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ABSTRACT

Penning electron detachment is a process in which an electronically excited neutral species collides with an anion and detaches an electron
from it by transferring its excitation energy, viz., A~ + N* > A + N + e~. While there have been theoretical studies relating to the mechanism of
Penning detachment, there have been few experimental investigations of this fundamental process. In this work, Penning electron detachment
of sulfur pentafluoride anions by potassium atoms, which had been selectively excited to high Rydberg electronic states, was investigated by
directly observing its occurrence via the depletion of the SF5~ anion signal in mass spectra, viz., SFs~ + K** — SF5 + K + €. Scanning
the excited states of potassium in the range of 8d-32d and 10s-33s (excitation energy 4.11-4.33 eV) showed a significant dependence of
the Penning detachment cross section on the excitation energy of potassium. Combining quantitative Penning detachment results with the
electron affinity of SFs (4.4 eV), which we had determined using anion photoelectron spectroscopy, demonstrated that Penning detachment
occurred when the total available energy, that is, the SFs~ + K** collision energy + the K** excitation energy, exceeded the electron affinity
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of SF5.
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I. INTRODUCTION

Penning ionization is a well-studied process in which an
electronically excited neutral species collides with another neutral
species and ionizes it, viz., A + N* > A"+ N+e.In analogy
with this process, in Penning detachment, a term coined by Blaney
and Berry,' an electronically excited neutral species collides with an
anion and detaches an electron from it, viz., A~ + N* > A+ N +e".
While the Penning ionization interaction utilizes the van der Waals
attraction between neutral molecules, one of which is electronically
excited, the Penning detachment interaction relies on the attrac-
tion between an anion and an electronically excited neutral species,
making the cross section for Penning detachment larger than that
for Penning ionization.” Penning electron detachment is relevant
to kinetic processes occurring in electric discharges and plasmas as
well as in other ionized gas environments,’ these potentially includ-
ing magnetically confined plasmas in nuclear fusion reactors.” Such
collisions may also be important in stellar atmospheres. Our solar

atmosphere has an opacity at wavelength <1.6 ym due to the elec-
tron photodetachment of H™ (H™ + v — H + e7).”  In that highly
energetic environment, the Penning electron detachment of H™ by
excited hydrogen (or helium) atoms [H™ + H* (or He*) - H + H
(or He) + e ] is no doubt a competing process with photodetach-
ment. Thus, while sacrificial H™ photodetachment acts to protect
us from harmful rays emanating from inside the sun, the Penning
detachment of H™ is a process that depletes that protective blanket.
Thus, they are both important elementary steps in the overall mech-
anism. Penning detachment can also be an efficient way of making
mass-selected neutral cluster beams.”

In the theory of Penning detachment developed by Blaney and
Berry in 1971, it was predicted that the Penning detachment cross
section should be relatively large due to the attractive interaction
between an anion and a highly polarizable, electronically excited
neutral." They further developed their theory to calculate the Pen-
ning detachment cross sections of H™ by He", Li*, and Ca” in vari-
ous electronically excited states.”” These theoretical studies showed
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that in some of these anion-excited neutral combinations, the Pen-
ning detachment cross section exceeds 107 cm?® at low impact
energy, with the cross sections depending strongly on the excited
state of the neutral species.”” They also extended their theory of Pen-
ning detachment to atomic cluster anions [Na; /Najo~ + Na*(3p)]
and showed that atomic cluster anions follow the same trend as
atomic anions due to the long-range nature of the anion-neutral
interaction.'’

Experimentally, Fehsenfeld et al. first observed Penning detach-
ment of O;~ by Oz(a 1Ag) and measured its reaction rate constant
using the flowing afterglow technique in 1969."" In 1994, Upschulte
et al. remeasured the rate constant of this process in an ion flow
tube and reported it with a reduced uncertainty.'” In 2007 and 2008,
Midey et al. made a further refinement using a selected-ion flow
tube and determined its reaction rate to be ~7 x 107'* ¢cm® s™! in
the temperature range of 200-700 K.'”'* They attributed the large
rate constant to the long-range interaction of the ion and the excited
neutral in line with Berry’s prediction."”'* They further expanded
their method to other anions by measuring the rate constants and
branching ratios of the reactions, SO;~ + Oa(a 1Ag) and HO,™
+ 02(a 'Ag)."” The astrophysically significant experimental study of
the Penning detachment of H™ occurred in 1991, when Dowek et al.
examined the Penning detachment reaction, H™ + Na*(3p).'® There,
they accelerated H™ to 0.5-1.5 keV and collided it with Na*(3p)
excited atoms, measuring the energy loss spectrum of neutralized
H atoms at each collision energy. Their estimated Penning detach-
ment cross section was 107 to 107'* cm?, which is in the range
predicted by Berry et al."* '’ and 10?-10* times larger than the
photodetachment cross section of H™."""

