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Vibrational autodetachment of sulfur hexafluoride anions at its long-lifetime limit
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We have investigated the autodetachment of electrons from rovibrationally hot SF¢~ anions using a cryogenic

ion-beam trap. Extremely low residual gas densities of 10* cm™

3 provided undisturbed observation of the

neutralization rates due to vibrational autodetachment (VAD) over almost five orders of magnitude and over
times up to 100 ms. We successfully explain our experimental decay curves using statistical rate theory combined
with electron attachment data and vibrational frequencies calculated for a Cy,-distorted SF¢ ™. The unprecedented
sensitivity of the experiment to the decay constants at the VAD threshold allows us to infer from the data the adia-
batic electron affinity of SFg to be (0.91 & 0.07) eV and to confirm the recently predicted Cy4, symmetry of SFg~.
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Owing to its large capture cross section for electrons [1],
sulfur hexafluoride (SF¢) is commonly used in high-voltage
equipments and accelerators as a gaseous dielectric and as a
plasma etching gas [2]. For these applications [1] and also to
understand the degradation [3] of the harmful greenhouse gas
SFg from the Earth’s atmosphere, the formation of SF¢ ™ anions
and their destruction is of paramount interest. At low energies
the formation usually proceeds via nondissociative attachment
of an electron (e™), thereby forming a rovibrationally excited
SFe~, which in turn can undergo vibrational autodetachment
(VAD) back to SFg + e~ or radiative stabilization to states
below the VAD threshold energy, i.e., the adiabatic electron
affinity (EA) of SFs.

Direct measurements of the VAD rates, performed by SF¢~
ion lifetime studies in vacuum [4-8], yielded results depending
on the observation conditions. A subsequent ion storage ring
experiment [9] found the neutralization signal R(¢) of SFs~ to
follow a power law for storage times up to a few milliseconds,
R(t) o t", which indicates that a broad distribution of excited
SFg states with different decay constants was contributing to
R(?) in the time range covered by the experiment [10]. This
could rationalize the previously observed scattering of VAD
rates. However, even in this high-vacuum measurement [9]
the background SF¢~ neutralization signal due to residual gas
collisions made it impossible to follow the VAD rate down to
its lowest values occurring in the long-lifetime limit. A direct
measurement of the VAD rate in this limit can be expected
to reveal the influence of basic SF¢ and SF¢~ molecular
parameters, such as the EA of the neutral and the SFg~
vibrational level density at the detachment threshold. This
appears timely considering the recently renewed discussion
[11-14] of theoretical predictions on SF¢~ and appropriate
methods to derive the SFg adiabatic EA from observations of
the SFs~ VAD.
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Earlier experimental determinations [15,16] of the adi-
abatic electron affinity of SF¢ were based on thermody-
namical methods and resulted in a recommended value of
EA = (1.06 £ 0.06) eV [1]. More recently, an EA value of
(1.20 £ 0.05) eV was deduced [11] from flowing afterglow
measurements of thermal electron attachment and detachment
rate constants by a third-law analysis using rovibrational
partition functions calculated for an O,-symmetric SF¢~ [17].
However, contrary to earlier findings, modern coupled-cluster
(CC) calculations [13] predict the ground state of SFg¢™ to
have a Cy,-distorted geometry, which leads to far-reaching
changes of its vibrational structure. Triggered by this finding,
the experiment of Ref. [11] was reanalyzed by Troe et al.
[12], now resulting in EA = (1.03 £ 0.05) eV, consistent with
the previously recommended value but still larger than the ab
initio CC result of 0.94 eV [13]. While corrections to the CC
results were proposed [14], giving better agreement with the
experimental results, the value of the SFg adiabatic EA and its
influence on the VAD rates remain under debate.

