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We describe two versions of a high temperature flowing afterglow apparatus. With a stainless steel
flow tube wrapped with heating tape we have obtained data over the range 300–1300 K. In a version
with a ceramic flow tube in a commercial furnace we have obtained data over the range 300–1600
K. The ceramic version is designed to take data up to 1800 K, but we have encountered
experimental problems at the upper temperature range. The design modifications to a standard
flowing afterglow needed to make measurements at elevated temperatures are described in detail, as
are problems associated with operating at elevated temperatures. Samples of data are given.
© 1996 American Institute of Physics.@S0034-6748~96!01006-4#

I. INTRODUCTION

The need for understanding the chemical behavior of
plasmas has spawned the development of techniques for
studying ion–molecule reactions at elevated temperatures.
High temperature ion chemistry occurs in the ionosphere, in
combustion situations, in plasma chemical reactors, and in
plasmas associated with atmospheric reentry and hypersonic
flight. In the case of atmospheric reentry, e.g., a plasma may
envelope the vehicle and interfere with radio communica-
tion. Computer models are used to describe the complicated
chemistry in these plasma situations, such as reentry, but the
models require accurate and meaningful kinetics data in or-
der to describe and predict the plasma properties. While there
is a wealth of ion chemical kinetics data available in the
literature, very little covers temperatures above 300 K, and
such data above 900 K are essentially nonexistent. High tem-
perature kinetics data are often required for modeling plas-
mas at elevated temperatures because extrapolation of low
temperature data is unreliable.

One way to circumvent the temperature limitation has
been to study reactions at elevated ion energy in drift tubes
and ion beam apparatuses.1 These techniques have been
highly successful and produced an abundance of data on
many systems. However, results from these techniques offer
only a guide for predictions on the behavior of reaction rate
constants and product branching fractions at elevated tem-
peratures because it is the translational energy~and perhaps

the internal energy of the ion! that is raised in ion beam and
drift tube experiments. It has been shown that temperature
and kinetic energy often have differing effects on reactivity.
We have studied many systems as functions of both tempera-
ture and kinetic energy and have observed a variety of be-
haviors, e.g., sometimes increasing temperature increases re-
activity while kinetic energy decreases reactivity.2 In other
cases, increasing temperature decreases reactivity more ef-
fectively than does kinetic energy.3 Thus in some cases ki-
netic energy dependences may be misleading indicators of
temperature dependences, and clearly there is a need for
measurements at true temperatures.

While the kinetics of most ion–molecule reactions have
been measured only at room temperature, there has been a
considerable amount of work in studying temperature depen-
dences of ion molecule reactions over the range between
80–600 K.4 These temperature dependence studies have
shown interesting features including the important observa-
tion that rate constants for ion–molecule reactions frequently
decrease with increasing temperature, presumably because
the lifetime of the reaction complex decreases with collision
energy.

There have been only two studies outside our laboratory
where rate constants of ion–molecule reactions were mea-
sured above 600 K. The first set of measurements was made
at the NOAA Aeronomy Laboratory in 1974 using a flowing
afterglow apparatus designed to operate over the temperature
range 80–900 K.5 A total of 9 reactions were studied up to
900 K, all involving simple systems. On reflecting back on
these measurements, Ferguson has stated ‘‘This was pain-
fully laborious. The materials problems at 900 K are horren-
dous, and the measured rate constants at 900 K had much
larger uncertainties than the room temperature
measurements.’’6 The second experiment was carried out at
the University of Pittsburgh in a static drift tube designed to
operate up to 1500 K.7 Measurements were made up to 930
K on two reactions that had been previously studied by the
NOAA group. Measurements were not made above 930 K
due to thermionic emission of alkali ions from the drift tube
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walls. For reactions with O2, an upper limit of 700 K was
reached due to reaction of O2 with the tantalum walls.

Fontijn has succeeded in building neutral kinetics instru-
ments capable of measurements in the vicinity of 1900 K.8

Also Knudsen cell mass spectrometers have been operated
over 2000 K.9,10 McFadden and colleagues have studied
electron attachment in a flow tube at temperatures up to 800
K although the instrument is designed to study reactions up
to 1300 K.11,12 These experiments have encouraged us to
conclude that it is possible to study ion–molecule reactions
above 1000 K.

