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Electron attachment to perfluoromethylcyclohexane �C7F14� and sulfur hexafluoride �SF6� is studied in a Q
machine which produces a thermally ionized potassium plasma at an electron temperature Te�0.2 eV
�2300 K�. Negative ion formation is observed by Langmuir probe measurements of the reduction in electron
density as electrons attach to C7F14 to form C7F14

− or to SF6 to produce SF6
−. In C7F14 at a pressure �3

�10−5 Torr, a nearly electron-free plasma is formed with a residual electron-to-ion density ratio ne /n+

�10−4. Formation of the C7F14
− negative ion was confirmed by the presence of the C7F14

− electrostatic ion
cyclotron wave mode in the power spectrum of current-driven plasma oscillations. Measurements of the
negative ion-to-electron density ratio, n− /ne for different pressures in both C7F14 and SF6 indicate that for
thermal electrons at 2300 K larger values of n− /ne are obtained in C7F14 at a lower pressure than in SF6.
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Negative ion plasmas are commonly found in various
natural and technological environments including microelec-
tronics plasma processing reactors, the D region of the iono-
sphere, the mesosphere, the solar photosphere, and in neutral
beam sources �1�. When the “free” electron density ne is
�n−, the negative ion density, so that n−�n+, the positive
ion density, we have an “ion-ion” plasma with a number of
interesting properties and uses, as discussed recently by
Economou �1�. Negative ion plasmas are of particular inter-
est in basic plasma physics due to the fact that many of the
typical plasma phenomena �e.g., sheath formation, ambipolar
electric fields, waves, and instabilities� are fundamentally al-
tered in plasmas containing heavy negative charge carriers
�2–5�.

Sulfur hexafluoride, SF6, has been widely used to produce
plasmas with relatively large concentrations of negative ions.
SF6 �molecular weight 146� has a negative ion resonant cap-
ture peak at zero or near-zero electron energy, and thus is
very efficient in attaching low energy electrons through the
process SF6+e→ �SF6

−�*→SF6
− �6�. For electron energies be-

low 0.2 eV, the attachment cross section �a
SF6 is �10−15 cm2,

so that negative ion plasmas with electron-to-positive ion
density ratios, ne /n+�1, can be obtained at relatively low
SF6 pressures. For example, Sheehan and Rynn �4� found
that at PSF6

�2�10−6 Torr, the electron density in a Q ma-
chine �7� plasma was reduced by a factor of 10. Sato reported
an electron fraction relative to the positive ions in a Q ma-
chine, ne /n+�10−4 for PSF6

�5�10−4 Torr �5�. Q machines
are ideal negative ion sources �4,5� due to the low electron
temperature, Te�0.2 eV, resulting from thermal ionization.
Hot filament discharge plasmas, such as those used in mul-
tidipole devices �8�, are also efficient negative ion sources,
but the presence of much hotter electrons �Te�1–5 eV� as
well as energetic ionizing electrons �tens of eV� leads to the
production of SF5

− and F− as well as SF6
− �6�. The “magnetic

cusp cage,” which confines energetic electrons and allows
only cold electrons �Te,cold�0.2 eV� to pass through the cage
where they attach to SF6, has also been used to produce
negative ion plasmas �2,9�. Negative ion formation in hot
filament discharges generally requires higher gas pressures
than in Q machines.

An important goal in this field is to produce a large
concentration of negative ions at as low a neutral gas
pressure as possible in order to maintain low plasma colli-
sionality. We investigated the formation of a negative ion
plasma in a Q machine using C7F14, and compared the elec-
tron attachment efficiency of C7F14 with that of SF6 at dif-
ferent gas pressures under otherwise identical conditions.
This comparison provides a direct inference of the relative
thermal electron attachment rates of SF6 and C7F14 at
Te=2300 K. The formation of a negative ion plasma in
C7F14 leads to the formation of a negative ion of mass m−
heavier than that of SF6

− �146 amu� through the reaction
C7F14+e→ �C7F14

− �*→C7F14
− �350 amu�. Such a plasma af-

fords the possibility, e.g., of studying the charging of dust
particles to positive potentials �10�, as recently observed in
the polar mesosphere �11�.