In this study, the Penning detachment of sulfur pentafluoride
anions, SF5 ™, by Rydberg-excited potassium atoms, K* *, was studied
by directly observing the depletion of the SFs~ anion signal in mass
spectra. The dependence of the cross section on the excited states of
the neutral species was investigated by allowing SF5~ ions to collide
with potassium atoms that had been selectively excited to various
[Ar] nd! (n = 8-32) and [Ar] ns! (n = 10-33) Rydberg electronic
states. Rydberg atoms have significant advantages in experimentally
observing this phenomenon. Their large volumes (radius ~#*) and
high polarizabilities (~n’)" lead to enhanced collisional cross sec-
tions. When interacting with anions, their high polarizabilities lead
to large attractive forces due to ion-induced dipole interactions.! In
addition, their long lifetimes (~n*)"? allow the excited potassium
atoms time to collide with the anions before their relaxation. By
scanning the electronic states of potassium in the range of 8d-32d
and 10s-33s Rydberg states, the dependence of the relative Pen-
ning detachment cross section on the excitation energy was observed
and measured. Combining these Penning detachment results with
the electron affinity of SF5 (4.4 eV), which we determined by anion
photoelectron spectroscopy during this study, showed that Penning
detachment (SFs~ + K** — SFs + K + e”) occurred whenever the
total available energy (the collision energy of SFs~ + K** and the
electronic excitation energy of K**) exceeded the electron affinity
of SFs.

Il. METHODS

These experiments were conducted on an apparatus equipped
with four pulsed lasers, a photo-electron-emission anion source, a
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potassium oven, a time-of-flight mass spectrometer (TOF-MS), and
an anion photoelectron spectrometer.“’“"’

A. Penning detachment mass spectral depletion
study: SFs~ + K** - SF5 + K + e~

A gas mixture of 10% sulfur hexafluoride/90% helium
(~0 psi) was used to generate a supersonic expansion via a
pulsed valve (Parker-Hannifin). Electrons produced by laser photo-
electron-emission from a rotating/translating copper rod, which was
struck at 10 Hz by a Nd:YAG laser beam (Continuum, Surelite II-10,
2nd harmonic, 532 nm), were attached to the effluent SF¢ molecules
to produce SF5~ anions by dissociative electron attachment. Down-
stream beyond a skimmer, Rydberg-excited potassium atoms, K**,
were produced via two-photon excitation by crossing an effusive
beam of potassium atoms from an oven (150 °C) with two pulsed
dye laser beams. The first laser (Sirah Lasertechnik, Cobra, LDS751
in ethanol, 767 nm) excited the potassium atoms from the ground
state to the first excited state (*P3» [Ar] 4p1), while the second
laser (Sirah Lasertechnik, Cobra-Stretch, Coumarin 480 in ethanol,
457-497 nm) further selectively excited them to the various Rydberg
electronic states, 8d-32d and 10s-33s. The spin-orbit splitting of the
d-Rydberg levels at these high principal quantum numbers were not
resolved in our setup. The energy levels of the excited states of potas-
sium were those found in the NIST Atomic Spectra Database.”” The
SFs~ ion beam was crossed with the resulting Rydberg-excited K**
species inside the Wiley-McLaren ion extraction region of a time-
of-flight mass spectrometer portion of the greater apparatus, after
which they were detected on a microchannel plate (MCP) detec-
tor.”* Mass spectra were measured at each potassium Rydberg level
in order to record the depletion of SF5~ by Penning detachment as a
function of the Rydberg electronic states.