In this article we describe a flowing afterglow system
designed to operate at temperatures up to 1800 K. The sys-
tem was built in two stages. The first involved a stainless
steel flow tube wrapped with heating tape and capable of
studying reactivity up to 1300 K. One paper has been pub-
lished with data from this system.13 More recently we have
replaced the stainless steel/heating tape system with a ce-
ramic flow tube mounted in a commercial furnace. At
present we have data up to 1600 K and hope to be able to
study reactivity at temperatures of 1800 K in the near future.
This article will cover the modifications to a conventional
flowing afterglow necessary to make measurements at these
temperatures and to present some of the first data at tempera-
tures up to 1600 K.

II. EXPERIMENT

Flowing afterglows have been used to study ion–
molecule reactions since the early 1960s.14 The technique is
well developed and has been thoroughly described in the
literature. Two reviews are particularly noteworthy, one by
Fergusonet al.15 that describes the principles and mathemat-
ics involved and one by Graul and Squires16 that describes
the developmental history of the technique. Here we will
concentrate on the aspects of the technique pertinent to mak-
ing measurements at high temperature.

Our first attempt at making measurements at high tem-
perature involved a stainless steel flow tube wrapped with
heating tapes. We have replaced this system with an alumina
flow tube and commercial furnace.17 These two versions of
the experiment are similar in many aspects and will be de-
scribed together with the differences noted. They are shown
schematically in Figs. 1 and 2, respectively.

Both versions of the instrument are fundamentally stan-
dard flowing afterglows. A buffer gas, usually helium, enters
the flow tube~7.06 i.d., 106 cm long! at the upstream end.
An ion source is located as far upstream as practical. Source
gas can be added just upstream or downstream of the ion
source. The ions are carried downstream by the buffer and
past an inlet for the reactant neutral. At the downstream end
of the flow tube the ions are sampled through a truncated
nose cone with a sampling orifice 0.2 mm in radius. The ions
pass through a differentially pumped lens region and enter a
quadrupole mass filter. The ions are detected by a particle
multiplier. The bulk of the buffer gas is pumped away by a
Roots pump.

Reaction rate constants are measured by following the
change in primary ion signal as a function of added neutral
reactant flow rate. The rate constant is given by

k51/~@B#* t!* ln~@A0
6#/@A6# !, ~1!

wherek is the rate constant,t is the reaction time,@B# is
reactant neutral concentration,@A0

6# is the primary ion con-
centration in the absence of reactant neutral, and@A6# is the
primary ion concentration. The reaction time is the reaction
distance divided by the buffer velocity multiplied by a cor-
rection factor that accounts for the fact that both the ion
velocity and concentration distributions are a maximum
along the axis of the flow tube. A typical value for the cor-
rection factor is 1.6. The measurement of this correction fac-
tor will be discussed in detail later in the article. The buffer
velocity is obtained from the mass flow rate of the buffer, the
flow tube cross section, temperature, and pressure in the nor-
mal manner.15 In all the above aspects the high temperature
flowing afterglow~HTFA! is similar to a conventional flow-
ing afterglow.

While the basic principles of the HTFA are the same as
any flowing afterglow, the extreme temperatures result in
several modifications to normal designs. Besides the obvious
need for a large heat source, the main design problems arise
from the need for gas and electrical feedthroughs into the
ceramic flow tube. In the HTFA, all feedthroughs enter
through a cooled endcap~based on a design by the furnace
manufacturer17! at the upstream end of the flow tube. Figure
3 shows a three-dimensional drawing of the endcap with all
the feedthroughs labeled. All lines attached to the endcap are

FIG. 1. Schematic of the stainless steel version of the high temperature
flowing afterglow. FIG. 2. Schematic of the ceramic version of the high temperature flowing

afterglow.
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made from flexible stainless steel hose to allow for thermal
expansion~1.6 cm at 1200 K! of the flow tube. The heated
portion of the flow tube starts;10 cm downstream of the
endcap flange. The endcap is water cooled and therefore con-
ventional gas and electrical feedthroughs can be used. The
i.d. of the endcap is the same as that of the flow tube. The
o.d. of the endcap flange is larger than the o.d. of the flow
tube to accommodate screws which pull the flange against a
flat Viton gasket at the end of the flow tube. Connection to
the ceramic flow tube is made with a stainless steel hose
clamp into which four screw holders are inserted, as shown
in Fig. 3. Four screws extend from the screw holders to slots
in the endcap flange and are held there with wingnuts. This
design was used for the stainless steel flow tube as well
~rather than a welded fitting! as a prototype for the ceramic
system. The cooled endcap in close proximity to the hot flow
tube creates a temperature gradient in the upstream region of
the flow tube of;100 K/cm at the highest temperatures
used. We have not experienced problems with this large gra-
dient although one may expect problems with the ceramic
cracking in the future.

