and a sharp peak. But as the field strength
is increased, the relative amplitude and area of the sharp peak (SFy ) to that
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Figure 2: 20 Torr SFg

of the broad structure also increases. However, this behavior is not only
dependent on the field strength but also on the pressure as well, and is not
a simple reduced field (E/p or E/N) effect. The pulse shapes from the 30,
40, 60, and 100 Torr SFy data acquired with £ = 1029 V/cm are shown
in Figure 4. Besides the positive valued features, in each of Figures 2b -
2f, a small amplitude dip arriving after the primary peak is observed. This
feature has to do with the way the THGEM is connected. The surface of the
THGEM facing the cathode and opposite the readout surface is grounded
to the anode lid. Positive ions produced from the avalanche will drift away
from the positive voltage readout surface and towards the grounded THGEM
surface as well as the anode ground. The ions induce a small positive signal as
they move away from the readout surface but then a small negative signal is
induced as the ions approach the grounded anode end plate. This is because
one of the THGEM surfaces is connected to the anode but is capacitively
coupled to the readout surface.



Explanations for the rich structures shown in Figures 2, 3, and 4 and their
dependence on the drift field and gas pressure lie in the complex chemistry
associated with electron capture and drift in SFg [REFs]. Although modeling
of the detailed shape of the waveform is beyond the scope of this work, here we
discuss some of the chemistry that could describe some of the gross features.
However, as will become clear below, a full understanding of the mechanisms
leading to the observed structures eludes us at present.

Measurements made under differing conditions have shown that electron
capture by the electronegative SFg occurs very quickly [REFs|, with the
immediate product being SF; ™, a metastable excited state of the anion, SF¢,
which is subsequently formed from the collisional or radiative stabilization
of the excited state [2]. The electron capture cross-sections by SFg are very
large and estimates of the capture mean-free-path are of order XXX at the
pressures and drift fields of our experiments. The metastable SFy* leads to
subsequent products, besides SFg, whose relative abundance depends on the
lifetime of SF;™, the electron energy, gas pressure, and drift field:

SFg+e~ — SFg* (attachment, metastable) (3)
SFg* — SFg 4+ e (auto-detachment) (4)

SFg* + SF6 — SF; + SFg (collisional stabilization) (5)
SFg* — SF; +F (auto-dissociation) (6)

Under collision-free conditions, time-of-flight (TOF) mass spectrometric
experiments indicate the lifetime for autodetachment (4) to be between 10
- 68 ps [16, 17, 18, 19, 20, 21]. Measurements made with ion cyclotron res-
onance (ICR) experiments indicate the lifetime of the metastable SFg* ion
to be in the ms range [22, 23, 24]. The difference in the measured lifte-
time between the two techniques has to do with the experimental conditions.
Specifically, the electron energies in ICR experiments are usually much lower
than in TOF experiments [2]. For our experimental conditions, the mean-free
path, A\, which can be estimated from the measured drift speed by

(BMET)? vy
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[25], where T' = 296 K and M is the mass of the SFg molecule, is ~ 0.1 — 1
pm, implying a collisional mean-free time of ~ 1 — 10 ns. But note that the
average time between collisions is not necessarily the stabilization time.
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Figure 3: 20 Torr SFg, close up view of pre-primary peak ionization.

Reactions leading to the production of F~ and SF; also occur but at
higher electron energies and with significantly lower probability [26, 27, 28,
29], thus, we ignore them in the following discussion but return to them
below. The cross-section for reaction (4) is peaked at zero electron energy
29, 30, 31, 33], falling by a factor of about 100 at 0.1 eV [28, 29, 32], whereas
that for reaction (6) has a peak at 0 eV [32] and a smaller one at ~ 0.38 eV [28,
29, 32|, with the former smaller by a factor 1000 than that for SFy . Therefore,
at the low electron energies expected in our experiments, SFg should be
the dominant charge carrier arriving at the cathode; i.e., SFg /SF; > 10.
Because of the higher mobility of SF; ([34, 35, 36], and see Section 4 below)
we should detect two peaks at the anode, with the faster SF; arriving earlier



in time. However, a number of possible reactions occurring at the start and
during drift complicate this simple picture.
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Figure 4: Average waveforms for 30, 40 , 60, and 100 Torr at £ = 1029 V /cm.
At the cathode where electrons are generated and first captured to form

SFg*, auto-detachment (4) will compete with reactions (5) and (6) until all
SFg™ is depleted, with only stable SFy and SF; remaining. The degree to
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which this contributes to the pulse-shape will depend on the lifetime of SF;™
and the mean-free-time for collisional stabilization which are both dependent
on the the pressure and drift field. If a significant fraction of the initially
produced SFy* auto-detaches, the free electrons will be re-captured quickly,
and the process will repeat until SFg™ is fully depleted via reactions (5)
and (6). If the electron capture mean-free-time is indeed very short, the
waveform detected at the anode is due purely to the negative ions SF;, SF¢
and SFy " drifting in the chamber. If in addition we assume that the mobilities
of SFg™ and SFy are equal, the waveform would consist of two peaks with
structure in between due to the initial phase of attachment /auto-detachment.
Specifically, the main SFy peak is the fraction of initially produced SFg™ that
eventually converts to SFy, and the region between it and the SF; peak is
from SFy* undergoing numerous attachments/auto-detachments, (3) and (4),
before finally auto-dissociating to SF; via (6) . The latter arrives between the
SF. and SFy peak because its drift velocity is a weighted average between
that of SFy™ and SF;. A key point here is that a significant initial phase of
attachment /auto-dissociation will result in a larger fraction of SF; arriving
at the anode. Thus, the SF; /SFy ratio is, with all else equal, governed by a
competition between the probability of auto-detaching relative to collisional
stabilization, (5). The mean-free-time for the latter process should decrease
with increasing drift electric field, resulting in higher SF; fraction. As we
show below, this model does explains some of our data.