To compensate for the shot-to-shot fluctuations of the ion
intensity, a timing scheme was devised as shown in Fig. 1. The
SFs™ ion source, the second excitation laser (457-497 nm), and the
extraction plates for TOF-MS were pulsed at 10 Hz, while the first
excitation laser (767 nm) was pulsed at 5 Hz. In the first cycle in
Fig. 1, the first excitation laser was not pulsed; hence, SF5~ was
crossed with ground-state potassium, K. The oscilloscope (GaGe,
Compuscope 82G) was triggered 15 ps after the TOF extraction
plates were fired. Since the flight time of SF5~ from the extraction
plates to the MCP detector in our apparatus is ~69 ps, this SF5~ ion
signal appeared on the oscilloscope at 69 — 15 us = 54 ps. In the sec-
ond cycle, both the first and the second excitation lasers were pulsed
so that SFs~ was crossed with Rydberg-excited potassium atoms,
K**. The oscilloscope was triggered simultaneously with the TOF
extraction plates, so this SF5~ ion signal appeared at ~69 s on the
oscilloscope, which is the same as the flight time of SF5~. These two
cycles were repeated 500 times to accumulate the SF5~ ion signals
that had been crossed with ground state K atoms vs SF5~ ion signals
that had been crossed with Rydberg-excited potassium atoms, K**.

B. Anion photoelectron spectroscopy of SFs~

The energy needed to detach an electron from an anion is equal
to the electron affinity, EA, of its neutral counterpart. Thus, the EA
of SFs is the energy required to initiate the Penning detachment
of SF5™. To determine this value, we performed anion photoelec-
tron spectroscopy by crossing a mass-selected SFs~ ion beam with
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FIG. 1. The timing scheme of the pulsed apparatus’ operation and its correspondences with the arrival time of the SFs~ ion signal. The left side of this figure shows the
first two cycles. In the mass spectral inset, the SF5~ signal appearing at ~54 us had been crossed with ground-state potassium atoms, while the SF5~ signal appearing at
~69 us had been crossed with Rydberg-excited potassium atoms in their 17d Rydberg level and was thus depleted.

193 nm photons from an ArF excimer laser (GAM Laser, EX50F).
The kinetic energy of the photodetached electrons was recorded by
a magnetic bottle electron energy analyzer, and the binding energy
was obtained using the energy conservation relationship, hv = EBE
+ EKE, where hv is the photon energy, EBE is the electron bind-
ing energy, and EKE is the kinetic energy of the photodetached
electron. The resolution of our magnetic bottle is ~35 meV at
EKE = 1 eV.”” The photoelectron spectrum was calibrated by the
well-known transitions of Au™.*

To obtain additional information on the SFs™/SFs system by
simulating the experimental aPES, we carried out density functional
theory (DFT) calculations. These used the B3LYP functional, an
aug-cc-PVDZ basis set for S atom, and a cc-PVDZ basis set for
the F atoms, all employing the Gaussian 16 software package.”
The computed anion photoelectron spectrum was obtained via a
Franck-Condon Factor (FCF) analysis.

Ill. RESULTS

First, let us explain why we focused on the Penning detach-
ment of SFs ™ rather than on that of SFs ™. During these experiments,

neutral SFe from the source’s pulsed valve interacted with K** to
form SF¢~ via Rydberg electron transfer (RET), viz., SFg + K**
— SFs~ + K2’ On the other hand, RET did not cause disso-
ciative electron attachment to SFs to form SFs~, as shown in Fig.
S1 in the supplementary material. Thus, while SFs~ was formed by
RET, as an anion, it could also be depleted by Penning detachment,
whereas the intensity of SFs~ could be affected only by its deple-
tion via Penning detachment. Here, we focus on the ion intensity
of SF5~ to study the effect caused solely by Penning detachment. A
typical time-of-flight mass spectrum is shown in Fig. 2(a). The two
peaks on the left side (~54 and ~59 us) are 31SF<~ and *'SF¢~ crossed
with the ground state potassium atoms, while the two peaks on the
right side (~69 and ~74 ps) are 31GF;™ and *!'SFs~ crossed with the
potassium excited to its 17d Rydberg state. The ion intensity of SF5~
(on the right side) decreased significantly when the potassium was
excited to its 17d state by the two excitation lasers. This was due
to its Penning detachment. The ion intensity of SFs~ shown there
also showed some, albeit lesser, decrease, and this too was due to its
Penning detachment. Figure 2(b) shows the mass spectrum recorded
with the potassium oven shut off (flagged), while the excitation lasers
continued operating with the same timing as in Fig. 2(a). The fact
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FIG. 2. (a) Time-of-flight mass spectrum of SF5~ and SFg~ recorded by the timing
scheme shown in Fig. 1. The two peaks on the left (~54 and ~59 us) show the
anions crossed with ground-state potassium, while the two on the right (~69 and
~T4 us) show the anions crossed with potassium excited to the 17d Rydberg level.
(b) The same measurement repeated with the potassium oven shut off. Operating
the excitation lasers without potassium did not affect the ion intensities.