Here we present VAD measurements of hot SFs~ ions
stored in the extremely high vacuum of the cryogenic elec-
trostatic ion beam trap (CTF) [18] located at the Max-Planck-
Institute for Nuclear Physics, which allowed us to observe the
VAD signal down to rates almost three orders of magnitude
lower than so far observable. We successfully reproduce our
data using statistical rate theory when accounting for the Cy,
distortion of SF¢~. The present low-background measurement
thus sensitively tests and confirms recent theories on the SFg
electron collision dynamics and on the structure of the SF¢~
anion, and the detailed understanding of the VAD signals
reached allows us to deduce the adiabatic electron affinity
of SF.

Rovibrationally hot SF¢~ anions are created in a cesium
sputter ion source [19] by feeding SFg through a 1 mm axial
bore in a molybdenum cathode. The anions are produced by
electron attachment presumably at the cesium-covered cathode
surface. They are preaccelerated out of the source by the
cathode voltage V. (~800-2000 V), which also guides the
thermally ionized cesium ions from a heated tungsten filament
towards the cathode. SF¢ pressures of up to ~0.1 mbar are
estimated in the SF¢~ production region, but fall steeply behind
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the extraction aperture located at a distance of ~2 cm from
the cathode. Accelerated to 6 keV, the anions are chopped to
bunches matching the revolution time in the CTF (~20 us),
mass selected by a 90° deflection magnet, and injected into
the cryogenic trap, where they oscillate between the two
electrostatic mirrors [20]. For the present measurements, the
CTF cooling circuit is supplied with 4.5 K helium gas, which
cools the trapping region to 12—15 K, yielding an estimated
residual gas density of order 10* cm™3.

Fast neutral particles from VAD or from neutralization of
SFe~ by residual gas collisions can leave the trap through the
central holes in the exit mirror electrodes and are counted
by a microchannel plate (MCP) detector. These counts,
recorded as a function of the storage time ¢ and averaged
over many injection cycles, yield the neutralization rate R(¢).
As R(t) is seen to be affected by small, irreproducible ion
loss from the CTF during the first ~15 ion oscillations
(<300pus), only times ¢ > 1 ms are considered in the following
analysis. Moreover, at ¢ > 1 ms it is also safe to neglect SFs™
dissociation to SF5~ + F, since ions with sufficient internal
energies (>EA + 0.41 eV [12]) are expected to decay with
lifetimes in the 10 us range. Hence, we assume that R(¢) at
t > 1 ms arises from VAD of SF¢~ only. However, additional
contributions to the measured neutralization signal are due to
residual gas collisions of SF¢ ™~ and to a constant dark count rate
of the MCP. The latter is regularly determined after dumping
the SF¢~ ions and before starting a new injection cycle.

Figure 1 shows the extremely high contrast achieved in the
present experiment between the neutralization of SF¢~ through
VAD (¢ < 0.1 s) and that by residual gas collisions (r > 0.1 s).
While in the previous storage ring experiment [9] the VAD
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FIG. 1. (Color online) Measured neutralization rate R(t) of SF¢~
as a function of the storage time ¢ (dots). Previous storage ring data
[9], rescaled in amplitude to match the present data, are shown for
comparison (dashed line). The solid line is a fit of the present data
for t <5 ms by a power law (™) with n = —1.4. Upper inset:
Neutralization rate for long storage times (symbols) and exponential
fit (solid curve). The dotted line represents the mean dark count rate of
the MCP. Lower inset: Schematic ground state potential energy curves
of SF¢~ and SF as a function of a single S-F-bond distance and decay
paths of excited SF¢~ ions (VAD: vibrational autodetachment, Diss:
dissociation into SFs~ + F, and Rad: radiative cooling).
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signal was already obstructed after ~10 ms by the residual
gas contribution, we here can follow the VAD rate curve over
almost five orders of magnitude up to unprecedented low decay
rates occurring at decay times of ~100 ms. As shown in
Fig. 1, and in agreement with the findings of Rajput et al.
[9], the VAD rates observed for dwell times # < 5 ms can be
well represented by a power law. However, at higher 7, where
the neutralization rate is determined by SFg™ states close to
the autodetachment threshold, pronounced deviations from the
power-law behavior are observed. In addition to short-time
runs aiming at the observation of VAD, we also performed
long-time measurements (up to + = 400 s) where the SF¢~
neutralization is due to residual gas collisions. By fitting an
exponential decay law to the long-time data shown in the upper
inset of Fig. 1 we deduced a storage lifetime of (800 &£ 100) s.
Within the statistical approach the VAD neutralization rates
of an ensemble of noninteracting SF¢~ ions with an initial
distribution f(E) of excitation energies E are given by (see,
e.g., [10])
o0

