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A new high temperature flowing afterglow Langmuir probe (HT-FALP) apparatus is described. A
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movable Langmuir probe and a four-needle reactant gas inlet were fitted to an existing high
temperature flowing afterglow apparatus. The instrument is suitable for study of electron attachment
from 300- 1200 K. the upper limit set to avoid softening of the quartz flow tube. We present results
for two reactions over extended ranges: NF; (300-900 K) and CH-Cl (600-1100 K). Electron
attachment rate constants for NF; had been measured earlier using our conventional FALP
apparatus. Those measurements were repeated with the FALP and then extended to 900 K with the
HT-FALP. CH,Cl attaches electrons too weakly to study with the low temperature FALP but reaches
a value of ~107 ¢m®s™" at 1100 K. F~ is produced in NF; attachment at all temperatures and

CI™ in CH;Cl attachment, as determined by a quadrupole mass spectrometer at the end of the flow
tube. lFuture modifications to increase the plasma density should allow study of electron-ion
recombination uat high temperatures. © 2009 American Institute of Physics.

[DOI: 10.1063/1.3097185]

1. INTRODUCTION

Recent puapers have highlighted the importance of elec-
tron attachment reactions in advances for such diverse appli-
cations as plasma processing. gas lasers, electrical insulation,
solar energy conversion, electron-controlled chemistry, de-
struction of waste halocarbons, and molecular toxicity.'™
See also the earlier book edited by Christophorou® on appli-
cations of electron interactions. Most of these applications
are based on the fact that electron attachment rate constants
are often 100 times greater than ion-molecule ones and often
many orders of magnitude greater than neutral-neutral ones.
Low-energy electron attachment is also considered an initial
step in radiation damage of DNA, which has led to studies of
electron interactions with nucleic bases, nucleotides, and
DNA itself.™ Of special interest to us are electron attach-
ment reactions n the atmosphere and in plasmas in the
boundary layers of surfaces of high-speed vehicles. The lat-
ter environments are usually at high temperature. Attachment
rate constants and product information are typically only
available at room temperature and occasionally up to tem-
peratures of 550 K. Extrapolation to high temperatures is
uncertain. There have been a number of books and review
articles on electron attachment processes.J"T';'

Conventional electron attachment apparatuses, such as
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our flowing afterglow Langmuir probe (FALP) apparatus,
can be made to operate up to 550 K without a great deal of
effort. Higher temperatures require greater attention to mate-
rials problems. A University of Houston group has reported
electron attachment rate constants up to 600 K."' The Ouk
Ridge group has made electron attachment measurements up
to 700 K in a drift tube."* A Boston College group extended
the limit 1o 1022 K with a flowing-afterglow electron-
cyclotron-resonance apparatus that was capable of operating
as high as 1200 K. Yale University groups have reported
ion yieldsm * from electron attachment to SF, and cross
sections’’ versus electron energy for attachment to SF, and a
variety of halomethanes at temperatures as high as 1200 K
using electron-beam techniques.

Our laboratory relies on fast flow reactors to study
plasma processes over extended temperature and pressure
ranges. We have studied electron attachment reactions from
300-550 K in a FALP apparatus and ion-molecule reactions
in a high temperature flowing afterglow (HTFA) trom 300-
1800 K. both with mass spectrometer detection of ions. Here,
we describe adding a movable Langmuir probe to the HTFA
so that electron attachment reactions can be studied up to
1200 K, though not many electron-attaching gases are ther-
mally stable at such high temperatures. The first data using
this modified apparatus on electron attachment to NF; (300-
900 K) and CH;Cl {600-1100 K) are presented. The latter
reaction has not been studied at low temperatures because
the rate constant is so small that any measurement would
likely be dominated by impurities. An Arrhenius plot of the
data yields an estimate for the room temperature rate con-
stant of ~107"7 cm® 57,

© 2009 American Institute of Physics
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FIG. 1. (Color online) A sketch of the HT-FALP apparatus. The plasma
flows from left to right in the figure.

1. EXPERIMENTAL

The new instrument, which we call the high temperature
flowing afterglow Langmuir probe apparatus (HT-FALP),
adds a Langmuir probe to our HTFA instrument, which has a
long history in the study of ion-molecule reactions.”** For
more moderate temperatures, the HT-FALP overlaps with a
conventional FALP in our ]aboratory.”‘25 Since both the
HFTA and FALP have been well described individually, we
will emphasize here the changes necessary to construct the
combined instrument. Figure 1 shows a schematic of the HT-
FALP. Ions are generated in a sidearm at right angles to the
flow tube. Helium flows through a 2.5 cm OD quartz tube
and is ionized by a movable microwave (Evenson-type) dis-
charge cavity. Moving the cavity along this quartz tube al-
lows adjustment of the plasma density in the flow tube due to
the diffusion and electron-ion recombination losses that de-
pend upon flight time. A mass-flow meter is used to measure
the flow rate of helium buffer gas. Valves following the flow
meter adjust buffer gas flow through the microwave dis-
charge and downstream of it, providing additional control
over the plasma density. The plasma density in the flow tube
depends only weakly on microwave power (typically 15-20
W). After leaving the microwave cavity the plasma flows
through a right angle bend into a vacuum box, which sur-
rounds the HT-FALP furnace and flow tube. A stainless steel
(SS) bellows then guides the plasma through a second right-
angle bend into the main flow tube for reaction studies. Cur-
rently the distance from the microwave discharge to the main
flow tube is 50 cm. restricting the plasma density at the be-
ginning of the reaction zone to a few times 10° cm™>. Initial
plasma densities of ~10° ¢cm™ are ideal for electron attach-
ment studies with a Langmuir probe, as reported in the
present work. Initial plasma densities a decade greater are
needed for studies of electron-ion and ion-ion recombination.
In the future, the flight time of the plasma will be shortened,
and the right angle bends eliminated, so that higher plasma
densities can be achieved for measurements of recombina-
tion kinetics at high temperatures with this apparatus.