that operating the two excitation lasers without potassium did not
affect the SFs~ ion intensity confirms that the depletion of SF5™ in
Fig. 2(a) was caused by Penning detachment and not by excitation
laser(s)-induced photodetachment.

The same measurements were performed by scanning the Ryd-
berg levels of potassium in the range of 8d-32d and 10s-33s and
were repeated in three rounds. The fraction of >'SFs~ depleted by
Penning detachment was calculated at each Rydberg level by the fol-
lowing formula and plotted in Fig. 3(a): (Depletion Ratio) = [(Igz.-
without K** excitation) — (Isg - with K** excitation)]/(Igg - without

—_
Q
-

05k ¢ d states

o My
e
iiﬂ H

of T

5 10 15 20 25 30
nd/ns Rydberg level
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K** excitation), where I, - is the ion intensity (TOF peak area) of
SE5 ™. In the case of d-Rydberg levels, as much as ~40% of SF5~ was
depleted at 17d-21d, and there is another, albeit smaller, increase
in depletion around 30d and 31d. The s-Rydberg levels in Fig. 3(a)
showed similar behavior to the d levels, but with lower depletion
ratios. This can be attributed to the lower excitation efficiency of
potassium to the s-Rydberg levels compared to the d-Rydberg levels.
A major reason for this is its lower degeneracy (*S state, degeneracy
= 2) compared to that of the d levels (*D state, degeneracy = 10).
Note that the observed relative depletion ratios between the s levels
and d levels are not a direct reflection of this degeneracy ratio due
to other factors, such as the limited number of the K atoms at the
interaction region and different excitation efficiency at each level. In
Fig. 3(b), the same data were plotted against the excitation energy
of potassium. Both d and s levels showed the maximum Penning
detachment efficiency around 4.30 eV excitation energy; the small
increase in the depletion ratio around 30d and 31d corresponds to
an excitation energy of ~4.326 eV.

To determine how much energy is needed to detach an electron
from SF5~, an anion photoelectron spectrum of SFs~ was measured,
and it is shown in Fig. 4. The vertical detachment energy (VDE),
which is the EBE position of the peak maximum in the spectrum, was
5.46 eV. The electron affinity (EA) of SFs, as estimated as the thresh-
old rise of the electron signal in the anion photoelectron spectrum,
was 4.4 eV. By conducting DFT calculations, the computationally
determined VDE and adiabatic electron affinity (AEA) values were
found to be 5.25 and 4.37 eV, respectively. Figure 4 presents the
simulated photoelectron spectrum and compares it with the exper-
imental spectrum. The computed VDE and EA values are in good
agreement with the experimental numbers, and the FCF simulation
well reproduced the experimental spectrum. The optimized geom-
etry of SFs~ was found to be square pyramidal, as shown in Fig.
S2 in the supplementary material; this is consistent with previous
studies.”®”’ The Electron Localization Function (ELF) Natural Bond
Orbital (NBO) population analysis in Fig. S3 in the supplementary
material shows that the electron density at the S atom is decreased

(b)
0.5+ @ dstates
¥ s states
S 04r }
&
5 03}
ko]
0.2} E H
0
£ oal L t
0.0f {i &

4.10 4.15 4.20 4.25 4.30
K"* Excitation Energy (eV)

FIG. 3. SF5~ depletion ratios with the potassium atoms excited to 8d-32d (black) and to 10s-33s (blue) Rydberg states, plotted by (a) the principal quantum number n
of potassium and (b) the excitation energy of potassium. The red star in (a) is the depletion ratio when the potassium oven was closed, so that no Penning detachment
occurred. There, the lasers continued to operate at the wavelength for 17d excitation [corresponding to Fig. 2(b)]. Each measurement was repeated three times, and the

error bars represent the standard deviations.
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of SF5™~ gives a direct measurement of EA, and the value determined
here is in the range of the previous computational predictions.””"*
Since the excitation energy of K** in our experiment is in the range
of 4.11-4.33 eV, which is lower than the EA of SFs, the excitation
energy of K* * itself is not enough to induce the Penning detachment
of SF5~. This indicates that the collision energy also contributed to
Penning detachment.