III. STAINLESS STEEL FLOW TUBE (300–1300 K)

Our first experiments were made with a stainless steel
flow tube wrapped with heating tapes covered with Samox
insulation.18 The heating tapes were wired in four zones and
rated by the manufacturer to 1070 K and 5 A of current. We
found the current limit more stringent than the temperature
limit if care was taken not to disturb the tapes. Above 1070
K the Samox insulation on the heating wire crystallized. Left
in place, the tapes could be operated indefinitely. Moving the
tapes caused the crystallized insulation to crack. With the
heating tapes alone we could achieve a temperature of only
800 K, but the addition of several layers of loosely wrapped
zirconia felt raised the temperature limit to 1300 K.

Pressure was measured by inserting a capped stainless
steel 1/4 in. o.d. tube at the bottom of the flow tube, with a
hole drilled in the 1/4 in. tube perpendicular to the flow. The
pressure port was connected to a capacitance manometer.
The connecting tube was large compared to the mean free
path, and the pressure at the manometer was the same as that
in the flow tube.19 Ion source gas entered at either the endcap
or just downstream of the ion source. The latter inlet was a
short piece of stainless steel 1/4 in. o.d. tubing. The reactant
neutral inlet was also a stainless steel 1/4 in. o.d. tube resting
on the bottom of the flow tube and bent so that the end of the

tube terminated in the center of the flow tube. The reaction
distance was adjustable by moving the position of the tube in
the endcap feedthrough.

Two thermocouples inside the flow tube were used to
measure the temperature in the reaction zone. The thermo-
couples were run inside a 1/4 in. o.d. stainless steel tube into
which a four-holed alumina insert was placed. The tube
rested along the bottom of the flow tube. The 0.013 cm diam
thermocouple wires exited their housing through holes
placed 30 cm apart roughly centered in the reaction region.
The wires protruded 2–3 cm along the radius of the flow
tube. The room-temperature end of the four-holed alumina
tube was sealed with vacuum epoxy. Using this setup we
found that the two internal temperature readings could be
maintained to within 4 K by manually controlling four vari-
able autotransformers that powered the heating tapes. The
internal temperature readings agreed well with the external
temperature readings. The internal thermocouples also
served as pulsing electrodes for measuring the ion velocity
and as crude Langmuir probes for measuring the electron or
ion density.

The downstream end of the stainless steel flow tube trun-
cated into a thin~3 mm! flange welded to the flow tube. The
flange was considerably wider than the flow tube, 38 vs 7 cm
in diameter. The outside of the flange was water cooled and
sealed to the vacuum chamber by a Viton O-ring. The thin-
ness of the flange inhibited heat flow. The weld between this
flange and the flow tube eventually cracked due to repeated
deformation inevitable with the i.d. at 1200 K and the o.d.
water cooled.

IV. CERAMIC FLOW TUBE (300–1800 K)

In the ceramic flow tube version of the instrument a
commercial furnace17 is placed inside the vacuum box. The
furnace utilizes silicon carbide heating elements. At present,
an alumina flow tube~7.6 cm o.d., 7 cm i.d.! is placed in the
center of the furnace. Other materials such as mullite or zir-
conia are alternatives which we have not yet tried. The fur-
nace is made up of two short heating zones at each end and
a long central zone. The temperature is controlled by three
temperature controllers20 which automatically adjust the
amount of current needed to maintain a constant temperature.
The controllers keep the temperature constant to within 2 K
as measured by thermocouples inserted into the furnace and
abutting the flow tube. The total power consumption at maxi-
mum temperature is 13.5 kW. The maximum temperature is
rated at 1873 K but the manufacturer recommends a practical
limit of 1800 K to prolong the life of the heating elements.
The furnace weighs 500 lbs which prohibits its easy move-
ment. Since removal of the furnace is required for assembly
and maintainence of the sampling plate and electrodes, we
constructed a forklift to move the furnace. This enables the
lens system to be taken apart and reassembled in a matter of
hours.

The upstream end of the ceramic flow tube utilizes the
same endcap as used with the stainless steel version. The
downstream end of the furnace bolts to the water-cooled ion
sampling chamber as shown in Fig. 2. The downstream end
of the flow tube protrudes through a hole in a thin stainless

FIG. 3. Schematic of the endcap.
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steel plate at the end of the furnace by 5 cm, with no vacuum
seal. Leakage from this area is pumped from the vacuum box
surrounding the flow tube and furnace by the Roots blower.