The main flow tube is a 7 cm ID quartz tube inserted into
a commercial furnace separated into three zones that are
heated resistively with silicon carbide rods, as described in
detail in our earlier HTFA publication.zz The reactant gas
inlet is positioned in the flow tube near the middle of the
furnace. For ion-molecule reactions, we have measured and
calculated that by the time buffer gas approaches the reactant
inlet, the centerline temperature approaches the wall tem-
perature but is slightly lower; the centerline temperature con-
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tinues to approach the wall temperature with distance/time.
Since electron attachment rates often have stronger tempera-
ture coefficients than 1on-molecule reactions and the kinetics
1s studied over shorter distances (typically <15 cm follow-
ing the inlet position) than for ion molecule kinetics (the
entire 50 cm from the inlet to the mass spectrometer sam-
pling aperture), we have remeasured the temperature profile
by replacing the Langmuir probe with a movable thermo-
couple. These tests revealed that the temperature at the inlet
could be lower than the furnace temperature by as much as
5%. While the movable thermocouple was in place. we con-
firmed that we could obtain a uniform temperature (*1.5%)
over the 25 cm used in attachment studies by overheating the
upstream zone of the furnace, thereby transferring heat more
rapidly to the buffer gas. As a result of these tests, we now
have a chromel-alumel thermocouple (254 um diameter
wires) mounted at the base of the reactant inlet, 1.5 ¢m from
the flow tube wall, and measure the gas temperature only at
the entrance to the reaction zone. This measurement is
needed because the amount of upstream preheating of the
buffer gas depends on the gas pressure and flow rate chosen
for a particular experiment.

All feedthroughs pass into the upstream end of the flow
tube since it is not possible to insert tubing and wires through
the furnace that surrounds the majority of the flow tube. Six
6 mm OD tubes enter a chamber at the upstream end of the
main flow tube: a short SS He buffer gas tube, a short SS Ar
gas tube, a quartz pressure-measurement tube that protrudes
to the center of the main flow tube, a quartz reactant gas inlet
tube that defines the start of the reaction zone, a quartz-
insulated chromel-alumel thermocouple positioned a few
millimeter upstream of the reaction zone, and the Langmuir
probe tube, which moves as much as 25 cm downstream
from the reactant inlet. The reactant gas tube ends in a thin
quartz torus oriented perpendicular to the flow tube axis,
supporting needlelike quartz injectors, which spray reactant
gas radially at four points 1 cm from the axis of the flow
tube. This design helps spread the attaching gas uniformly
across the flow tube cross section, which reduces end correc-
tions. Our experience is that the gas mixes quickly. ie.,
within a centimeter, as determined from the shape of the
electron density versus distance (flow time) plot described
below. Ar gas is added in order to convert Hej and He
(metastable-state He) to Ar®,

Hej + Ar — Ar* + 2He, (1)

He" + Ar — Ar* + e” + He. (2)

The Ar addition typically increases the electron density by a
factor of 2, in large part through reaction 2 and to a minor
extent by reducing losses due to diffusion. Reaction 1 is
important because electron-ion recombination with atomic
ions (Ar*) is negligible at our gas pressures, while recombi-
nation with molecular gases such as Hej or impurity ions
would result in lower plasma densities. Ar gas needs only
make up 1%-2% of the buffer gas to drive reactions | and 2
to completion before the reaction zone, but we have used as
much as 13% Ar at 1100 K because Ar reduces the ambipolar
diffusion rate in the plasma. At high temperatures, larger
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FIG. 2. (Color onlime) A skeleh of the Langmuir probe construction (nol to
scale). See text for detailed description. Not shown are curved feel in and
oul of the plane ol the drawing that keep the probe centered radially.

flows of both He and Ar are needed to keep ambipolar dif-
fusion losses from dominating over electron attachment de-
cay of the electron density. Increased He flow results in
greater velocities in the flow tube and therefore less time for
ditfusion. (We aim for conditions in which diffusion ac-
counts for no more than one-third of the decay in the electron
density, and electron attachment the rest.) He flows increase
from 18 000 to 30 000 std. cm® per min (SCCM) and Ar
from 400 (- 2%) to 4600 (-~ 13%) SCCM as one goes from
500 to 1100 K. The experiment is gas intensive, with a size
1A cylinder of He (6.9 atm m’) only lasting 4-7 h. This
unfortunate leature of the apparatus is largely historical; in
the early 1990s the HTFA flow tube size was modeled on
that used by Ferguson er al.”® chosen so that diffusion losses
were tolerable. Because the HTFA was to operate at even
higher temperatures. where diffusive losses are greater, the
historicul size was kept. For the present HT-FALP, the flow
tube size was not decreased because the Langmuir probe and
toroidal inlet modifications meant inserting additional parts
through the open end of the HTFA flow tube. Recent experi-
ments with smaller diameter and shorter flow tubes have
shown that accurate Kinetics measurements are possible with
much less gas flow. at least near room lemperalure.n'zx
Those experiments. combined with lessons from the present
work, may make it possible to construct a HT-FALP with
more conservative gas flow.