A fuller picture, however, must also account for possible interactions en-
gaged by the SF; and SFy during the ~ 60 cm drift to the anode. At low drift
fields, neutral, electron-hungry SFg molecules will form clusters around the
negative ions [REFs]. This has been observed by others, but with measured
mobilities that are lower for the resulting drifting SFy (SF¢),, and SF; (SFg),
(n=1,2,3,...) clusters than those of SF; and SFy [REFs|. This phenomena
could therefore explain the long tail on the slow side of the SFg peak of our
low field pulse-shapes shown in Figures 2a and 3a and the low reduced field
pulse-shape in Figure 4d. In addition to clustering, the drifting SF; and
SFy could also interact with the neutral gas leading to other species [REFs].
Importantly, the probability of collisional detachment of energetically stable
SF. and SF; via the following reactions:

SF; + SF¢ — SF5 4+ SFg + e~ (collisional detachment) (8)

SFs + SF¢ — SFg + SFg + e~ (collisional detachment) (9)
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is very small for center-of-mass energies < 60 eV [37]. In comparison to the
electron affinities of SF5 (2.7 — 3.7 V) [38] and SF¢ (1.06 €V), the threshold
for detachment is much larger and is attributed to competing charge-transfer
and collision-induced dissociation processes [37, 39, 40]. However, there is
evidence that energetically unstable states of SFg (i.e. SFg™) can contribute
to collisional detachment [37, 39]. The relative contributions of these effects
depend on the interaction energies at different reduced electric fields.

With this overview of the chemistry of electron drift in SFg, we turn to a
detailed look at our data shown in Figures 2, 3, and 4. Figures 2 and 3 show
the evolution of the pulse-shapes at P = 20 Torr (N = 6.522 x 10" cm™2 at
T =296 K) as a function of drift field, and Figure 4 shows the evolution at
a fixed drift field, £ = 1029 V/cm, as a function of pressure. Both figures
show a complex structure at low reduced fields that evolves to a simpler
one at high reduced fields. At the highest reduced fields (Figures 2e, 2f, 3e,
3f, and 4a) two peaks are clearly seen, with some charge in between and a
smaller amount arriving faster than the secondary peak. The larger, lower
mobility peak is SFy and the smaller secondary peak is attributed to SFj .
To interpret how the waveform evolves with reduced field we consider Figure
4 first. Naively, we would expect that increasing gas density at a fixed F
would result in a shorter mean-free-time between collisions, allowing more of
the SFg™ to stabilize to SFy at the expense of auto-detachment. The shorter
mean-free-times with increasing pressure would also argue for lower electron
energies, resulting in more SF; relative to SF;. What is observed instead is
a relative increase of charge carriers with higher mobility than SF{, implying
an increase in auto-detachment, SF;, or other species. The structure seen
in the pulse-shape in this regime, and its evolution with pressure shown in
Figure 4, is not understood at this time.

The evolution of the waveform as a function of drift field at fixed P =
20 Torr (Figures 2 and 3 ), however, is better fit with the model outlined
above. There we suggested that increasing E (for fixed P) should lead to
shorter mean-free-times for collisional stabilization, (5), shifting the inter-
peak charge (attributed to SF;) into the SFy peak. But the increase in
electron energy expected at higher E should, if significant, also result in an
overall increase in the SF; fraction. Therefore, the charge lying between the
SF. and SFy peaks at low E, which was due to SF; produced at the end
of numerous SFy* auto-detachment reactions (4), as surmised above, will
move into the main SFy peak at high £. The data in Figures 2 and 3 do
show a decrease in the inter-peak charge region and, starting at £ = 515
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Figure 5: The fractional charge contained in different parts of the waveform in 20 Torr
SFg as a function of the electric field. The primary and secondary peaks correspond to
the SFg and SF; peaks, respectively.

V/cm, an SF; peak begins to emerge (clearer in the zoomed in Figure 3c).
By E = 1029 V/cm (Figures 2f and 3f) nearly all of the charge carriers
are in the SF; and SF{ peaks, with only a small fraction lying in between.
Although Figure 3c-3f indicates that SF; grows with E, as expected from
our simple model, a more quantitative assessment is required.

To study this we average 200 waveforms for each of seven different elec-
tric field strengths between 515-1029 V /cm, all at fixed P = 20 Torr. The
resulting averaged waveforms are divided into four regions, from left to right:
the pre-SF; peak region, the SF; peak, the area between the SF; and SF¢
peaks, and the SFy peak. The evolution of the fraction of charge in each
region as a function of the electric field is shown in Figure 5. As predicted
by our simple model, essentially all of the inter-peak charge appears to shift
over into the SF; peak. However, there is no detectable change in the SF;
peak, which suggests only a small, if any, increase in electron energies with
the drift field.