Experiment. The setup is shown in Fig. 1. Potassium at-
oms from an atomic beam oven undergo surface ionization
on a 6 cm diameter, electrically grounded tantalum hot
plate �HP� which is heated by electron bombardment to
THP�2300 K. K+ ions and thermionically emitted electrons
emerge from the hot plate as a nearly fully ionized plasma
and are confined radially by a uniform longitudinal magnetic
field B=0.25–0.4 T. The plasma is terminated by a cold end
plate located �1 m from the HP. The electron and ion tem-
peratures are typically �THP, with Te�T+�0.2 eV, and the
plasma density is in the range, n+�108–1010 cm−3. The
plasma potential, electron and ion densities, and the electron
temperature were measured using planar Langmuir probes of
diameter 2–4 mm.

Negative ion plasmas were produced by introducing
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FIG. 1. Schematic of the experimental apparatus—a single-
ended Q machine.
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C7F14 vapor or SF6 gas into the vacuum chamber �base pres-
sure �10−6 Torr�. C7F14 is a clear, colorless, odorless, stable
liquid �density 1.78 g/cm3� with a vapor pressure of
107 Torr at 25 °C. A flask containing about 100 ml of C7F14
is connected to the main vacuum chamber with tubing and
the vapor is leaked in using a fine needle valve. Absorbed
gases in the C7F14 are removed by pumping on the flask with
a mechanical pump; this process is repeated several times.
Since the ionization gauge gas sensitivity factor for C7F14
was not available, a gas sensitivity factor SC7F14

/SN2
�6.3

was estimated following the method of Hollanda �12�. No
harmful effects on any vacuum components have been ob-
served with the use of C7F14.

Results and discussion. Figure 2 shows a series of Lang-
muir probe I-V curves obtained for increasing pressures of
C7F14. The probe was located on axis approximately 50 cm
from the hot plate. Following the typical practice for probe
I-V plots, the current due to the collection of the negative
particles �electrons+negative ions�, I−= Ie+ In, is shown as
the positive current, while the current due to the collection of
the positive ions, I+, is shown as the negative current. The

uppermost I-V curve in Fig. 2�a� was taken with no C7F14
present. As the C7F14 pressure, PC7F14

, was increased, I− de-
creased as electrons became attached to the considerably less
mobile C7F14

− ions. The series of I-V curves in Figs. 2�a� and
2�b� shows that I− and I+ became comparable as PC7F14

was
increased, with I+ exceeding I− for PC7F14

�7�10−6 Torr.
For PC7F14

=3�10−5 Torr �Fig. 2�c��, the attachment rate of
electrons is so large that the negative probe current is due
mostly to the collection of negative ions. The positive current
now exceeds the negative current by about a factor of 4,
since the positive ions are now the lighter species in the
plasma.

A plot of the ratio I−s / Ies, where I−s is the total probe
negative saturation current �due to the collections of elec-
trons and negative ions� at a given value of pressure P, and
Ies is the electron saturation current for P=0, is shown in Fig.
3�a� for both C7F14 and SF6. The SF6 data were obtained
from Langmuir probe measurements �similar to those shown
in Fig. 2 using C7F14� when SF6 was used. The comparison
between the C7F14 and SF6 results shows that: �i� the effect
of electron attachment is observed at lower pressures with
C7F14 compared to SF6, �ii� higher pressures of SF6 are re-
quired to produce comparable electron density reductions,