SF¢~
193 nm

IV. DISCUSSION

To take the collision energy of the SFs~ + K** Penning
detachment reaction into consideration, we begin by estimating
the velocities of SFs~ and K**. The velocity of the effluent stream

Photoelectron Intensity

3

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0

from a supersonic expansion can be estimated as v = (5kgT/ m)l/ 2
o where kg is the Boltzmann constant, T is the temperature of the
Electron Binding Energy (eV) gas before expansion, and m is the effective mass of the atoms and

lecules in th . By using T =300 K t t

FIG. 4. The anion photoelectron spectrum of SF5~ recorded with 193 nm pho- :;Iczie;u_esl 811; arflug?ihe av};rzsznfr;nass of the li)r;og;: /e;l(‘;l(;)egeur:z

tons (black), computed transitions (red sticks), and the simulated spectrum with RN ag > 0 OTelFUA 8
broadening of FWHM 250 meV (green). mixture), the speed of SFs~ is estimated to be Vg = 828 m/s.
The speed of the effusive beam of K atoms from the 150°C
oven follows the Maxwell-Boltzmann distribution [Fig. 5(a) for
by the transition from SFs~ to SFs. The coordinates of the optimized 39K]; P(vk)dvk = 4n(mx/(2mks T))S/ZVZK exp (—mvﬁ/(ZkB T))dVK.
geometries are shown in Tables S1 and S2 in the supplementary
material. Although this EA is higher than the values previously esti- NGRS , )
mated from SFs experiments,”’ ” anion photoelectron spectroscopy Ecolision = (1/ 2)#| v rel| =1/ Z)V(VK + Vs )> where u is the

The collision energy of *'SFs~ + K** can be calculated by
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FIG. 5. (a) The Maxwell-Boltzmann speed distribution of the effusive beam of **K atoms from a 150 °C oven. (b) The distribution of the collision energy Eqision for the collision
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set to be 4.223 eV (K** 11d) as an example. (c) Modeled relative Penning detachment cross section as a function of the K** excitation energy openning ( Eexcitation) for 9K
(red) and *'K (green). The graph of *!K is scaled by the isotopic natural abundance ratio (*°K:*'K = 100:7.2).% openning (Eexciation ) for **K and 'K plateaus at slightly different
energies due to the different reduced masses for SFs~ + *°K and SF5~ + “'K collisions. (d) The modeled relative Penning detachment cross section penning ( Eexcitation )
overlaid on the experimental data shown in Fig. 3(b), so that openning (Eexciation) reaches its maximum at 19d (Eexcitation = 4.302 eV), that is, setting the EA(SFs) to be
4.408 eV.
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reduced mass, and V . is the relative velocity, when the two species
are colliding at a right angle. The distribution of the collision energy
based on the Maxwell speed distribution of K atoms is P(Ecoliision )
= P(vk) - (dvk/dEcolision ), Where dvi/dEcolision = 1/(4vk) is the
Jacobian to convert the variable of the Maxwell’s probability distri-
bution function from speed (vk) to energy (Ecliision)- This collision
energy distribution is shown in Fig. 5(b) for * K. Here, we assume
that Penning detachment occurs when the total available energy
(total of the collision energy Ecoliision and the K** excitation energy
Eexcitation) exceeds the EA of SFS [Ecollision + Eexcitation > EA(SFS)]
At a given excitation energy, Penning detachment occurs when
the collision energy exceeds EA(SFs) — Eexcitation- This corresponds
to the shaded area in Fig. 5(b) in the case of K** at the 11d
Rydberg level (Eexcitation = 4.223 eV), and this area can be seen as
the relative Penning detachment cross section as a function of the
excitation energy of the neutral species Openning (Eexcitation). A plot
Of Openning (Eexcitation ) is shown in Fig. 5(¢). 0penning reaches its max-
imum and plateaus at Eexcitation = EA(SFs) — 0.106 eV, where all
SF5~ + ¥K** collisions satisfy the energetic requirement of Penning
detachment [Ecolision + Eexcitation > EA(SFs)]. In the experimental
data in Fig. 3(b), the Penning detachment cross section reached its
maximum at 19d and plateaued through 21d. Figure 5(d) shows
the graph of Openning (Eexcitation) overlaid on the experimental SFs™~
depletion ratio, so that Openning(Eexcitation) reaches its maximum at
19d (Eexcitation = 4.302 €V), that is, the EA(SFs) set to be 4.408 eV.
The modeled Openning(Eexcitation) Well reproduced the experimen-
tally observed behavior of the relative Penning detachment cross
section up to 21d (Eexcitation = 4.309 €V). The EA of SFs (4.408 eV)
obtained from this Penning detachment discussion agrees with
the EA obtained from the anion photoelectron spectrum in Fig. 4.
This picture of the energetic requirement is also consistent with
the broadening of the SFs~ ion signal by K** in Fig. 2(a). In the
intermediate K** Rydberg levels, including 17d, the slow K** atoms
do not have enough collision energy to cause Penning detachment
[corresponding to the unshaded area in Fig. 5(b)]. In that case,
while the SF5~ + K** collisions do not lead to Penning detachment,
the momentum of SFs~ is changed by the collision, and this causes
the observed broadening in the Wiley—McLaren-type, time-of-flight
mass spectrum.