The Langmuir probe construction is shown schemati-
cally in Fig. 2. The probe itself is a 25 um diameter tung-
sten wire. which is crimped to the side of a 500 um diam-
eter molybdenum wire using a 1 mm ID SS tube, 2 ¢m in
length. The tungsten wire protrudes some desired length to
act as a cylindrical Langmuir probe. The probe and connec-
tor are inserted mto a 4 mm OD quartz tube to insulate the
connector assembly from the plasma. A small portion of the
connector extends beyond the quartz tube and 1s coated with
Al,QO; paste to provide more compact insulation at the probe
base. This assembly is mounted radially so that the Langmuir
probe (presently 7.3 mm in length) is centered on the flow
tube axis. The probe connector assembly fits at right angle
into one end of a 3 mm diameter SS tube. which runs a 76
cm distance upstream in the low tube for electrical connec-
tion to the outside world. This SS tubing is insulated with

New instrument for electron attachment at high temperature
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6 mm OD quartz tubing, which has curved feet (not shown in
Fig. 1) to keep the probe pointing radially at all times. At the
cool end of the apparatus this entire assembly is coupled to a
linear manipulator, providing electrical connection using a
spring-loaded spool to prevent wire coiling as the probe is
moved along the flow tube. The manipulator allows the
probe to be moved 25 cm along the How tube using a step-
ping motor.

In order to measure electron densities, the voltage on the
Langmuir probe is swept and the electron density 1s derived
tfrom the cylindrical probe equation developed by Langmuir
and Mott-Smith™’

1=Aele”)a {2m] ' [kT, + e(V -V )]}, (3)

where / is the current collected from the plasma. A is the area
of the probe exposed to the plasma, [¢~] is the electron num-
ber density, m, is the electron mass. A i1s Boltzmann's con-
stant, 7, is the electron temperature in the plasma (equal to
the gas temperature in the present work), V 1s the positive
potential applied to the probe, and V), is the plasma potential.
V, is nominally ground potential, but contact potentials be-
tween metals and sheath potentials yield a V,, that can be 0-2
V off of ground potential. It is conventional to plot the
square of the current because of the linear dependence of I
upon V for values ot V>kT,, which is easily fit to determine
[¢7] without needing to specify T, and V,,. Note that Eq. (3)
assumes that charged particles sufter no collisions in travers-
ing the plasma sheath around the probe, which limits gas
pressures to a few Torr for electrons and much less than a
Torr for 1ons. Our attachment data are collected and analyzed
using methods and software developed by Spunél.m
Figures 3(a) and 3(b) show I versus V plots at 500 and
1000 K. respectively. The 500 K Langmuir probe character-
1stics are typical of what are observed in our low temperature
FALP apparatus. At negative probe potentials, positive ions
are collected, and the probe current is in the nanoampere
range. When the more mobile electrons are collected with
positive probe potentials, typically several microampere of
current are collected from the plasma. The result is the plot
shown in Fig. 3(a) with an essenually flat portion (positive
ions) on the left-hand side, and a steeply rising portion on the
right due to electron collection. Note that the crossover point
between positive ion collection and electron collection is not
at zero applied potential because of contact potentials. The
slope of the linear part of these plots yields the absolute
electron density [e~] through Eq. (3). although only relative
densities are needed to denve attachment rate constants
(if recombination can be neglected). At high temperatures
(=900 K). the profile changed as shown in Fig. 3(b) for
1000 K. In this profile, the expected flat portion is slightly
elevated from zero current. and there is distortion on the
positive-ion (left side) of the charactenistic. Perhaps this in-
dicates a problem due to thermionic emission or a small
leakage current as insulators become somewhat conducting
at high temperatures. Modeling thermionic emission ol alkali
ions from the probe is nontrivial because ions can be re-
moved both by gas flow and by the probe bius relative to
ground potential. Still. the right-hand side of the curve is
what is typical for electron collection, and the resulting [¢”]
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FIG. 3. (Color online) (a) Langmuir probe /> vs V characteristics obtained at
500 K with attaching gas present. Fits to the linear portion on the right side
yield electron densities (in 10° cm™ units): 24.2 (1 cm), 15.3 (4 cm), 9.46
(7 cm), 6.04 (10 cm), and 3.60 (13 cm). (b) Similar for 1000 K: 15.3 (1 cm),
10.5 (4 cm), 6.89 (7 cm), 4.21 (10 cm), and 2.52 (13 cm).

are adequate for attachment kinetics to be derived. One rea-
son we are comfortable with the measurements of [¢7] de-
spite the distortions at low potentials is that measurement of
the ambipolar diffusion rate seems unexceptional at high
temperatures. With no reactant gas present, we measure [e”]
as a function of distance (time) along the flow tube, and find
the expected exponential dependence, described by a rate
consistent with those extrapolated from lower temperatures.
The precise values of these diffusion coefficients are not pre-
sented because the flows and pressures of He and Ar were
not fixed in any consistent manner. A separate study of the
diffusion coefficients with systematically varied conditions
would be useful.