The inlets and pressure port in the ceramic tube are simi-
lar in principle to those used in the stainless steel flow tube.
They are made of ceramic which causes some small engi-
neering problems. For example, the right angle in the reac-
tant inlet cannot be made by bending the tube. Instead, the
inlet consists of three tubes connected by Graphi-Bond, a
graphite based cement with a maximum operating tempera-
ture over 3000 K.21 The reactant feedline is 1/4 in. o.d.
where it passes through the endcap. Inside the flow tube the
reactant inlet is 1/2 in. o.d. The downstream end of the 1/2
in. o.d. tube is sealed and a short piece of 1/4 in. o.d. tube is
cemented in place to carry the reactant gas to the axis of the
flow tube. The opening of the reactant line on the axis of the
flow tube defines the beginning of the ion–molecule reaction
region. The ion sampling plate at the downstream end of the
flow tube terminates the reaction region. The current reaction
length is 53 cm.

The ion source for both systems is an electron emitting
filament biased against ground. A grid is placed near the
filament. A light baffle~1.9 cm o.d.! mounted on the end of
the ion source assembly prevents UV light from the ion
source from photoionizing source and/or reactant gases along
the flow tube. The filament holder, grid, and baffle are sup-
ported on a rod emerging from the endcap. The source is
kept upstream of the heated region. This prevents the ce-
ramic insulators from becoming conducting at high tempera-
ture and the filament from being degraded. It also allows use
of some metal components that could not tolerate the highest
temperatures obtainable in the heated region.

The first surface exposed to the gas upon exiting the
heated interaction region is an electrically insulated sampling
plate attached to the nose cone. The plate is made of molyb-
denum. The plate is screwed to the nose cone and separated
from it by a thin ring-shaped ceramic insulator that also acts
as a seal between the flow tube gas~typically 1 Torr! and the
ion lensing chamber~typically 1024 Torr!. This seal has
cracked at times and has acquired a conducting coating at
times. The nose cone is attached to the main chamber by a
metal-to-metal seal~i.e., no gasket!.

The nose cone and sampling plate were designed to
minimize heat transfer so that the sampling plate stays as hot
as possible; however, we have not measured the plate tem-
perature. Minimizing heat transfer is accomplished by mak-
ing the nose cone as thin as possible while maintaining struc-
tural stability. The ceramic electrical insulation between the
nose plate and the nose cone also acts as an insulator for heat
conduction.

After the nose plate a series of lenses focus the ions into
a separately pumped chamber containing a quadrupole mass
spectrometer and particle multiplier. Both the ion lensing
chamber and the mass spectrometer chamber are water-
cooled because of conduction and radiation of heat from the
flow tube region of the apparatus.

The experiment is computer controlled. The pressure,
temperature, gas flows, and signal intensity are monitored by
an Apple Macintosh computer equipped with a GW Instru-

ments data acquisition card. A data run at a single tempera-
ture can be obtained within a few minutes. Changing the
temperature by about 100 K takes about 15 min, nominally.
True temperature stability is checked by taking several runs
at each temperature. Often the first two runs result in slightly
different rate constants indicating that the flow tube tempera-
ture has not equilibrated. After a settling time of perhaps an
additional 15 min the data are quite reproducible. An entire
temperature run from 300 to 1600 K can be made in 10 h
with rate constants taken every 100 K.

The good agreement between external and internal tem-
perature is expected from the entry length equation given by
Gilbert,22

Ta2T~z,0!

Ta2T0
5expS 2

7.32z

NpNrR
D , ~2!

wherez is the distance from the upstream end of the heated
region,Ta , T(z,0), andT0 are the temperatures at the wall of
the reactor, at positionz on the axis, and at the entrance on
the axis of the flow tube, respectively.Np is the Prandtl
number andNr is the Reynolds number. The Reynolds num-
ber is defined as23

Nr5~2R^u&r!/m, ~3!

where ^u& is the average velocity of the buffer,r is the
density,m is the viscosity. The Prandtl number is defined
as23

Np5Cpm/k,

whereCp is the heat capacity, andk is the thermal conduc-
tivity.

Figure 4 shows a graph of distance along the flow tube
vs axial temperature of the flow tube for typical conditions
with the flow tube wall at 1300 K. The calculated values of
Np andNr used are 0.61 and 14.7, respectively. Also shown
is the deviation of the axial temperature from the wall tem-
perature in percent. The graph shows that the temperature is
essentially uniform by a distance of approximately 30 cm
into the furnace. The reactant neutral inlet is therefore kept
downstream of this point.

