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The clustering of Ar to Li+ has been studied experimentally using a drift tube. The measurements
were made at a gas temperature of 319'K. The gas pressure was varied between 0.5 and 1.5 Torr, and
E/N was varied between 9 and 24 Td (1 Td = 10 ' V cm ). Under these conditions, the major
reaction is Li+ + Ar + Ar~Li' (Ar) + Ar. The rate coefficients and the mobility of Li+(Ar) were
deduced by comparing measured arrival-time profiles of the ions with profiles generated by a
three-dimensional, numerical drift-tube model. The predictions of this model are compared in some
detail with those of two analytical, three-dimensional, dry-tube models. In all cases the agreement is
satisfactory. We find that the association-rate coefficient k, is 1.8 X 10 " cm /sec and remains

constant over the range of E/N used and that the collisional-dissociation-rate coeffiecient k, increases
from 2.0 X 10 " cm'/sec at E/N = 9 Td to 3.2 X 10 " cm'/sec at E/N = 24 Td. In addition, we
find the reduced mobility of Li+(Ar) in Ar to be 2.0 cm'/V sec, measured at 319'K. The amounts by
which these values may be in error were determined as + 24% for the association-rate coefficients,

+ 22% for the collisional-dissociation-rate coefficients, and +16% for the mobility of Li (Ar). The
mobilities of K+ in N, and of K+ in Ar were determined during checks for systematic errors in the
new drift tube. The mobility of Li+ in Ar was also determined in the course of this work. Both
random and systematic errors were considered in the determination of the standard deviations of these
measurements. These reduced mobilities and their standard deviations are: K' in N~, 2.55 + 0.06
cm/Vsec, measured at 310'K; K+ in Ar, 2.73 + 0.06 cm'/V sec, measured at 310'K; and Li+ in Ar,
4.57 + 0.12 cm'/V sec, measured at 319'K.

I. INTRODUCTION

In 1965 Narcisi and Bailey found several metallic
positive ions in the earth' s upper atmosphere. '
Since that time there have been speculations about
the effect of the clustering of neutral atmospheric
gases to the atomic metallic ions, specifically in
regard to the number densities of the metal ions
and metal atoms. ' A discussion of the effect of
CO, clustering to Na' ions at 95 km has been pub-
lished elsewhere. '

This paper reports some of the initial experimen-
tal results obtained with a new drift-tube facility
at the Ballistic Research Laboratories. As a check
for gross systematic errors in the new equipment,
the mobility of K' ions in N, was compared with
previous measurements. ' In addition, the mobil-
ities of K' in Ar, Li' in Ar, and Li'(Ar) in Ar
were measured.

The clustering of Ar to Li' and the collisional
dissociation of the cluster ion was chosen for in-
tensive study. This reversible reaction can be
written as

Li'+Ar+Ar & Li+(Ar)+Ar, (l)
a i

where the parentheses around Ar in the notation
for the cluster ion indicate that the original ion
was Li'. There are several reasons for the study
of this reaction. The first, and most important,
is that while we had established that other gases
cluster to Li' faster than Ar, ' Ar clusters just

fast enough that under our experimental conditions
Li' and Li'(Ar) are the major ions and the arrival
profiles of the two ions are noticeably different,
implying that chemical equilibrium has not been
established. Secondly, Ar is often used as a buffer
gas in swarm experiments because it is assumed
that it does not react. It has been shown that clus-
tering of the buffer gas with ions under study can
be important. ' Hence, means for establishing how
much the buffer gas may be participating in the
reaction process under study are needed. Finally,
Ar clustering to Li' is a very simple form of
clustering in which electrostatic forces predomi-
nate 8

In our early drift-tube measurements' we ana-
lyzed the drift-tube data by comparing measured
total current ratios of the ions involved. Because
that method assumes equal detection sensitivities
for the various ions, we chose to deduce the rate
coefficients for reaction (l) by comparing the mea-
sured arrival-time profiles of the two ions with
predicted profiles generated by the drift-tube mod-
el due to Kregel. (A description of the model is
available in a report by Keller et al. ') This model
is extensively compared with two other three-di-
mensional drift-tube models"'" to establish their
agreement and to choose the most appropriate mod-
el for the predictions desired.