An additional problem occurring at temperatures
=900 K is increased noise in the /> versus V profiles, which
makes it more difficult to measure low electron concentra-
tions (2> 10® cm™). If in the future, we reach the point of
measuring electron-ion recombination rate constants at high
temperatures, further work will be required to ensure the
correctness of absolute values of [e~]. However, it is possible
that the higher [¢7] needed for recombination studies will
cause these issues to be less important, as /> will be substan-
tially larger.

The plasma flows into a mass spectrometer sampling ori-
fice at the end of the flow tube. Most of the gas is pumped
away by a Roots blower, but a small fraction is sampled
through a 0.3 mm pinhole into an Einzel lens, followed by a

Rev. Sci. Instrum. 80, 034104 (2009)

rf-electric quadrupole mass spectrometer and a discrete-
dynode electron multiplier. The attachment reactions pre-
sented here have produced only one product ion, confirmed
by the mass spectra. Small impurities levels of CN~, CI~, and
a few other species are also present. especially at our highest
temperatures. However, those ions contribute only a few per-
cent of the negative ion signal at most. The positive ion
spectra in the absence of attaching gas are dominated by Ar".
Under some conditions, He* is present at the 10%-30%
level. A consistent H,O" impurity at about 10% of the Ar*
signal is observed. Other minor mass peaks formed from air
are also present. Some of the impurities come from leaks
since the flow tube seals at high temperature are not perfect.
The entire flow tube and furnace sit inside of a vacuum box
pumped by a second Roots pump. The pressure in the
vacuum box, which contains fire bricks, is typically <5% of
the flow tube pressure. Without this outer chamber, leaks
would be large enough to prevent operation of the HT-FALP.

Velocity measurements are made by pulsing the dis-
charge and measuring the time for the disturbance to reach
the Langmuir probe at different distances. The plasma veloc-
ity exceeds the bulk gas velocity because the plasma density
profile across a flow tube diameter overlaps more of the peak
in the buffer gas parabolic (laminar flow) profile. The veloc-
ity measurements were carried out for a variety of flow rates
at different temperature and pressures. giving a ratio of
plasma velocity to bulk gas velocity of 1.7. This factor was
then used routinely.

NF; gas (99.8% purity) was obtained from Ozark-
Mahoning of Tulsa, Oklahoma. The major impurities are said
to be nonattaching gases in our energy range, e.g.. CF;, O,
and Ar, but there may be a few parts per million by volume
of SF¢. Our CH;Cl gas (99.9% purity) was obtained from
Matheson Tri-Gas of Basking Ridge, New Jersey. NF; is
commonly used as a fluorine source for silicon etching.
Largely because of the rising demand for flat panel displays.
production of NF; is expected to reach 4000 tons in 2008. It
is estimated that 2%-3% escapes into the atmosphere, which
is a problem because NF; has an atmospheric lifetime of 550
yr with a 20 yr global warming potential of 12 200 times that
of CO,."

lll. KINETICS DATA

In order to derive rate constants for electron attachment,
electron concentrations are measured along the axis of the
flow tube with and without the attaching gas present. The
measurements start about I cm downstream of the attaching-
gas inlet since it is not physically possible in the present
arrangement to have the Langmuir probe pass under the in-
let, as it does in the low-temperature FALP.

Figure 4 shows axial electron concentrations as a func-
tion of reaction time for a typical data run at 1000 K with
CH,Cl. Because some of the rate constants measured in this
work are small enough that a correction is required for
electron-ion recombination, the rate equations below will in-
clude the ion-molecule reaction between Ar* and the reactant
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FIG. 4. (Color online) Data obtained with the HT-FALP at 1000 K Tor
electron attacbment to CH,Cl. The diflusion data were obtained in absence
of CH;Cl. Tbe smooib lines for diflusion, attachment and diffusion, and Ar*,
Cl™. and M’ concentrations are solutions to the rate equations given in Egs.
(=71 M* represents products of the Ar*+CH;Cl reaction, with loss due to
dilfusion and shghtly to electron-1on recombination.