Ryap(t) = No/ FEYe(E)e " PIdE, (D

EA
where N is the initial number of anions, k. (E) is the total de-
cay rate coefficient, and k(E) that for VAD. Unlike Refs. [9,21]
we calculate the VAD rate coefficient k(E) using statistical
rate theory together with measured electron attachment cross
sections, as recently elaborated by Troe et al. [12,22,23].
Moreover, we also take into account the rotation of the excited
SFg~ and SFg, characterized by the total angular momentum J
and its projection K onto the molecular symmetry axis. As the
SF¢ electron attachment cross section o(¢) for the relevant
electron energies ¢ is dominated by s waves, the electron
attachment (detachment) process can be assumed to preserve
J and K. However, since the rotational constants of SFg and
SFe~ differ, the energy stored in the rotational motion changes
in these processes. Neglecting the small K-dependent energy
splitting in SF¢~, the rotational energies of SF¢~ and SFg
are approximated by E " (J) = J(J + 1)(B™) and E?(J) =
J(J + 1)BY, respectively. Hence, an effective electron affinity
can be introduced as EA(J) = EA + E%(J) — E;(J). We
adopt BY = 0.0907 cm™! (O, symmetry result [24] for SFg)
and (B~) = 0.0753 cm™! (averaged constants A, B, and C as
calculated for SF™ in Cy4, symmetry [12]).

Following the detailed balance approach outlined in
Ref. [22], the J specific VAD rate coefficients of an SF¢~
anion of total internal energy E = E, + E_(J) are given by
an integral over the electron energy e,

wo [EEAD g (e)e po(Ee)

where E, is the energy stored in the vibrational degrees
of freedom of SF¢~, w is the reduced mass of SF¢ and
e”, and p_(E,) denotes the vibrational level density of
SF¢~. The vibrational energy remaining in the VAD decay
product SF¢ is given by Eg(e) = FE, — EA(J) — €, while
po(E?) denotes the corresponding vibrational level density.
Since the electron detachment threshold corresponds to a high
vibrational excitation of SFs~, p_ can be approximated [22]
by a smooth function using the Whitten-Rabinovitch approach

k(E,J) = de, (2)
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FIG. 2. (Color online) (a) VAD rate coefficients k(E,J) from
Eq. (2) for different EA, as functions of E, = E — E(J); solid
lines for J = 0 and dotted lines for J = 150. (b) Vibrational energy
distribution f,(E,,?) of the stored SF¢~ ions for various storage times
(labeled) and strongly different initial vibrational temperatures 7,
(J = 0). The normalization was set to make the heights of the 1 ms
curves match at the energy of the first vibrational level in SFg
(ES =43 meV). (c) VAD decay curves Ryap(f) from Eq. (3) with
EA = 0.90 eV and different T, J, and k5.

[25]. On the other hand, at energies E lying only just above the
detachment threshold, the vibrational states of SFg are sparse
and the structure of py calculated by the Beyer-Swinehart
algorithm [26] is reflected in discrete contributions of these
states to k(E,J).