The suggestion has been made" that the units of
E/N be denoted by the "townsend, " or Td, where
1 Td =10 "Vcm'. This designation will be used
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throughout this paper. All mobilities quoted in
this paper are reduced to 0'C and 760 Torr.

H. APPARATUS AND EXPERIMENTAL
PROCEDURE

The drift tube is an all-metal, bakable tube
which can be used with drift lengths up to 44 cm.
For the work described in this paper, the tube has
been operated in two configurations. The drift
length of the tube in configuration I (Fig. I) is 44
cm, while it is 7.48 cm in configuration II (Fig. 2).
Oil diffusion pumps with water -cooled chevron
baffles and zeolite traps were used throughout. All
chambers have been pumped to 2~ 10 Torr by use
of a 48-h 200'C bake. The drift-tube pressure at
the start of a day is typically 5 X 10 ' Torr, and
rises to an equilibrium value of about 1x 10 ' Torr
in a few hours if the 4-in. diffusion pump is valved
off and no gas is added to the tube.

Two sources of ions are used in this work, one
to produce K+ and the other Li+. The source of
K' ions is a platinum gauze filament coated with
Kingman feldspar. " This material emits K' in
copious quantities. In addition, Rb+ is emitted in
a much smaller amount. The source of Li' ions is
a platinum gauze filament coated with P-eucryptite
enriched in the mass 7 isotope. ' Resistive heat-
ing of the filament is provided by a current-con-
trolled low-voltage dc power supply. The ionic
source is operated at a low output current to min-
imize space-charge effects in the drift region.

Both configurations of the drift tube use 20-cm-
i.d. drift hoops whose electrical (but not mechani-
cal) design is patterned after that of Crompton
et al. ' and Albritton et al." Only high-purity
alumina and Supramica (Mycalex Corp. of America)
were used as insulators for drift-hoop mounting
and all other insulation in the drift tube. In con-
figuration I, there are three ion shutters. They
are constructed of parallel stainless -steel wires

spot welded to flat rings. The wires have a spac-
ing of about 1.6 mm; a gate is formed by two grids
spaced 3.2 mm apart. In configuration II, there
are two ion shutters. One is formed by two wire
grids, as before. The other is formed by a wire
grid and the end plate of the drift tube, which are
3.2 mm apart. In either configuration the source
is run continuously. One of the gates is electri-
cally biased to inhibit the drift of the ions. Then
this bias is momentarily reversed, which permits
a small group of ions to drift down the tube from
the chosen gate.

The end plate of the drift tube is electrically
insulated from ground so that the current to it
can be measured and, if desired, a small poten-
tial may be applied. For all the work reported
here, the end plate was grounded. The exit aper-
ture is 0.4 mm in diameter. As shown in Figs.
1 and 2, differential pumping is used to reduce the
pressure in the mass spectrometer section. When
the Ar pressure in the drift tube is 2 Torr, an
ion gauge in the mass-spectrometer chamber reads
5x10 ' Torr. For pressures higher than these,
we have observed a decrease in the signal of the
weakly bound cluster ions, presumably due to
breakup of these ions in either the first differential
pumping chamber or the mass-spectrometer cham-
ber. The skimmer between these chambers has a
4.3-mm-diam. orifice in its tip and is mounted
about 3 cm from the exit aperture. It is both elec-
trically insulated from ground and removable. The
skimmer ~s normally operated at a potential of a
few volts below ground. After the ions pass through
the skimmer into the low-pressure region of the
mass-spectrometer chamber, they are further
accelerated and focused. As will be discussed
later, the skimmer has been found to contribute to
a difference in the sampling efficiency of this
system for ions of different mass.

The mass spectrometer is a monopole rf spec-
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trometer modified to operate with either positive
or negative ions created at ground potential. The
spectrometer has better than unit resolution to
several hundred amu. The ions are detected by a
16-stage Ag-Mg multiplier operated in a pulse-
counting mode. These output pulses pass through
a preamplifier, amplifier, and discriminator to
both a counter and a 1024-channel time-of-Qight
analyzer.

The stainless-steel gas feed line between the
regulator and the drift tube has both a large res-
ervoir tank and a U-tube trap. Enough gas for a
week's operations was admitted to the feed line
at one time; the trap was allowed to cleanse this
gas sample at least overnight before the gas was
used. This trap, maintained at a temperature of
about -100'C, ' removed water and other impurities
very effectively.