FIG. 4. Calculated on-axis temperature profile~large dashed line, left axis!
and temperature error~small dashed line, right axis! as a function of dis-
tance. Also shown as a solid line is the wall temperature.
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An error limit on the rate constants is estimated as fol-
lows. The reproducibility of the rate constants is typically
,10%. Sources of error include the above reproducibility,
610%, and measurement of temperature,62%, pressure,
61%, ion flight time,65%, an end correction related mainly
to reactant gas mixing~62 cm or64%!, buffer gas flow rate
~relative,61%, or absolute62%!, and neutral reactant gas
flow rate ~relative,63%, or absolute,615%!. Propagation
of errors leads to a net relative uncertainty of613% and a
net absolute uncertainty of619%. The reaction rate con-
stants measured with the HTFA apparatus will be given with
relative and absolute uncertainties of615% and625%, re-
spectively, to account for the possibility of systematic errors
not treated in the above analysis.

V. RESULTS AND DISCUSSION

Figure 5 shows a plot of the ion count rate vs reactant
neutral concentration for the reaction of N1 with H2 at sev-
eral temperatures. The effect of diffusion on the ion signals
is clearly seen in they axis intercepts, i.e., the signal de-
creases dramatically with increasing temperature. The room
temperature signal is about a factor of 20 larger than the
1400 K signal. The plots show good linearity on a semilog
plot over a factor of almost 3 orders of magnitude at room
temperature and over one order of magnitude at high tem-
perature. The good linearity indicates that the source condi-
tions are such that production of the primary ion is complete
by the time the neutral gas is added. As with any flowing
afterglow experiment, choosing a source gas and setting the
source conditions to achieve linearity in the data can be the
most difficult part of the experiment. Nonlinearity was some-
times found and corrected simply by adjusting the source gas
flow rate. Most often the nonlinearity resulted from too little
source gas especially at high temperatures where the flow
velocity is large and therefore a considerable amount of
source gas was needed. One particularly interesting source of
nonlinearity was found in O2 reactions. When N2O was used
as the source gas, nonlinearity became a problem at about
1000 K. The source of the problem turned out to be the onset
of thermal electron attachment to N2O producing a source of

O2 in the reaction region at high temperature. This particular
problem was solved by using CO2 as a source gas upstream
of the ion source and adding an electron scavenging gas in
the downstream source inlet. Problems such as this show that
one must be careful as new temperature regions are explored.

Figure 6 shows a plot of rate constants vs temperature
for the reaction of N1 with O2. Also shown are the data
taken at high temperature by the NOAA group.5 Very good
agreement is found in this and all reactions that both groups
have measured. Good agreement is also found between data
taken in the new system and those taken in our selected ion
flow tube at temperatures up to 550 K13,24,25 and with the
drift tube work of Chenet al.7 We have published one paper
on data taken in the stainless steel flow tube.13 Three reac-
tions were reported: O2 with CO, O2 with NO and
O2

1 1 CH4. In all cases the agreement with previously pub-
lished data was excellent.

The above shows that reliable data can be obtained to at
least 1600 K with this apparatus. However, we have encoun-
tered several problems. One source of concern arises from
positive alkali ion emission from both the flow tube and
sampling noseplate. With the stainless steel tube experiments
we found that most of the thermionic emission of alkali ions
originated from the noseplate~as determined by shutting off
the buffer flow and ion source and noting little or no change
in the alkali ion intensity!. The alkali ion problem was a
significantly worse when a molybdenum nose plate was
used. The dominant ion observed was K1, along with some
Na1, and small amounts of Rb1 and Cs1. At the highest
temperatures reached thus far, the alkali ion intensity greatly
exceeds intensities of the ions under study. So far, we have
detected no error in measuring rate constants due to the al-
kalis. No neutrals should react with the alkali cations since
the ionization potentials of the alkali atoms are so low. The
main problem has been to resolve a moderate Ar1 signal~40
Daltons! from a large K1 signal~39 and 41 Daltons! with the
mass spectrometer, while maintaining good signal intensity.

FIG. 5. Decay plots for the reaction of N1 with H2 at 300, 1073,
and 1400 K.