A final puzzle in our data is the charge seen on the higher mobility side
of SF . This is clearly seen in Fig. 3b-3f and, like the inter-peak charge, it
too decreases with electric field. The fact that this charge has an edge on the
left side, i.e., a minimum drift time, implies another electronegative species
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produced with a similar mechanism to SF; that competes with collisional
stabilization, (6), to SFy. The mobility of the charge arriving at this edge
is plotted in Figure 6 of Section 4. As mentioned above, SF; and F~ are
also produced as in (6) for SF;, but with much lower probabilities. These
are both good candidates to explain this feature but unfortunately only the
F~ mobility has been measured (see Section 4), and it does not agree with
ours. Suffice it to say, a full understanding of all the processes involved in
the evolution of the waveforms seen in Figures 2-4 requires further study.
For the purposes of this work, we focus on the main SF; and SF{ peaks and
their use in dark matter experiments.

4. Mobility

The mobility, u, of a drifting ion at a specific gas density is related to the
drift speed and electric field through the relation,

Ud::u'Ea (1())

where F is the electric field. By convention, rather than reporting u or vy, the
reduced mobilities, ug, are reported instead as determined from the formula

Vd N
=2 11
Ho ENO7 ( )

where Ny = 2.687 x 10! cm™ is the gas density at STP (0°C and 760 Torr)
and N is the detector gas density at the time of measurement. Mobilities
for several negative ion species as a function of the reduced field (E/N) in
units of the Townsend (1Td = 107" V em?, 1 V em™ Torr™' = 3.066 Td at
T = 296 K) are plotted in Figure 6. We find good agreement for the reduced
mobility of CS; in CS; in the low field regime (< 50 Td) between our results
and that reported by Ref. [41]. For SF; and SFy in SFg, excellent agreement
is found with the mass-identified mobility measurements reported in Ref. [35]
over the full range of our data set. A comparison of our mobilities and those
from Ref. [35] with mobilities reported in Ref. [34] shows agreement only
for reduced fields less than ~ 60 Td for both SFy; and SF;. The same
comparison with Ref. [36] shows good agreement for SFy over the full range
of the data set but only up to about ~ 60 Td for SF;.

In addition to the mobilities for CS;, SF; and SF, Figure 6 also contains
the mobilities for possibly another negative ion drifting in SFg, which we label
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for SF; and SFy are in excellent agreement with those found in Ref. [35] while the CS5
results agree with the result of Ref. [41].

X~ - The presence of this species is most clearly seen in Figures 3d and 3e
as small steep edges arriving before the SF; peak at ~ 3150 and 2450 us,
respectively. The y~ mobility is far lower than the reported mobility for F'~
in SFg [42] but is very close to the mobilities reported for the positive ions
SF3 and SF; [43, 44]. This is interesting because of the remarkable similarity
found between the mobilities of SF3 and SF; [35, 44], which could suggest
similar behavior for the positive and negative ions of SF3 and SF,. But at the
same time, this is unexpected because the cross-section for F~ production is
higher than that for SF; and SF,; [REF]. Nevertheless, even at the highest
reduced field, there is no identifiable peak for x~, so it is also possible that it
is not actually another negative ion species in SFg but is rather only a feature
resulting from the processes responsible for the production and transport of
SF. and SFy in the gas. Intriguingly, the mobility for this unidentified
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species (or feature) is closely matched with the reported mobility for SF; in
Refs. [34] and [36] for reduced fields above ~ 70 Td, and at the same it is
worth noting that the majority or all of the data from Refs. [34] and [36] do
not have mass analysis.

For a reduced field less than 60 Td, the CS; mobility is about 13.7%
lower than SFg mobility, but this difference rises to about 17.6% at about
158 Td which shows that SFy mobility increases more rapidly with reduced
field than CS; mobility. This is quite interesting because SFg, as compared
to CSg, is a much heavier molecule and the drift velocity for ions with mass,
m, drifting in a gas with molecules of mass, M, follow the formula,

1 1N\"*/ 1\ eE
(L AN LT eE 12
v (m+M> <3kT) No’ (12)

where o is ion-gas molecule cross-section [45]. This, of course, implies that
the cross-section for SFy:SFg interaction is lower than that for CS;:CSs
interaction. Comparing the mobility of SF; to SF, we see that the mobility
of the former is 6.6% higher than the latter at about 66 Td and is 8.7%
larger at about 158 Td which would indicate that SF; mobility increases
more rapidly with reduced field. At reduced fields of about 66 Td and 158
Td, the x~ feature is 13.3% and 16.8% faster than SF, respectively.

It is interesting to note that the behavior of the mobility with reduced
field for the negative ions in Figure 6 is in stark contrast to positive ion drift
in noble gases where the drift velocity is proportional to F at low fields, which
is to say that the mobility is independent of E, but becomes proportional to
V'E at high fields, or that the mobility decreases as 1/v/E [45]. Of course,
the behavior of negative ion drift is complicated by the process of electron
capture as well as other processes such as ion-conversion occurring during
transport. The capture cross-section is strongly dependent on the electron
energy, and in the case of SF;, is maximal near zero-energy but decreases
with increasing electron energy [29, 30, 31, 33]. The transport processes are
also energy dependent as can be seen with the rise in mobility with increasing
reduced field for all of the negative ions in Figure 6. This has important
implications for diffusion at high reduced fields as we show in Section 5.