The gas pressure in the tube is measured by a
MKS Baratron bakable capacitance manometer and
a Datametrics Barocel bakable capacitance ma-
nometer. These two manometers agree quite well
over the pressure range that has been used, 50
m Torr to 2 Torr. The reading of the MKS instru-
ment has always been just about 2% higher than
that of the Datametrics instrument; the maximum
fluctuation of their difference is 1 mTorr/day.
The output of the Datametrics manometer is fed
through a control circuit to a servodriven variable
leak valve so that the gas pressure can be regu-
lated at any fixed value to within 0.3 m Torr.

In configuration I, four iron-constantan thermo-
couples were used to monitor the gas temperature
along the outside of the drift space. The thermo-

couple leads pass into the vacuum system through
iron-constantan wires brazed into an ultrahigh-
vacuum tube -type feed-through. Tests were made
to determine whether the thermocouples had to be
firmly attached to large stainless-steel plates or
whether they could be firmly attached to insulator
blocks on the drift-hoop string. Both types of
connections gave the same temperature; the latter
type of connection was used in this work. Measure-
ments on all of the four thermocouples in the drift
tube at the time of these tests showed that the gas
just a few centimeters from the source was at the
same temperature as that 40 cm away, so that,
except for a steep gradient in gas temperature
which must exist in the immediate vicinity of the
hot filament, we assume that the ions drift through
a gas of constant temperature. At first, the tem-
perature readout was made using an ice bath and

a sensitive electrometer. During the K' mobility
measurements, a sensitive pyrometer (API Instru-
ments Co.) was installed. Its indicating range is
-15 to 65 'C, and its advertised accuracy is +2' of
its span, or +1.6 'C. The two readout methods
gave no measureable differences in temperature.
We found that at least 4 h of warmup were re-
quired for the gas and drift tube to reach a stable
temperature so that reproducible data could be
taken. In configuration II, one thermocouple was
used, due to the short drift distance.

Potentials for the drift hoops were furnished
from a resistor string outside the vacuum system.
The applied drift field was monitored with a Fluke
Model No. 8100A digital multimeter, whose long-
term accuracy is claimed to be better than +0.1%.

TABLE I. Boundary conditions of drift-tube models.

Source axial
shape

Source radial
shape

Finite drift-
tube radius

Detector
type

Detector
extent

Kregel
model

Gaussian,
specified
width

Gaussian, specified
width ~

Possible,
but not
usually
included

Transmitting Pinhole

Gatland
model

5 function Uniform, specified
width

No Transmitting Pinhole

Woo-Whealton
model

Uniform,
specified
width

1. Bessel function,
diameter of drift
tube.
2. Uniform, diameter
of drift tube.
3. Um. form, dhameter
smaller than drift-
tube diameter.

Yes, walls
assumed per-
fectly absorb-
ing

Transmitting Circular
aperture,
specified
size

Essentially arbitrary, shape listed is shape usually used.
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III. DRIFT-TUBE MODELS

In this section we discuss and compare three
three -dimensional drift-tube models. The first is
that due to Woo and Whealton, "who solved analyt-
ically the transport equations for the case of two
ions with one depleting reaction. The second is
due to Gatland, "who also solved the transport
equations analytically, but for two ions with two
interconverting reactions. The third is due to
Kregel, whose approach to the solution of the trans-
port equations is numerical. Kregel's model pres-
ently treats at most three ions with six possible
interconverting reactions, but it could be made to
handle any number of ions and reactions. Our
Li'-in-Ar data were reduced using Kregel's model.

There were several motivations for the develop-
ment of a numerical drift-tube model. The pri-
mary one was the desire to be able to generate
the arrival profiles for more than two ions linked

by more than one or two reactions. Further, a
numerical model makes it possible to model dif-
ferent source conditions and/or different boundary
conditions. Finally, a numerical model makes it
possible (although difficult) to study special ef-
fects, such as the study of back diffusion to an
absorbing source shutter which is discussed later
in this paper.

While Woo and Whealton" and Gatland" arrived

at analytical solutions to the transport equations,
Kregel's model is a numerical simulation of the
actual transit of the ions in a drift tube. The pro-
gram follows the progress of the ion swarms as
they drift, diffuse, and interconvert with time.
After several hundred small time steps the ions
have traveled the length of the drift tube. The
currents due to the charged particles are calcu-
lated as the number density distributions traverse
the end of the drift tube.