molecule M (NF; or CH;Cl here), which yields a molecular
ion (NF] or CH} and CH,CI" along with secondary ions)
denoted by M~

d[Ar*)idt = -k, JArT|[M] - vy Art] (4)
diM*)idr = + kG AC )M ] =k LeTIMT) - ylMT) - (5)
e =k [e ] (6)

dle Vidr = d[Ar* )idr + d{M*|1di = d[C1 )/ dr. (7}

Here, square brackets indicate concentrations of neutrals,
ions, and electrons. and &, is the 1on-molecule reaction rate
constant, &, 1s the electron attachment rate constant, &, is the
electron-ion recombination rate constant, and vy, 1s the mei-
sured ambipolar diffusion frequency, measured in absence
of attaching gas. First-order Kinetics is assumed, i.e., [M]
> [e¢7]. so any change in [M] is negligible. Because the re-
combinution correction 1s mostly an issue at low tempera-
tures due to the steep temperature dependences of the attach-
ment reactions, it s sutficteat to take &, as the collisional
rate constant as calculated using the model of Su and
Chesnavich,” and to estimate the recombination rate con-
stant as 3 1077(300/T)'” em' s™'. Rate constants for the
reaction Ar"+NF; -F+NF] have been measured over the
range 300-550 K and found to be collisional. Smith er al.**
measured essentially collisional rate constants for reaction of
Ar” with both NF; and CH,Cl at 297 K.

The rate ligs. (4)—(7) have a simple solution if electron-
ion recombination can be ignored.”'lz

=vp), (8)

where [¢7], is the initial electron density at =0, and v, is the
attachment frequency. related to the attachment rate constant
by k,=v[M].

Note that Eq. (6) does not include a diffusion term, since
negative 1ons cannot compete with the much more mobile
electrons in ambipolar-ditfusion-controlled plasmas. As the
negative ion concentration builds up in time, the electrons

(e ]=1e" lotv, exp(=v,1) = vy exp(= v}y,
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FIG. 5. (Color online) Data for [e”] vs reaction rime at 1000 K in 145
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Curve (a) was calculated with k, =78 X 107" em® 57" and curve (b) with
82X 10710 em* s

take on a greater burden matching the diftfusive loss of Ar*,
which eventually leads to sudden loss of remaining electrons.
Equation (7) simply expresses charge neutrality in the
plasma. For slow electron attachment rates, when large quan-
tities of neutral reactant are added (still, =0.1% of the buffer
gas concentration), Ar* may be converted into molecular
ions, which can recombine with electrons to a significant
degree even for [¢7], near 10° cm™* For this reason. the
plasma densities are kept low (~10° ¢m™), and modeling
using Egs. (4)-(7) is used to correct for recombination events
for electron attachment rate constants below about
10719 ¢m® s™!. The importance of recombination decreases
with increasing temperature since recombination rates de-
crease approximately as T~'"2. The smooth curves shown in
Fig. 4 are the model fits using Eqgs. (4)—(7). Data were ob-
tained with at least two concentrations of reactant gas at each
temperature. The rate constants obtained from the two mea-
surements agree within 10%. Figure 5 shows the data of Fig.
4 together with those for a second concentration of CH;CI
gas. As a test of the kinetics modeling, some data were also
obtained by fixing the Langmuir probe at a certain distance
from the reactant gas inlet, e.g., 6 cm downstream, and vary-
ing the concentration of reactant. Such data were found to
yield the same result as with the variable-distance, fixed | M],
method. (The analysis is slightly more involved as the rate
equations must be solved for each [M] instead of once for a
single [M])

Uncertainties in rate constants obtained with the current
instrument are similar to those with the FALP. We estimate
that an additional 5% uncertainty is needed for the data at
1000 K and above where the Langmuir probe plots have
higher scatter. Typical uncertainties are =25% for absolute
error and *15% for the relative error between temperatures.
As noted below, a still larger uncertainty may be assigned for
data requiring a large electron-ion recombination correction,

IV. RESULTS AND DISCUSSION

Electron attachment rate constants for NF; were mea-
sured 13 yrs ago in our FALP apparatus.z5 The FALP experi-
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TABLE 1. Electron attachment rate constants k, for NF; obtained with the
FALP apparatus and the new HT-FALP apparatus in the present work. The
experimental uncertainty is *25% except for the 300 K datum (*50%)

T FALP k, HT-FALP &,
(K) (cm® s7h) (cm? s7h)
300 5.0x 10712

363 170N

425 52x 107"
500 1.2x107'° 1.4x1071°
550 2.8%x10°1°
600 4.1x10710
700 9.2x 10710
808 1.9%107°
851 1.5x107°
900 1.6X 1077

ment was repeated for the present work since a number of
improvements have been made in the apparatus, notably in
the temperature uniformity in the reaction zone.™ Table 1
lists results obtained for NF; using the new HT-FALP (500-
900 K) apparatus along with the new FALP data (300-550
K). The agreement between the two sets of data i1s quite
good. Agreement with the 1995 results is good except values
at 462-551 K, which are as much as a factor of 2 higher than
the new data and do not quite follow the same trend, as
shown in Fig. 6. We cannot explain the discrepancy for those
data points. At temperatures below 500 K, appreciable cor-
rections for electron-ion recombination have been made.
At 300 K, the correction is particularly large with the appar-
ent rate constant changing from 1.3x107'" cm®s™!, if re-
combination 1s not recognized, to a correct value of §
X 1072 ¢m* 57!, Here is a case where the measurement un-
certainty increases substantially, perhaps to *50%. By 500
K, the electron-ion correction is only ~10%. The corrections
continue to be smaller with increasing temperature because
the attachment rate constant increases substantially with tem-
perature (meaning that a smaller NF; concentration is
needed, and hence fewer molecular positive ions are formed)
and because recombination has a negative temperature de-
pendence.
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FIG. 6. (Color online) Arrhenius plot of NF; attachment data obtained with
the FALP and new HT-FALP apparatus, compared to data obtained with the
FALP apparatus in 1995 (Ref. 32). The Arrhenius fit does not include earlier
data and omits the room temperature datum.
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TABLE Il. G3 results for the NF; and CH,Cl systems.