5. Longitudinal Diffusion

At small field strengths where the diffusing charge cloud has thermal
energy, the diffusion coefficient at zero £/N, D(0), is related to the mobility

16



and temperature through the Nernst-Townsend-Einstein relation:

D) _ i
W0) = o (13)

[46]. At higher field strengths, approximate relations known as the general-
ized Einstein relations (GER) have the form,

D kT, / ,

—L:—L[1+K +ALK] (14)
i e
D T ArK'
Dr Bl 2] (15)

0 e 2+ K
where K is the field derivative of the mobility, defined as

, dl E/N d

_ Do / Ho (16)

- dI(E/N)  po d(E/N)

and Ay and Ar are correction terms with magnitude ranging from 0 to
0.20 for the longitudinal and transverse diffusion coefficients Dy and Dr,
respectively [47]. However, for this section we will use the expression for the
diffusion coefficient in the zero field approximation given by Eq. 13. With
that relation, a starting point-like charge cloud drifting over a distance, L,
has a longitudinal diffusion width, o, given by

_ deL  2kTL
 3¢E  eE’

where t = L/vg and € = 3/2kT [45]. The diffusion in the time domain, oy, is
converted to a spatial width by the simple relation,

0. =01 g, (18)

Customarily, diffusion is expressed by normalizing the measured value rela-
tive to the drift length:

o, 2kT
=1/ — 19
eE’ (19)

gg =

S

where o has units of pum/4/cm.
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At each pressure and electric field, one hundred pulses are averaged to in-
crease signal-to-noise before fitting to a Gaussian curve. The diffusion width,
oy, is found by subtracting, in quadrature and assuming no correlation, all
other contributions from the fitted width, og;. For us these are the electronics
shaping time, ogmooth, laser spot size, oy, electron-capture mean-free-path,
and possible effects at the THGEM. In our measurements, the laser spot
size contribution to the longitudinal width is negligible, but the latter two
effects are not. However, we do not have the ability to determine the capture
mean-free-path and the THGEM effects, so they are left out of the quadra-
ture subtraction in Eq.20 but will be included as systematics with estimates

of their values given below:
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Figure 7: (a) The averaged waveform for 20 Torr CSy at E = 1029 V/cm showing the
presence of a large secondary peak at ~ 2600 ps and the possible appearance of two
additional peaks at ~ 2660 ps and ~ 2520 ps (inset). In addition, the distortion in the
waveform shape is clearly seen in both the primary and secondary peaks at this high
reduced field. (b) The average waveform for 40 Torr CSs at £ = 1029 V/cm which shows
no clear secondary peaks or distortion in waveform shape.

Besides the systematic effects, the quadrature subtraction could also be
a source of bias because the pulse width is not truly Gaussian, but appears
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to exhibit a tail on the right side due to an induced signal caused by ions
drifting away from the THGEM readout. The ion tail is a feature that is also
observed in [41]. To exclude the induced signal, we fit only the left hand side
of the pulse up to the peak. Besides the long ion tail, we showed in Section 3
that the pulses in SFg contain additional structure that tends to grow with
decreasing reduced field, making it difficult for fitting. Thus, we only fit the
data for F > 500 V/cm at 20 Torr and E = 1029 V/cm at 30 and 40 Torr.
By performing multiple fits of the waveform with different smoothing widths,
we estimate that the error introduced by subtracting the smoothing width,
Osmooth, 10 be about X X mm.

For a comparison, we also fit the 40 Torr CS, data (Figure 7b) but not
the 20 Torr data because of distortion in the waveform at high fields (Figure
7a). The smaller, secondary peak at ~ 2600 us in Figure 7a is a new feature
discovered here, which could be another species of negative ion in CS; (e.g.
CS™ produced similarly to SF; via auto-dissociation (Eq.6) that is created
at high reduced fields. This secondary feature first appears at a drift field of
E = 343 V/cm at 20 Torr CS, and has a drift speed that is ~ 6.2% faster
than, and an amplitude only 0.4% that of the primary peak value. When the
drift field is increased to E = 686 V/cm, the secondary peak’s drift speed
and amplitude increase to 6.8% and 4.6%, respectively, relative to that of the
primary peak. Finally, at £ = 1029 V/cm, the secondary peak is about 7.5%
faster than the primary while its amplitude continues to grow and reaches
about 11.7% of the primary’s peak value (Figure 7a).

The results for £ = 1029 V/cm are shown in Table 1. The second column
contains widths where no attempt was made to subtract non-diffusion related
contributions from o,, which are discussed below. At 40 Torr SF¢(CSs), the
value of o, = 0.74(0.73) mm corresponds to a temperature of 556(541) K.
This is of course much higher than the ambient room temperature and an
expected o, of 0.54 mm for thermal diffusion, but is not surprising due to
the neglected contributions to pulse width mentioned above.