VAD rate coefficients k(E,J) calculated with Eq. (2),
using experimental attachment cross- sections [23] and level
densities based on vibrational frequencies calculated most
recently for a Cg,-symmetric SFg~ [12,13], are shown in
Fig. 2(a) for three values of EA. Each step in k(E, J) occurring
with increasing energy is due to the opening of new VAD
channels provided by individual vibrational excitations in
SF¢. The magnitude of k(E,J) close to threshold strongly
depends on EA, which results from the excitation energy
dependence of the SF¢~ density of states p_(E,) occurring
in the denominator of Eq. (2). Increasing EA thus results in a
decrease of k(E,J), and as the effective EA(J) increases with
J, higher J reduces k(E,J). At their low-rate limit, the VAD
rates become low enough that also competition with radiative
emission of SFs™ in the infrared (IR) needs to be considered.
The radiative rates were estimated to lie at ~60 s~! [27] and,
according to Fig. 2(a), can compete with VAD decays only at
E, — EA < 50-100 meV. These energies are similar to typical
IR transition energies. Assuming that a single IR transition will
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result in £, < EA we can approximately include radiative
cooling in Eq. (1) by setting kit = k(E,J) + krag-

As we observe many stored SF¢~ ions with insufficient
internal energy for VAD, we conclude that these anions
collisionally thermalize after their formation by electron
attachment in the ion source. Hence, we choose a canonical vi-
brational energy distribution f,(E,) oc p_(E,)e™Ev/*sTv with
the vibrational temperature 7, and Boltzmann constant k5, and
a corresponding canonical rotational population distribution
£,(J) with degeneracy (2J + 1)? for a spherical top molecule
at a rotational temperature 7,. The VAD decay curve of the
excited SF¢~ ensemble is thus given by

Ryap() = No Y f+(J)

J=0

o0
x / JAEDK(E, Jye WED hall g = (3)
EA(J)

To illustrate the influence of these assumptions on the VAD
decay curves, we show in Fig. 2(b) how the vibrational
energy distribution of the stored SF¢™ ions develops in time.
Here we set f(Ey,t) ~ fo(Ey,t =0)e B with ko(E,) =
k(E,,0) + kag. Although the initial distributions extend far
above E, = EA (and much further for 7, = 3000 K than for
T, = 1000 K), already at + = 1 ms the populated states are
essentially restricted to E, < EA+ 0.2 eV. For r > 10 ms
the SF¢~ energy distributions above threshold become almost
independent of the initial temperature, and the decay curves
start to be dominated by states close to threshold. This is
also displayed by the VAD decay curves Ryap(?) in Fig. 2(c),
where the shapes of the two equivalent curves for 7, = 1000
and 3000 K almost agree for times ¢t > 10 ms.

While the influence of the initial vibrational energy distri-
bution onto the VAD decay curves dies out for # > 10 ms, the
high-J curve in Fig. 2(c) shows that Ryap(?) is still sensitive
to the initial rotational distribution. Little is known about the
rotational temperatures of molecules leaving a sputter ion
source, but 7, 2 T, may be expected [28], which translates
into average J values of ~150 for 7, = 2000 K. To show
that we can consistently describe the observed VAD decay
curves using Eq. (3), we changed the ion source parameters
to vary 7, and T,. Among the source parameters, the SFg
pressure and the cathode voltage V. were found to influence
the shape of the Ryap(f) curves. We therefore performed
high-statistics measurements of these curves at the extreme
settings of V., = 800 and 2000 V and for each V. decreased
the ion source pressure in five steps by throttling the SF¢ gas
inlet and monitoring the pressure at the nearest downstream
vacuum gauge. Example VAD decay curves for V., = 800 V
are displayed in Fig. 3, where a small constant background
caused mainly by detector dark counts has been subtracted.