Total energy, Total energy. Electron affinity,

Neutral negative ion from G3
Molecule (0 K, hartree) (0 K, hartree) (0K, eV)
E —99.684 21° —99.809 19° 3.401°
NF —154.371 15 —154.377 49 0172
NF, —254.158 22 —254.199 50 1.123¢
NF; —-353.93273" —353.977 19 1.210
Cl —459.990 96° —460.123 60° 3.609"
CH, —39.793 30* —39.791 85° 0.039°
CH;Cl —499.913 02 None
“Ref. 37.
PExperiment: 3.401 189 5=0.000 002 5 eV. Ref. 40.
“Experiment: 1.1 £0.1 eV from clectron attachment threshold in Ref. 39.

“YExperiment: 3.612 724 +0.000 027 ¢V, Ref. 41.
“Experiment: 0.08*0.03 eV, Ref. 42.

The only exothermic channels possible for NF; are dis-
sociative attachment yielding F~, Eq. (9). and nondissocia-
tive attachment, yielding the NF; parent ion. F~ is the sole
product ion observed within our 1% detection limit.

e +NF; = F +NF,+0.94 eV. (9)

The exothermicity given above at 0 K is from calculations
carried out using the G3 compound method of Curtiss
L using the Gaussian-03W computer program.m The
G3 method has an average accuracy of *0.091 eV for ion-
1zation energies, electron affinities, and heats of formation
for nonhydrogen molecules (and half that for hydrogen-
containing molecules).”” The G3 electron affinity of NF; is
1.21 eV, but 1t is apparent that the nascent NF; cannot be
stabilized before autodetaching or dissociating, under the
conditions of the FALP and HT-FALP experiments. The NF;
parent 10n was observed for the first time by Ruckhaberle et
al.™ in evaporative electron attachment to NF; clusters. G3
energies for molecules needed in the calculation of reaction
energetics are tabulated in Table 11. G3 and experimemalw_“
electron affinities are also listed in Table I1.

With all data included, the activation energies deter-
mined with the FALP and HT-FALP from Arrhenius fits (Fig.
6) are 0.22 and 0.25 eV, respectively. Omitting the FALP
room temperature datum (which includes a large electron-ion
recombination correction), both sets of data give the same
activation energy, 0.25*0.05 eV. The 1995 FALP data
show a somewhat larger activation energy, 0.29 eV (which
was rounded t0 0.30 = 0.06 eV for publication™), because of
the data at 462-551 K. which appear now to be erroneously
high. The Arrhenius pre-exponential factor for the combined
FALP and HT-FALP data is 5.3X10™® cm®s~'. The pre-
exponential factor (which is very sensitive to the Arrhenius
slope) is smaller than the collisional rate constant, which
varies from 2.39X1077 em*s™' at 300 K to 1.83
X 1077 em? 57! at 900 K, including the small contribution of
the dipole moment (a fraction of a percent).*' The good
agreement between the present FALP and HT-FALP data im-
plies that the new instrument works well at high temperature.

The electron-beam experiment of Ruckhaberle ef Gk
with NF; clearly showed a zero-energy resonance for the
production of F~. which grew as the NF; temperature was
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TABLE I11. Electron aitachment rate constants &, for CH;Cl obtained with
the new HT-FALP apparatus in the presenl work. The experimemal uncer-
tanty 1s * 25% tor 700900 K and *30% for the 600, 1000, and 1100 K
data.

T k,
(K) {em® s
700 23x 107!
800 9.3x 107"
900 3.6x 1071
000 79x 10710
1100 9.8x 10710

increased trom 296 to 552 K. The growth of the F~ was said
to show an activation energy of 0.10 = 0.05 eV. Ruckhaberle
et al.” described this result as incompatible with the larger
activation energy of the 1995 FALP experiment, and conse-
quently with the present 0.25*0.05 eV. Ruckhaberle
et al”’ acknowledged that there is a difference between the
two experiments in that their activation energy corresponded
to a nominal electron energy of 00 eV, while the FALP experi-
ment is truly thermalized, i.e., the average electron energy
follows 3k7/2. and hence increases from 0.039 t0 0.12 eV in
the present work with NF.. Ruckhaberle er ak supported
their low activation energy with density functional calcula-
tions on the change in NI-; potential energy for N-F stretch-
ing motion. which yielded an activation energy of 0.2 eV,
believed an overestimate. Aside from a question of whether
such a calculation is accurate enough to choose between the
rival experimental activation energies, there are more impor-
tant issues noted by Fabrikant and Hotop** in a recent study
of Arrhenius-like behavior in electron attachment. Fabrikant
and Hotop"' found that the activation energy determined
from thermal attachment depended on whether the reaction
was endothermic or exothermic. 1f exothermic, as in the NF,
case, the activation energy determined from an Arrhenius
plot underestimated the barrier energy by a degree that de-
pended upon the active vihrational energy. Even then, the
actual barrier height was uncertain because the theoretical
barrier energy requires knowledge of the diabatic anion po-
tential energy surface.”* For NF,. a symmetric deformation
vihration'” at 647 cm™'=40 meV seems most likely to pro-
mote dissociative attachment. Table 111 of Fabrikant and
Hotop™ and Fig. 6 give model data for a hypothetical mol-
ecule with a vibrational energy of 43 meV, and those data
indicate that the activation energy of 0.25 eV measured in the
present work results from a harrier of 0.35 eV.