The two possible main sources of systematics contributing to the pulse
width are the electron-capture mean-free-path and distortions in the unifor-
mity of the drift field due to the dipole contributions from the holes in the
THGEM. Here we place bounds on the sum of these contributions. For CS,,
the capture distance could be as large as 0.35 mm in 40 Torr [41], but we
do not know this value for SFg. By subtracting in quadrature the expected
o, and the capture length from the measured value of 0.73 mm in 40 Torr
CSs, we estimate that the lower bound on the systematic could be at least
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Table 1: Diffusion widths and coefficients for 20-40 Torr SFg and 40 Torr CSy at £ = 1029
V/cm and L = 58.3 cm. The corrected o, (third column) is derived by subtracting the
estimated oother = 0.43£0.12 mm, in quadrature, from the measured o, (second column).

Pressure [Torr] | o, [mm] | Corrected o, [mm] | Dy, [em?s™]

20 SFg 1.19 1.11 2.64
30 SFg 0.85 0.73 0.76
40 SFg 0.74 0.60 0.39
40 CS; 0.73 0.59 0.29

0.34 mm. The upper bound due to the THGEM is determined by assuming
a zero capture length, and this gives a value of 0.49 mm. It is by no coin-
cidence that the thickness of the THGEM (0.4 mm) lies within this range
while the THGEM pitch (0.5 mm) is close to the upper bound. The contri-
bution from the field near the THGEM can be modeled, and the sum total of
non-diffusion contributions can be determined by measuring the pulse-width
as a function of drift distance. This is left for future work.
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However, we can estimate in another way all contributions to the pulse
width aside from diffusion by plotting o2 as a function of inverse of the
electric field, 1/E, as shown in Figure 8a for the 40 Torr CS, data. Since

o2 is proportional to 1/FE, in the limit that F — oo, diffusion goes to zero

and the vertical-intercept in Figure 8a gives the value of the square of the
other contributions, 2., that are independent of electric field. We fit the
data points in Figure 8a to a linear curve and obtained a value of ogiper =
0.43 £0.12 mm, which is very close to our previous estimate of the THGEM
field contribution to pulse width. The slope of the fit in Figure 8a gives a
temperature of 330 & 25 K for 40 Torr CS, and nearly the same value for
40 Torr SFg, both consistent with room temperature. The corrected o,’s are
shown in the third column of Table 1 while the fourth column contains the
corresponding diffusion coefficients. It is worth noting that the validity of
applying the 40 Torr data correction value to the 30 and 20 Torr data is
questionable as the systematics due to electron capture length and THGEM
field effects are likely reduced field dependent.

A similar treatment of the SFg data would require fitting the pulses over
a comparable range of E, but the non-Gaussian shape of the signals at low
E prevents this. Nevertheless, the similar values of o, for SFg and CSy at 40
Torr (Table 1) suggest that the diffusion behavior of the two gases are quite
similar. But it should be noted that the assumption of thermal diffusion
could break down at higher E/P. A possible indication of this is the observed
rise in the reduced mobility with increasing reduced field shown in Figure
6. This has important consequences for directional dark matter experiments
where the requirement of both long drift distances and low diffusion can be
met if thermal diffusion extends to the highest drift fields possible. This
requires further investigations left for future work.

6. Gas Gain

Previous works have shown that gas gains greater than 1000 can be
achieved in electronegative gases with proportional wires [56], GEMs [57],
and bulk Micromegas (Micro Mesh Gaseous Structure) [58]. In contrast to
electron gases where only moderate electric fields of order 100 V cm ™! Torr—?
are needed to accelerate electrons to energies close to the ionization potential
of the gas, electronegative gases require much higher electric fields to initiate
avalanche even though the electron affinity is usually much lower than the
ionization potential [59]. The reason for this lies in the difficulty of initiat-
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ing the avalanche by detaching the electron from the negative ion, which is
thermally coupled to the gas. For CSsy, measurements show that the pressure
reduced minimum field, E,,;,/P, needed to initiate avalanche is over one or-
der of magnitude larger than for the electron drift gas P10 (10% Methane in
Argon) [59]. A similar study can be done for SFg, but in this section we omit
a discussion of the detailed mechanism for avalanche in this gas and instead
focus on the gas gains that were achieved.

The gas gain in SFg is measured with the use of an *°Fe 5.89 keV X-ray
source. To convert the energy of the X-ray into the number of electrons
produced during the ionization process, we make use of the W-factor, which
is defined as the mean energy required to create a single electron-ion pair.
For SFg, this value has been measured using a particles [60] and a °Co
v source [61]. Those measurements give W, = 35.45 eV and W, = 34.0
eV, respectively. The slight disagreement is actually consistent with other
measurements of W-factors which find that W, exceeds W, g for molecular
gases [62]. Because we are using an X-ray source, we will adopt the W-factor
from Ref. [61], so the average number of primary electrons, N, created by
an »Fe X-ray interaction in SFg is

E55Fe . 5.89 keV

N, = = ~ 173. 21
P W, 34.0 eV (21)
The effective gas gain is then given by,
Ntot
Gegr = ; 22
-y (22)

where Ny is the total number of charges read out with the preamplifier.
In general, Ny, is less than the total number of charges produced in the
avalanche due to an imperfect efficiency for collecting the charges, hence,
the measured gain is an effective and not an absolute value. In our case,
we are essentially collecting all of the electrons produced in the avalanche,
but there is an additional contribution to the pulse shape from the positive
ions that are also produced. To determine N, from a measured pulse’s
V(t), the standard calibration procedure of injecting a known charge into
the preamplifier is used. In this case, we used an ORTEC 448 Research
Pulser to inject charge into the 1 pF calibration capacitor inside the ORTEC
142 preamplifier.