The ten observed VAD decay curves were fitted in the range
1 ms < ¢ < 200 ms using Eq. (3). For a given choice of the
molecular parameters of the model, EA and k;,q, Ryap(?) was
fitted to each of the ten curves, individually minimizing x> by
adjusting the temperatures T, and 7, and the normalization Ny.
This was repeated for a two-dimensional array in EA and kg,
each time calculating the global x2/DOF of all ten curves, with
DOF representing the relevant number of degrees of freedom
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FIG. 3. (Color online) Background-subtracted VAD decay rates
(symbols with statistical error bars) observed at four different SFq
source pressures (highest to lowest pressures for top to bottom curves)
and V. = 800 V. Solid curves are fits of Eq. (3) using EA = 0.90 eV
and kg = 25 s~! and yielding T, and 7, as shown in Fig. 4(b). Inset:
Semilogarithmic plot of R(t) for times ¢ > 10 ms.

in all fits. This global reduced x? is plotted in Fig. 4(a) as a
function of EA and k;,4 and assumes a well-defined minimum
at EA = O.90f8:8§ eV and kg = 251’2 s~ (1o errors). The
overall quality of the fit to the VAD curves at this minimum is
illustrated by Fig. 3. The related best-fit temperatures 7, and 7,
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FIG. 4. (Color online) (a) Global reduced x?/DOF from the fits
of all ten VAD decay curves over a grid (dots) of globally set EA and
kraa values, with the colors and contours obtained by interpolation.
(b) Initial temperatures derived for vibrations (circles) and rotations
(squares) from fits of the measured VAD decay curves with Eq. (3),
setting EA = 0.90 eV and k,q = 25 s~'. Full symbols: V, = 800 V;
open symbols: V, = 2000 V.
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are displayed in Fig. 4(b) showing their variation with the ion
source downstream pressure for the two V, settings; the abso-
lute values span the range typical for sputter ion sources [28].

For minimizing the influence of the vibrational temper-
ature, a corresponding fit was performed with the data at
10 ms < ¢t < 200 ms only. It yielded EA = (0.93 £ 0.07) eV
and kpq = 301’% s~1, well in agreement with the results for
the full time range. We also investigated the influence of
the one-step assumption leading to Eq. (3) by allowing the
radiative transitions to proceed via a simplified cascade; while
the EA value stays the same within its error, the effective
radiative cooling constant kg is found to be slightly larger
but a factor of almost smaller than the value estimated in
Ref. [27]. The largest systematic error in the EA determination
is expected from the accuracy of the vibrational level density
o_(E,) of SF¢™; the distortion of SFg~ from O, towards Cy,
symmetry not only results in the appearance of low-energy
modes, but also in large anharmonicities which, so far, are
only approximately accounted for [12]. This correction leads
to a change of a factor of ~4 in p_(E,), the accuracy of which
we estimate to be only £2. This transforms into an error in the
EA of £0.05 eV. Note, however, that we cannot reproduce our
data using SF¢~ vibrational level densities based on O, fre-
quencies, even allowing for unreasonable small k.4 values and
unreasonable large initial temperatures. Combining our results
and error estimates, we finally infer from our measurements
EA = (0.91 £ 0.07) eV for the electron attachment energy of
SFg, and kg = (27 & 6) s~ for the effective radiative cooling
constant of SF¢~ around EA.

In conclusion, the low-background conditions in the cryo-
genic ion beam trap have allowed us to investigate the
VAD process of excited SFs~ anions in the so far not
accessible long-time and low-intensity limit. Using statistical
rate theory together with experimental electron attachment
data and improved structure information for SFs~, we arrive
at a consistent description of the VAD decay rates over
almost five orders of magnitude. We find that the distorted
ground-state geometry of SF¢~ predicted by a recent model
calculation [13] is essential for achieving this consistency. The
deduced value for the adiabatic electron attachment energy of
EA(SFg) = (0.91 £ 0.07) eV is smaller, but still consistent
within errors with the most recent experimental value of
(1.03 £ 0.05) eV by Troe et al. [12]. Moreover, our value is
in excellent accord with the theoretical prediction of 0.94 eV
by Eisfeld [13], but in less good agreement when recently
proposed corrections [14] are applied to the CC result. The
present study shows the power of cryogenic ion beam storage
devices to analyze VAD rates for complex molecular systems
in the range where they are small but closely reflect basic
molecular properties.
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