FIG. 6. Data for reaction of N1 with O2 from 300 to 1500 K. The NOAA
data are taken from Lindingeret al. ~Ref. 5! Error bars of610% are shown
for comparison. Quoted error bars are larger~see the text!.
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Using a thermocouple as a Langmuir probe indicated that the
alkali ion density was less than 106 cm23 at 1200 K. At
temperatures above 1600 K, the concentrations may become
large enough to cause problems. We are exploring the pur-
chase of a higher purity flow tube and prolonged baking at
high temperature to reduce the alkali concentrations.

Diffusive losses of the ions increase substantially with
increasing temperature. The diffusion rate in our flowing af-
terglow Langmuir probe apparatus increases according to a
T1.5 dependence at constant pressure between 300 and 550
K.26 Therefore, the ion signal decreases substantially at
higher temperatures and it is loss of signal that has so far
limited the upper temperature to about 1600 K in the HTFA.
To help reduce this effect we flow more buffer gas at in-
creasing temperature. The buffer flow at about 1000 K and
higher is 29 slm, the maximum the buffer gas flow controller
will deliver. This is a little more than twice the flow used at
room temperature.~It is the expected diffusive losses at high
temperatures that led us to construct a flowing afterglow re-
actor instead of a selected ion flow tube, in which the ion
concentrations may be orders of magnitude smaller.! In the
future we plan to try a larger flow rate and other buffers to
help reduce the effect of diffusion.

Our experience with a reactant neutral finger inlet is that
the end correction due to neutral mixing is very small
~;2%!. We have confirmed this by studying reactivity at two
distances. No measurable difference was found.

The ion velocity is different than the bulk helium veloc-
ity since the ion concentration is peaked along the axis of the
flow tube, coinciding with the maximum in the parabolic
velocity profile of the buffer gas. If the ions remained on the
flow tube axis during the entire flight time, the ratio
Vion/Vbuffer would be 2, ignoring the few percent molecular
slip of gas at the flow tube walls. Calculations which take
into account random walk of ions within the radial ion dis-
tribution yield a ratioR51.6.15,27 Measurements ofR in
other flow tubes in our laboratory have given values as large
as 1.8 at 300 K with a value of about 1.6 at 400 K and
higher.28 With the HTFA apparatus, we have measured the
ion velocity by replacing the reactant inlet with tubes to
which two molydenum grids were attached. The limited
number of feedthroughs in the endcap prevent us from leav-
ing the pulsing grids in place permanently. By pulsing each
of the grids separately and measuring the flight times, the
velocity correction factor is derived. In the stainless steel
system pulsing of the ion cloud was accomplished using the
thermocouples as the pulsing electrodes. Between 300 and
1000 K we obtained values between 1.5 and 1.6. At tempera-
tures approaching 1000 K the correction factor became very
difficult to measure due to diffusion filling in the ion density
hole. Above 1000 K the measurement of the velocity factor
was not possible. We use a value of 1.6 at all temperatures to
determine the ion velocity and hence the reaction time. We
estimate this causes at most a 10% error in the rate constants.

Thermal decomposition of reactant gas is of course a
potential problem. For now we are limited to stable gases not
expected to decompose on the ceramic feedlines and flow
tube surface. Since most of the wall collisions occur in the
feed line due to its smaller diameter, building a cooled inlet

may partially alleviate the problem. A residual gas analyzer
in the detection region may help to diagnose this problem.

We have a separate selected ion flow tube~SIFT! appa-
ratus that operates over the range from 80–550 K. Good
agreement in the overlapping temperature range means a
combined operating range of 80–1600 K. The good agree-
ment stems in part from measuring all necessary quantities in
both apparatuses, including the end correction for neutral
mixing and the velocity correction factor.

In addition our SIFT apparatus contains a drift tube so
that kinetic energy dependences can be measured.29We have
shown that comparing kinetic energy dependences at differ-
ent temperatures allows one to obtain information on internal
energy dependences.29 The higher temperature range now
possible with the two apparatuses allows us to look for in-
ternal energy effects of high frequency vibrations not acces-
sible in our SIFT studies alone. For instance we can excite
vibrations of diatomic molecules such as O2, NO, and N2. In
the reaction of O2 with CH4 we have shown that stretching
vibrations increase the reactivity while bending vibrations do
not.

When the NOAA group designed their flowing afterglow
to reach 900 K, they stated that ‘‘900 K is the practical limit
for a flowing afterglow system.’’6 We have circumvented
this limit by building a flowing afterglow apparatus from
scratch to operate only at room temperature and above. A
much simpler design results from relaxing the constraint that
the system must also be cooled to operate below room tem-
perature.
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