For each pressure, we raised the GEM voltage until highly energetic sparks
are observed and/or until the rate of micro-sparks and background events
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Figure 9: 5°Fe spectra in several pressures of SFg obtained using 1 mm and 0.4 mm
THGEMs.

approach that of the *Fe source. In Figure 9, we show the 5°Fe energy
spectra taken in SFg for several different pressures at a drift field of 500 V
cm~! using a 0.4 mm THGEM, as well as one taken with a 1 mm THGEM
in 30 Torr. The 30 Torr spectra taken with the two different thicknesses
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THGEM show distinctly different shapes. The 1 mm spectrum (Figure 9a)
is much broader than the 0.4 mm spectrum (Figure 9b). In addition to the
different shapes of the spectra, one also notices that the spectra are not
Gaussians. There appears to be an extra exponential component alongside
the potential peak in each of Figures 9a - 9¢, and in Figure 9d, only an
exponential component is detected. The exponential components in Figures
9a - 9c are the result of micro-sparks and background events. Nevertheless,
these are not the only contribution to the 60 Torr spectrum as there is a clear
rate difference above the trigger threshold when the ®Fe source is switched
on and off. At 20 and 100 Torr, we also detected a rate difference above
trigger threshold but a spectrum was not taken due to instability.

At present, we do not have a clear explanation for the spectral shape
differences in the 30 Torr data between the two THGEMSs or the exponential
shape of the 60 Torr data. One possible explanation for the peculiar spectral
shapes in the 60 Torr data is that only a fraction of the negative ions created
from the initial *Fe ionization event are accelerated to a sufficient energy
for electron detachment to occur in avalanche region. However, many other
complex processes occurring in this high field region such as the potential
re-capture of the freed electrons by SFg¢ or its sub-species (e.g. F, Fo, SFy)
which are produced as by-products of collisional avalanche could also play a
role. The degradation of energy resolution due to electron capture in a high
field region is a phenomenon that has been observed in CF,, normally an
electron drift gas, [63]. We leave this as an open question for future studies.

To better identify the background and signal components and quantify
their shapes, we fitted the spectra from Figures 9a - 9c. The fit is composed
of a Gaussian signal component, and an exponential and uniform background
component. The fitted total spectrum and the individual signal and back-
ground components are shown in Figure 10 for the 30 Torr data taken using
the 1 mm THGEM. The reduced chi-square (x?/ndf) of the fit is 1.29. The
mean of the Gaussian corresponds to an effective gas gain of about 3000 while
the energy resolution, o/F, is 45% (106% FWHM).

For the 30 Torr data taken with the 0.4 mm THGEM, the the fits done
in the same way are shown in Figure 11. The reduced chi-square (x?/ndf)
of the fit is 1.26 and, similar to the 1 mm THGEM data, the mean of the
Gaussian component corresponds to an effective gas gain of about 3000.
But despite the data being taken at the same pressure and gas gain, the
energy resolution, o/F, for the 0.4 mm THGEM is 25% with the FWHM
energy resolution being 58%. The difference in energy resolution could be
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due to dissimilar amplification field strengths, which would effect the pro-
cess of stripping the electron and possible subsequent reactions. The 1 mm
THGEM is operated at a voltage of 1005 V while the 0.4 mm THGEM is op-
erated at a voltage of 820 V, both at close to their maximum values beyond
which unacceptable sparking levels occur. The electric field, Eqgry, inside
the THGEM is approximately given by AV/d, where d is the thickness of
the GEM. For the 1 mm and 0.4 mm THGEMs, Eggm = 10.05 kV cm™!
and Egem = 20.50 kV em ™!, respectively. In addition to fluctuations in gas
gain due to the electron detachment mean-free-path, the avalanche process
in SFg may suffer from a competition with recapture on SFg or its fragments
produced in the THGEM holes. As the cross-sections for attachment, disso-
ciation, and ionization of SFy and its fragments are dependent on the energy
of the electron, the distinctive spectral shapes and energy resolutions that
we observe must originate from the difference of reduced electric field in the
avalanche region and its influence on those processes.
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Figure 10

Finally, shown Figure 12 are the same fits done for the 40 Torr data with
a reduced chi-square for the fit of 1.66. The mean of the Gaussian in Figure
12b corresponds to a gain of about 2000 and its width corresponds to an
energy resolution, o /F, of 42% (FWHM 99%). The resolution is very similar
to that of the 30 Torr, 1 mm THGEM data. The 40 Torr data, however, is
taken with the 0.4 mm THGEM operated at a voltage of 880 V. This would
imply an amplifying field of ~ 22.0 kV em ™, nearly the same strength as the