The three models also differ in the boundary
conditions each applies. These conditions are
compared in Table I. The table reflects the ge-
ometries for which the details are furnished in
the references. Each of the models permits the
axial and radial diffusion coefficients for the ions
to be independent, so that they are not limited to
low 8/N.

We have compared the three models for a num-
ber of particular cases. The first comparison is
shown in Fig. 3. We consider the small differences
in the model predictions quite satisfying, consider-
ing the inherent differences in the models.

Having found that the models all predict very
similar hypothetical profiles, one might ask if
the models predict physically realistic profiles.
In particular, given two measured mobilities and
a rate coefficient established by measurements
in drift tubes and in other experiments, we sought
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to demonstrate that the models predict arrival-
time pro5les which resemble measured profiles.
This demonstration is illustrated by Fig. 4. We
took the reported experimental and deduced pa-
rameters from Heimerl et al." and attempted to
duplicate their published data. Figure 4 shows
the experimental profile of N' ions produced by
the He'+ N, reaction and calculations of Kregel's
model. The longitudinal diffusion coefficient used
in the calculations was arbitrarily 15% greater
than the Einstein value. The profiles generated
by the three models fell right on top of each other,
so that only one profile was plotted. We could not
resist the temptation to see how well the data could
be fit; we found that an excellent fit to the top slope
and the entire trailing edge of the data could be
obtained by increasing the reaction rate coefficient
about 1(y)o over Heimerl's value, increasing the
mobility of He' in He by i%, and using a value of
the longitudinal diffusion coefficient about twice
the Einstein value.

The Kregel model was further compared with
the Gatland model for a case involving two ions
and two interconverting reactions. One such com-
parison of the expected cluster-ion arrival profiles
is shown in Fig. 5. The case chosen is not arbi-
trary; the conditions are close to the final results
of this paper for Li' drifting in Ar. The curve
shown is the expected profile for Li'(Ar). In the

case of curves for Li', the Gatland curves are
slightly narrower than the Kregel predictions due
to the 6-function source of the former model. Pre-
dicted current ratios Li /Li+(Ar) differ by less
than 5% between the two models.

Edelson" has shown that if the source pulse has
finite radial extent and the detector is a pinhole,
drift-tube experiments can usually be treated as
one-dimensional problems. We found that this is
certainly true for the conditions of these measure-
ments. A comparison of the Kregel model with
and without radial diffusion is shown in Fig. 6.

Lowke" calls attention to the fact that just after
the ions have passed through the source shutter of
a drift tube and the shutter is electrically closed,
back diffusion of the ions into the absorbing source
shutter may significantly alter the arrival-time
profiles of the ions which arrive at the end plate
of the drift tube. This sort of question can be
addressed with a numerical model, and we calcu-
lated the effect it might have on our results. We
did this by depleting the ion densities by a fixed
fraction each time step if they were calculated to
be separated from the drift space by the source
shutter. We adjusted the fraction so that the ensu-
ing, simulated Li' arrival profile was depleted by
about 25% in area. The resulting Li' arrival pro-
file was unchanged in shape and was shifted in
time less than 0.5%. The Li'(Ar) arrival profiles
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with and without the back diffusion effects discussed
by Lowke are shown in Fig. 7. We see that our
present work was unaffected by this effect.

We have examined the effect that an absorbing
end plate might have on our results using two dif-
ferent models. We applied the Woo-Whealton
model to two very different cases. ' We examined
cases for which the ion velocities were slower,
E/N lower, and the gas pressure smaller than
any that we used for the work reported here,
where the ratio of drift velocity to diffusion co-
efficient, v/D, should be smallest and thus an
effect from an absorbing end plate should be great-
est. In fact, we found a small (0.2% or less) change
in the mobility that would have been deduced from
the arrival time of the peak, but no change whatso-
ever in the shape of the parent-ion peak. That is
to say, the whole peak shifted very slightly toward
shorter times, but the shape of the profile re-
mained the same. Kregel" developed a numerical
code which takes any arbitrary ionic number den-
sity distribution and computes from it the current
that would be measured when the ions impact
either a transmitting or absorbing end plate. We
applied this code to several different cases. Again,
while the whole of the arrival time peak is shifted
to earlier times, the percentage change of the
arrival time was very small and the current pro-
files for an absorbing or transmitting end plate

were identical. We conclude that one cannot, by
demonstrating a remarkable fit of data to the pre-
dicted shape of an arrival curve, determine which
model of the end plate is most nearly correct for
the experiment. We also conclude that the trans-
mitting models, which are much easier to manip-
ulate, are sufficiently correct to be used for the
reduction of any of our experimental data.