FIG. 2. Langmuir probe current-voltage �I-V� curves for various
C7F14 pressures. �a� Low pressures, �b� intermediate pressures, and
�c� 3�10−5 Torr. Positive probe current is due to collection of elec-
trons and negative ions, while negative probe current is due to the
collection of positive ions. The uppermost curve in �a� corresponds
to a plasma with no C7F14 added. The solid curve in �c� is a theo-
retical probe fit to the experimental points.
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FIG. 3. Properties of negative ion plasmas formed in SF6 �open
squares� and C7F14 �open circles�. Ratio of the probe currents due to
electrons and negative ions to the electron current in the absence of
negative ions vs pressure. �b� Residual fractional electron concen-
tration vs pressure. �c� Difference between the probe floating poten-
tial, Vf, and plasma potential, Vp, vs pressure.
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and �iii� larger reductions in electron density are observed in
C7F14. Measurements of the ratio of the negative to positive
saturation currents, I+s / I−s provide a rough estimate of ne /n+
and n− /n+=1−ne /n+ using I+s=en+�kT+ /2�m+�1/2Ap and
I−s=e�ne�kTe /2�me�1/2+n−�kT− /2�m−�1/2�Ap, where nj,
j= �+,e ,−� is the density of positive ions, electrons, and
negative ions and Ap is the probe collection area. The ne /n+
values for C7F14 and SF6 are shown in Fig. 3�b�. When
ne /n+�10−3, corresponding to the case of Fig. 2�c�, it is
difficult to obtain accurate values of ne /n+ from probe mea-
surements �5�. In this case we used an iterative procedure to
obtain a theoretical fit to the I-V curve in Fig. 2�c�, first
assuming ne /n+=0, and then obtaining an upper limit for
ne /n+ based on the maximum tolerable deviation in ne /n+
consistent with the fit �solid curve�. This procedure leads to
an upper limit on ne /n+ of 5�10−5 at PC7F14

=3�10−5 Torr.
Figure 3�c� shows results of probe measurements of the

difference, �Vf −VP�, between the probe floating potential Vf

and the plasma potential Vp. For each I-V plot, the plasma
potential was identified as the potential where the derivative
of the I-V curve was a maximum. This result shows that as
more and more electrons are attached to form negative ions
�with increasing pressure�, the plasma becomes more and
more mass symmetric, and �Vf −VP� becomes less and less
negative. In the case of C7F14, �Vf −VP� obtains positive val-
ues, since m+�m−, the positive ions are now the more mo-
bile species, and Vf �Vp.

The C7F14
− negative ions were identified by observations

of the spectrum of electrostatic ion cyclotron �EIC� oscilla-
tions which are excited in the plasma due to a current-driven
instability �13�. Similar observations were reported previ-
ously for negative ion plasmas in SF6 �14–16�. An electron
current was drawn along the magnetic field to a 1 cm diam-
eter disk electrode which was located radially in the center of
the plasma column and biased at a dc voltage above the
plasma potential. In an electron/K+ plasma, the instability
produces electrostatic oscillations in the plasma density and
potential at frequencies slightly above the K+ ion cyclotron
frequency, fc,K+ =eB /2�m+, as shown in Fig. 4�a�. In this
case, the fundamental and first harmonic modes appear at
165 and 340 kHz. At a magnetic field of 0.4 T, the ion cy-
clotron frequencies for K+ and C7F14

− are fc,K+ =156 kHz and
fc,C7F14

− =17.5 kHz, respectively. Figure 4�b� shows the corre-
sponding EIC oscillation spectrum with C7F4 at P=6
�10−7 Torr. The K+ fundamental and first harmonic EIC
modes are shifted up to 230 and 450 kHz, and two low fre-
quency peaks appear at 25 and 50 kHz, which correspond to
the fundamental and first harmonic of the C7F14

− EIC mode.
Note that the EIC mode frequencies do not occur at the re-
spective ion cyclotron frequencies, but at frequencies about
1.5 times the corresponding ion cyclotron frequencies. This
is in line with calculations based on the theoretical dispersion
relation for EIC waves in a plasma with positive ions, nega-
tive ions, and electrons �17�, which predicts an upward shift
in frequency of both positive ion and negative ion EIC
modes as the fraction of negative ions increases. The ob-
served frequency shift is consistent with that expected for the
value of n− /n+ for P�10−6 Torr. Further observations
showed that the frequencies of both the light and heavy EIC

modes continued to increase as the fraction of negative ions
increased. However, at P�2�10−6 Torr, all EIC modes
were quenched, probably due to the fact that the electron
density was too low to sustain the critical current for wave
excitation.