25



histEng histEng
Entries 4647 Entri 4647
Mean 274.9 2001 Mnetgnes 308.2
200 RMS 120.1 RMS  82.36
X2 I ndf 66.69 /53
Strength 193.1+59
Mean 305.9+21
" 150 Sigma 75.02 + 2.56
€ Backl 1159 +1.016
3 Back2 5.22 0,06
o 1007 Back3 -0.005974 + 0.000623
50,
0 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Charge (arb. units) Charge (arb. units)
(a) PFe energy spectrum in 30 Torr SFg us-(b) *°Fe energy spectrum after background
ing 0.4 mm THGEM subtraction.
Figure 11
s histEng r histEng
£ Entries 2482 E Entries 4482
F 250~ ﬂ Mean  220.5
250~ e - = RMS 875
C X2 ndf 84.49/51 F
|- 2w7
Strength 221973 =
200— Mean 208935 r
[} C Sigma 88.18 + 4.10 1] I
€ r Backl -3.526 +2.127 €150
8 150 Back2 4.114 +0.295 8 C
O r Back3  -0.003001% 0.000728 O 1006
1004 E
F 50
50— L
E | | | | [ L O} | | | | | | ’\ . |
0 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Charge (arb. units) Charge (arb. units)
(a) °°Fe energy spectrum in 40 Torr SFg us-(b) %5Fe energy spectrum after background
ing 0.4 mm THGEM subtraction.
Figure 12

30 Torr data taken with the 0.4 mm. Why then is the 40 Torr data not similar
to the 30 Torr data taken with the 0.4 mm THGEM? Although the electric
fields are similar, the reduced fields, E/p, are not, and the energies of the
electrons in the avalanche region depend on the latter. The reduced field in
the 30 Torr data taken with the 0.4 mm THGEM is 683 V cm~!Torr~! while
in the 40 Torr data, the reduced field is 550 V cm ™ Torr—!. This could also
explain why the 60 Torr data taken at a reduced field of 425 V cm~!Torr—!
showed no peak (Figure 9d). The peak in that spectrum could have fallen
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below the trigger threshold because its width is so wide that only events on
the right side of the peak are being recorded. If that is the case, we should be
able to see the entire peak as we did in the 1 mm THGEM 30 Torr data by
pushing the gain up much higher. However, we were not able to accomplish
this with a single THGEM due to onset instability, but it could be possible
with the addition of a second THGEM. In addition, if the reduced field in
the avalanche region is influencing the width of the energy spectrum, could
other avalanche devices that operate at much high reduced fields such as thin
GEMs or Micromegas give better energy resolutions, provided that the gain
is sufficiently high enough? This could be an interesting question for future
studies.

7. Event Fiducialization Using Secondary Peak

We showed in Figure 2 of Section 3 that at high drift fields, the waveform
of the charge arriving at the anode consists mainly of the two SF; and SFy
peaks. Having two or more species of charge carriers with differing mobilities
is critical for event fiducialization in gas-based TPCs employed in dark matter
and other rare event searches. The ability to fiducialize in these experiments
allows identification and removal of the most pernicious backgrounds, which
originate at or near to the inner surfaces of the detector. Although identifying
the event location in the readout plane (X,Y) of a TPC is trivial, locating
the event along its drift direction (Z) is much harder. Unlike in accelerator-
based experiments, the time of interaction (T*) in a gas-based TPC used
for rare searches is not available, so, until recently, Z-fiducialization had
proven difficult. The recent discovery of minority charge carriers in CSy +
O, mixtures [48], has changed this by allowing the differences in their mobility
to be used to derive the Z of the event. This has transformed the DRIFT
dark matter experiment [5], which has operated for close to a decade with
irreducible backgrounds from radon progeny recoils from the TPC cathode
[51, 52, 53, 54, 55]. The differences in the SFy and SFg mobilities in pure
SF¢ mixtures can be used in a similar manner to measure the Z location of
the event:

7 = MAT, (23)
Vs — Uy

where v, and v, are the drift speeds of the negative ions in the primary (SFy)
and secondary (SF; ) peaks, respectively, and AT is the time separation of
the peaks.
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Figure 13: (a) Distribution of the time difference between secondary, SF; , and primary,
SFg peaks (AT) for the laser calibration pulses obtained at 30 Torr SFg and E = 1029
V/cem. (b) The same distribution for the 252Cf data which shows that the secondary peak
is not a laser artifact.

To test how well one can determine the location of events using this
method, we used a 2°2Cf source to generate ionization events at different
locations in the detection volume. The ?*2Cf source was placed near the
outside surface of the vessel and about 20 cm from the cathode. The detector
was operated at 30 Torr with £ = 1029 V/cm where the highest gas gains
were achieved (Section 6). This was important for identifying the small
SF. peak in low energy recoils, which produce lower ionization than the
nitrogen laser. Preceding the ?*Cf run, an energy calibration was done with
an internally mounted %°Fe source. In addition, we pulsed the laser onto the
cathode to generate ionization at a known, Z = 58.3 cm, location to calibrate
the into an absolute Z location.

The peaks are found through an automated process, rather than manually,
using a derivative based peak finding algorithm. Although the algorithm
performs efficiently for a large data set, the derivative based approach will
tend to give false peak detections for noisy data. To reject events with false
peak detections, we only accept events that have two and only two identified
peaks, one corresponding to SF; and the other to SFy. This, of course,
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Figure 14: (a) An event from the 252Cf run at 30 Torr SFg and £ = 1029 V/cm which
shows two distinct peaks. The black markers identify the locations of the peaks while the
vertical lines on the two ends show the edges of the track. The single vertical line passing
through the black marker passes through the location of the primary, SFg, peak. (b) The
distribution of the Z locations of events from the 2°2Cf run after the peak number and
energy cut. The vertical line shows the position of the cathode at Z = 58.3 cm. The events
with Z locations greater than the cathode location are those that misidentified peaks.

will greatly reduce the efficiency of our analysis, but our aim here is only
to demonstrate the possibility of event fiducialization in SFg. Increasing
the efficiency for acceptance of events requires a much better peak detection
algorithm and is beyond the scope of this work. In addition to the cut that
rejects events with more than two detected peaks, we reject events with an
energy < 60 keVee (electron equivalent energy). Only higher energy events
are accepted so that the SF; peaks are more easily identified and also to
reduce electronic recoils due to the gamma-rays from the source.