At the 22d Rydberg level and above, the experimental Penning
detachment cross section decreased although it satisfied the ener-
getic requirement. This may have been because K** was ionized by
the collision with SF5~ or SFg, due to the small ionization energy
(<29 meV) at these highly excited states. Another possibility is that
the photon emission from K** (SFs~ + K** — SFs~ + K™ + hy)
competed with Penning detachment.’ At these high Rydberg levels,
the energy spacings between the neighboring electronic states with
different orbital angular momenta are extremely narrow. Stark mix-
ing of these neighboring states, induced by the approaching electric
field of SF5 ™, could open new decay channels for K**. For example,
22d has a neighboring level of 23p within 1.3 meV.”” Mixing of these
two levels opens a channel for K**(22d) to decay to the ground state
K(4s) by photon emission with the allowed transition of Al = 1.
While further investigation is needed to reveal whether the sharp
decrease of the depletion ratio at the high excitation energy end is
caused by the K** ionization or photon emission, the agreement
between the experimental data and the energy-based model up to

ARTICLE pubs.aip.org/aipl/jcp

4.30 eV in Fig. 5(d) indicates that these effects are pronounced only
at the high excitation energy/low ionization energy end of K**, and
they rapidly diminish at the lower excitation energy. Quantitative
evaluation of these effects might explain the small increase of the
observed depletion ratio around the excitation energy of 4.326 eV
(30d and 31d).

V. CONCLUSION

In summary, Penning detachment of SFs~ by potassium atoms
in high Rydberg electronic states was observed by scanning the
excitation energy of potassium atoms in the range of 4.11-4.33 eV
(8d-32d, 10s-33s). The modeled Penning detachment cross section,
based on the energetic requirement, reproduced the increase of the
experimentally observed Penning detachment cross section as the
excitation energy increased. The agreement between the modeled
and experimental Penning detachment behavior and the electron
affinity of SFs5 (4.4 eV), determined by anion photoelectron spec-
troscopy, revealed that Penning detachment (SFs~ + K** — SF5 + K
+ e7) occurred when the total available energy, which includes the
SF5~ + K** collision energy and the K** excitation energy, exceeded
the electron affinity of SFs. This is the first experimental study that
provides insights into the mechanisms of Penning detachment with
unambiguous observation of its occurrence. Further investigations
of Penning detachment using different anion/excited neutral combi-
nations will be helpful to better understand the mechanisms. One of
the most important systems for future study is the Penning detach-
ment from H™, due to its role in stellar atmospheres and nuclear
fusion reactors.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1-S3, and Tables S1
and S2.
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