Ruckhaberle er al. " also reported weak signals of F; and
NF; produced in less than 0.1% of NF; attachment reactions,
values too small for us to confirm with the HT-FALP. How-
ever, our G3 calculations show these attachment channels to
be 0.69 and 1.33 eV endothermic at 0 K, respectively. Aside
from I~ production from a zero-energy resonance, F~, F3,
and NF; are also ohserved in the beam experiment seem to
arise from a resonance around 2 eV. The increases in F~ ion
signal observed by Ruckhaberle er al.” with electron energy
are considerahly smaller than the temperature dependence
observed in the present work, indicating that vihrational en-
ergy is the dominant factor behind the activation energy.

New instrument for electron attachment at high temperature

Rev. Sci. Instrum. 80, 034104 (2009)
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FIG. 7. (Color online) Energy in the NI*; molecule vs lemperature. The label
V' is for vibrational energy: V+T (or +R) represents vibranonal plus trans-
lational energy (equivalently, vibrational plus rotaional); and V+7+R rep-
resents all three forms of energy

Figure 7 shows the energy in the system as ua function of
temperature. Included are curves for vibrational energy only,
vibrational energy plus either translational or rotational en-
ergy, and all three forms. However, rotational energy prob-
ably plays little role since the attachment process is likely
s-wave dominated. If vibrations are thought to he the cause
of the steep temperature dependence, it is useful to compare
with NF; frequencies. All NF; frequencics“ are too small to
explain the activation energy, but two quanta of stretches
match quite well, implying that the curves cross nearv=2. A
detailed analysis is beyond the scope of this instrumental
paper.

Electron attachment to CH;Cl has one exothermic
channel,

e+ CH;Cl - CI"+CH;+0.11 eV, (10)

where the exothermicity (0 K) is from a G3 calculation. We
prefer quoting the G3 result instead of using NIST data®™
because the latter requires mixing of 298 K heats of forma-
tion with 0 K electron affinities to evaluate the low exother-
micity of reaction (10). Use of NIST data for reaction (10)
yields an exothermicity of (.02 eV, e.g.. nearly thermoneu-
tral. Furthermore, we wished to evaluate the exothermicity of
reaction (I0) as a function of temperature, which the G3
method readily permits. The resulting reaction enthalpies are
0.105 eV (0 K), 0.098 eV (298 K). and 0.034 eV (1000 K).
including the enthalpy of the electron.

Electron attachment data for CH;Cl (600-1100 K) are
given in Table I1l, and the results are shown in Arrhenius
tform in Fig. 8. It was impractical to obtain data below 600 K
due to the large temperature dependence of the rate constant.
For example, at 500 K the rate constant would he only 3.3
X 107" ¢cm®s~! if the Arrhenius behavior is followed. The
fit to the data shown in Fig. 8 omits the 1100 K datum and
yields an activation energy of 0.67 = 0.07 eV. where the un-
certainty reflects fits within the 15% relative error bars
shown in the figure. (Including the 1100 K datum gives an
activation energy of 0.64 eV.) The pre-exponential factor is
1.7x 1077 ecm® 7! for the fit shown, a value that is lower
than the collisional rate constants calculated for CH;Cl in
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FIG. 8. (Color online} Arrhenius plot of CH,Cl attachment data obtained
with the HT-FALP apparatus. The error bars indicate *15% relative uncer-
tainty. Also shown are two unpublished data (triangular points) from Ref. 17
and the theoretical results of Wilde er al. (Ref. 46) multiplied by a factor of
8 (dashed line, Ref. 47).

this temperature range, which are 3.04X 1077 to 2.34
X 1077 em? s (600 and 1100 K, respectively).* Note that
the collisional rate constants given here are ~30% larger
than what one would obtain if the dipole moment (1.8963 D)
of CH;ClI were to be ignored.*’

The fact that the 1100 K point is slightly below the
trend from the lower temperature data may indicate that
~10%-20% of the CH;Cl is decomposing at high tempera-
ture. While Ko et al.™ indicated that temperatures under
1200 K are acceptable with CH;Cl, we note that the preheat-
ing zone of the HT-FALP exceeds that temperature in order
to achieve 1100 K in the reaction zone and the CH;Cl passes
through an inlet tube in contact with the flow tube walls,
which are at the higher temperature. We have no independent
way of determining whether that decomposition is occurring.
Thus, at this juncture we cannot rule out the possibility that
the 1100 K measurement may represent an unknown prob-
lem in the experiment at 1100 K rather than non-Arrhenius
behavior for CH;Cl attachment.