A sample event from the run with a relatively well-defined SF; peak is
shown in Figure 14a and demonstrates that the secondary peak phenomenon
is most definitely not a laser artifact. The distribution of the time difference,
AT, between the SF; and SFy peaks for the laser calibration data is shown
in Figure 13a and has a mean of 281 us and FWHM of about 26 us (4 mm).
The distribution of the same timing parameter from the 2*2Cf run is shown
in Figure 13b. The wide AT distribution from the 2*>Cf run post cuts shown
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in Figure 13b indicate that the time difference between the SF; and SFg is
correlated with the location of the events in the detector and holds promise
for their fiducialization. We also show the position distribution of events in
Figure 14b, which is the result of converting the AT’s into Z locations by
using the laser calibration data. The Z distribution and its peak at ~ 30 cm
is consistent with the larger solid angle intersecting the detector volume on
the side of the anode. There are also no events seen for Z < 10 cm because
the SF; peak has merged into the primary SF; peak and these events are
rejected by the analysis.

An important question is can we increase the relative abundance of the
SF. to SFy peak? Motivated by the behavior of the minority peaks in CSy
and O, [48], we decided to add small amounts (< 1 Torr to a few Torr) of
O4 into SFg, but no significant change in behavior was observed other than
a small change in drift velocity and pulse width due to a change in E/p.
An alternative approach is to increase the electric field beyond the current
maximum value of 1029 V/cm. As noted in Section 3, the SF; /SFg ratio
should increase with electron energy based on the cross-sections for both
SF; and SF; [28, 29, 32]. However, there we showed no detectable change
in the ratio when the drift field was raised from ~ 500 to ~ 1000 V/cm.
Significantly higher drift fields may be needed to see a change but, even if
these can be achieved at low pressures, we may enter a regime where non-
thermal diffusion and large electron attachment mean free paths begin to
deteriorate the track quality.

Interestingly, there exists a possible alternative approach to increasing the
production of SF; in SFg. A study of the temperature dependence of SF;
production over the range 300 K to 880 K have shown that the first peak at
~ 0.0 eV is very sensitive to temperature with the relative cross-section for
the formation of SF; increasing by about two orders of magnitude over this
temperature range at ~ 0.0 eV while the second broad peak at 0.38 eV is rel-
atively independent of temperature variation [49]. This strong increase in the
production cross-section for SF; from SFg with temperature, and hence, the
vibrational and rotational excitation energy of the SFg molecule led Ref.[49]
to explore the potential for photo-enhancement of SF; production via the

processes:
D(hl/)laser + SF6 — (SFg)laser (24>

(SE§ )taser + € — (SF5 )iager + F. (25)
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Using a CO, laser (9.4—10.6 pm) to vibrationally excite SFg molecules, they
observed an enhancement of SF; production that was radiation wavelength
dependent and different for 32S and 3*S isotopes. It should be noted that
infrared excitation should not result in photodetachment of the SF; anion
as measurements have shown that the threshold for this process is at 3.16 eV
(392 nm) [50]. However, because it is mainly the cross-section at 0.0 eV that
is enhanced with an increase in temperature, it is unclear whether this idea
will work for electrons in the high drift field of a TPC. Another important
question is whether the diffusive behavior of the photo-excited gas would be
affected. These are experimental questions that require further investigation.
The promise of SFg make it imperative to push the idea as far as we can take
it.

8. Conclusion

We have shown that gas gain is achievable in a low pressure gas detector
with SFg as the bulk gas. Signals from low energy *°Fe events were detected
using a 0.4 mm and 1.0 mm THGEM with a gain of between 2000-3000 and
energy resolution that appears to depend on the reduced field in the amplifi-
cation region, implying that electron attachment could be the reason for this
behavior. Testing other GEM geometries and amplification devices in SFg
to achieve even better gain and energy resolution could be the subject for
future work. The discovery of many interesting features in SFg, particularly
the waveform behavior with electric field and pressure, was made using a
laser ionization generating system with, crucially, an acrylic cylindrical de-
tector design that allowed for high reduced field operation. We have found
the appearance of a second negative ion peak at high reduced fields which
most likely corresponded to SF; . Using the secondary peak, we showed that
fiducializing events in the drift direction is possible. However, our diffusion
measurements showed a large unaccounted for systematic but indicated that
at 40 Torr, SFg has a similar diffusion width to CSs, a gas already shown
to have thermal diffusive behavior. There were many features of SFg found
in this work that remain unexplained as a consequence of the design of our
detector and experimental apparatus, which limited our ability to investigate
each of those features in more detail. Nonetheless, these remaining mysteries
should provide ample motivation and opportunities for future studies on the
use of SFg in TPCs.
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