The present results indicate that at Te�0.2 eV the rate
constant for thermal electron attachment to C7F14 is larger
than that of SF6. This conclusion appears to be in agreement
with reported measurements of electron attachment cross
sections and rate constants for SF6 and C7F14. Using mo-
noenergetic electron beams, Asundi and Craggs �18� mea-
sured electron attachment cross sections for both SF6 and
C7F14 as a function of electron energy, Ee, and obtained
maximum attachment cross sections of 1.3�10−15 cm2 at
Ee=0.03 eV for SF6 and 7.5�10−15 cm2 at Ee=0.15 eV for
C7F14. These results were in qualitative agreement with the
microwave cavity resonance measurements of Mahan and
Young �19� of the rate constants for attachment of thermal
electrons to SF6 and C7F14 at 300 K. Mahan and Young �19�
also point out that an increase in the electron temperature led
to a decrease in the rate of attachment to SF6 while leaving
the attachment rate to C7F14 unchanged or slightly increased.
The measurements of Mahan and Young �19� were in excel-
lent agreement with subsequent work of Chen et al. �20�
using pulse-sampling techniques. These latter measurements
support the general conclusion of Asundi and Craggs �18�
that the attachment cross section for C7F14 peaks at a higher
energy than that of SF6. In 1995 Spanel et al. �21� reported
measurements of the attachment rates of SF6 and C7F14 as a
function of electron temperature using the flowing afterglow/
Langmuir probe �FALP� method. To benchmark these re-
sults, we note that the Spanel et al. �21� measurements for
SF6 agree very well with those of Petrovic and Crompton
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FIG. 4. Power spectra �0–200 kHz� of electrostatic ion cyclo-
tron wave oscillations excited spontaneously in the plasma by draw-
ing an electron current along the magnetic field, for B=0.4 T. �a�
PC7F14

=0. �b� PC7F14
=6�10−7 Torr.
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�22� using an electron density sampling technique. Spanel et
al. found that the attachment rate for SF6 decreased with
increasing Te while that for C7F14 increased with increasing
Te. There have been further measurements indicating that at
Ee=0.2 eV, the attachment cross section for C7F14 was larger
than that of SF6. Christodoulides and Christophorou �23� re-
ported results of a swarm study of electron attachment to
C7F14 which showed resonance maxima at 0.07 and
0.25 eV with cross section values of 114.7�10−16

and 64.6�10−16 cm2, respectively. Their value of
59.7�10−16 cm2 at 0.2 eV for C7F14 should be compared
with the value of 2.86�10−16 cm2 at 0.2 eV reported by
Christophorou and Olthoff �6� for SF6. Within the measure-
ment uncertainties, the value reported in Ref. �6� for SF6
agreed with that of Braun et al. �24�, who used the laser
photoelectron attachment �LPA� method which is considered
to be the most accurate technique to determine cross sections
for SF6. Braun et al. �24� also found that the cross section for
the formation of SF6

− decreased by five orders of magnitude
over the range 1–500 meV.

We have performed additional measurements �to be pre-
sented in an extended publication� indicating that in our ex-
periments at Te�0.2 eV the average attachment cross sec-
tion for C7F14 is about a factor of 10 higher than that of SF6.
This estimate was based on Langmuir probe electron density
measurements along the axis of the Q machine �the z coor-
dinate�. The electron density varied as ne�z�=ne�0�exp�−	z�,
from which the inverse scale length 	 was determined for

both C7F14 and SF6. Since electron losses due to diffusion
are negligible in the Q machine compared to attachment
losses, the average attachment cross section �̄a can be di-
rectly related to 	 as 	=N�̄a, where N is the density of the
attaching gas. The exponential decay of the electron density
along the axis of the plasma column indicates that the C7F14

−

and SF6
− negative ions are stable against autodetachment for

times at least as long as it takes to travel the length of the
plasma column which is � milliseconds.

In conclusion, a negative ion plasma with m−�10m+ and
a very low residual electron content �ne /n+�10−4� has been
produced by electron attachment to C7F14 at a pressure
�10−5 Torr. Measurements comparing the effects of C7F14
and SF6 indicate that C7F14 has a higher cross section for
thermal electron attachment at 0.2 eV than SF6. The rela-
tively long lifetimes of the C7F14

− and SF6
− negative ions

points to the importance of intramolecular vibrational relax-
ation �IVR� in stabilizing the excited intermediates against
autodetachment �25�.
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