Total electron scattering cross sections have been mea-
sured by Jones er al.*’ with CH,ClI at 300 K temperature.
Those measurements gave a cross section of 1.54
X 107"7 m? at an electron energy corresponding to 300 K.
Electron attachment is an infinitesimal contribution to this
large cross section. There have been electron beam and drift
tube studies of electron attachment to CH;Cl; see Pearl
et al.”’ (500-750 K), Datskos et al.”' (400-750 K), and
Petrovic et al.*’ (295 K). Pearl| et al.” note that CH;Cl can
decompose to HCI on a heated SS surface. They pointed out
that because of the small attachment rate constant for CH,Cl,
only a small fraction need decompose to cause experimenters
to mistakenly attribute a peak in the HCI cross section at
0.8 eV to CH;Cl. The zero-energy resonance is unaffected,
since attachment to HCI is endothermic, meaning that de-
composition of CH;Cl will lead to lower thermal rate con-
stants by an amount commensurate with the lost CH;Cl.
Drift tube data of Datskos ef al.’’ do not extend to thermal
electron energies and must be extrapolated to obtain rate
constants for comparison with the present results. The ex-
trapolation is not unique because some of the data show a

Rev. Sci. Instrum. 80, 034104 (2009)

peak in the rate constant at very low energies. Our extrapo-
lations, smoothing those peaks, give thermal rate constants
that are higher than the present ones by factors of 2.3 (600
K) to 1.4 (750 K).

Fabrikant’® carried out R-matrix calculations of the at-
tachment cross section for CH;Cl. The calculation accounted
explicitly only for the C-Cl stretch vibration. and was put on
an absolute scale by matching the shape and peak vibrational
excitation cross section measured by Shi et al.”' The calcu-
lated attachment cross sections plotted versus electron en-
ergy displayed prominent vibrational features (20-60 meV in
width) associated with vibrational Feshbach resonances. The
cross sections increased dramatically with CH;Cl tempera-
ture, most significantly for the lowest vibrational levels.
Pearl et al.’ compared these cross sections with their
electron-beam data by folding the calculated cross sections
with a 67 meV Gaussian electron energy distribution. While
this process washed out the vibrational structure, the calcu-
lated cross sections matched the shape of the cross sections
measured versus electron energy by Pearl er al.”’ with rea-
sonable agreement on absolute magnitude. Wilde er al.*®
have extended the R-matrix work to CH;Br and CH;l and
calculated attachment rate constants versus temperature, in-
cluding those for CH;Cl recalculated over a finer energy
grid. The comparisons are interesting. Attachment rate con-
stants for CH,l barely change with temperature, as previ-
ously observed experimentally. with a small activation en-
ergy (~25 meV).” Those for CH;Br show a much greater
change with temperature, in a way that may be described by
an activation energy of 250 meV, again in agreement with
experimem.46 Those for CH;Cl show a still greater change
with temperature, giving an activation energy of 611 meV,
which compares reasonably well with the present experiment
(666 meV with the 1100 K point omitted. or 635 meV if
included). However, we had to multiply the theoretical rate
constants by a factor of 8 to get them on the plot of our
experimental results in Fig. 8. A factor of 8 is not as surpris-
ing as it might normally be, given the eleven order-of-
magnitude change in the attachment rate constant calculated
for CH,Cl in the 200-800 K range.* Gallup and Fabrikant™
recently revisited the methyl halide problem. treating more
accurately the dipole moment change with C-Cl distance and
including the influence of the molecular polarizability, focus-
ing on the vibrational Feshbach resonances in relation to
elastic and inelastic scattering of electrons. These features
have been observed in high resolution experiments with
CH;Br and CH;1.”*® Electron attachment to CH,Cl has also
been studied in a cryogenic Kr matrix by Nagesha er al.”’
and that problem has been addressed theoretically by
Fabrikant.”®

The CH;Cl data set shows a second utility of the HT-
FALP, namely, enabling studies of molecules whose attach-
ment rate constants are too slow to measure at lower tem-
peratures. Extrapolation to 300 K yields an expected rate
constant of ~107'7 c¢m? s™'. No current apparatus is capable
of making a measurement of such a slow reaction. Even if
technically possible, interferences from impurities as low as
a part in 10'° could prevent a reliable measurement.
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V. CONCLUSIONS

A new instrument for measuring thermal electron attach-
ment rate constants at temperatures up to 1200 K 1s de-
seribed in detail. The first measurements on NF; and CH;Cl
are presented. Good agreement for the NF; data with mea-
surements from our well established lower temperature in-
strument shows the accuracy of the technique. The CH;Cl
attachment kinetics cannot be measured at low temperatures
since the rate constant is so small. In any case, we have
shown that measurements of electron attachment rate con-
stants up to 1100 K are possible. For highly stable molecules,
such as HCI or HBr, 1200 K may be possible, but we expect
that 1200 K is about the practical limit with a flow tube
reactor. Future improvements are planned to increase the
plasma densities so that electron-ion recombination experi-
ments at high temperature will also be possible.
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