IV. RESULTS

A. K'inN2 and Ar

The tube was operated in configuration I for
initial checks and for the mobility measurements
involving K' ions. The transport of K+ in N, was
used for all initial checking of the system, for,
under the conditions of this investigation, the
ratio of the measured total currents of K'(N, ) to
K' was always less than 0.02. Assuming no mass
discrimination in the sampling process, the K'
iona were clustered less than 2% of the time they
drifted down the tube.

For the measurement of mobilities, a master
clock was used both to pulse open an ion shutter
and to start the multichannel analyzer operated
in the time-of-Qight mode. This process was re-
peated until an oscilloscope display of the analyzer
contents showed that the arrival-time spectrum for
the ion was well established.

Ch

5—

K

I-
Cl

4
X

x

X

ASSOCIATION-RATE COEFF. = I.s x IO cm /sec
BREAKUP- RATE COEFF. = 2. I & IO cm /sec
PARENT- ION MOBILITY = 4.6 cm /V sec
CLUSTER- ION MOBILITY = 2.0 cIYI /V sec
E/N = I2 Td

TEMPERATURE = 3I9 K

GAS PRESSURE =.5 Torr

I-
4l 2—
lK

~ KREGEL MODEL

x KREGEL MODEL WITH

BACK DIFFUSION LOSSES

0
500

I

400
I

500
I

600
I

700
I

800

N
N~

&a~

x ~ x ~
I I I x elm

900 IOOO I I 00 I200
I

I500

ARRIVAL TIME ( p.sec )

FIG. 7. Comparison of cluster-ion arrival profiles calculated using Kregel model and Kregel model with back dif-
fusion losses. The parameters chosen are appropriate for Li+ (Ar) in Ar.



CLUSTERING OF Ar TO Li' AND A COMPARISON OF. . .

We sought to find evidence for ion-ion interactions
resulting from excessive ion densities in the source
region. We did this by increasing the source
current in steps and examining the width of the
arrival profile for K'. We found that indeed the
peak began to broaden as the source current in-
creased. We took aQ our data with a source
current well below the value where peak bx'oaden-

ing could be observed. For this source
current, the signal rate rarely exceeded 0.1
ion per pulse, so that effects from dead time
in the multichannel analyzer do not affect our
results.

Arrival spectra were obtained using each ion
shutter in turn as the "source." Since the distance
between the shutters was known, the three spectra
could be used to infer an ion mobility free from
the end effects of either ion source or detector.
Mobility data were taken for gas pressures of
0.5 to 1.5 Torr. The zero-field reduced mobil-
ity of K' in N, was found to be 2.55 cm'/V sec and
that of K' in Ar was found to be 2.'18 cm'/V sec.
Both measurements were made at 310 K.

curves calculated using Kregel's model for a
variety of parameters to ensure that the desired
physical quantities wex e uniquely determined. We
required a good fit of arrival curves for both ions
at at least two pressures, usually 0.5 and 1.5 Torr.
The parameter that resulted in a best 5t of all
four curves did not result in a best fit of each of
the four curves simultaneously. Figure 9 illus-
trates this point. k, =1.9X10 "cm'/sec and

k, =2.2x10 '~ cm'/sec resulted in a best fit for the
four curves; Fig. 9 shows how closely the profile
for Li'(Ar) at 1.5 Torr and E/N=12Td is fit. This
figure is taken directly from the computer output
for the E/N = 12 Td data analysis. The computer
printed the symbol 8 for the experimentally mea-
sured datayoints, T fox the yoints calculated from
the model, and D for any overlapping points. Plots
such as this greatly simplifi. ed the selection of
appropriate rate coefficients and other parameters.

At all values of E/N, the best value of the mo-
bility of Li'(Ar) was found to be 2.0 V cm' at
319 K. The accuracy of this determination clearly

8. Li'inAf
l0-

The drift tube was operated in configuration II
for the studies of Ar clustering to Li . A prelim-
inary report of these studies has been given. " All
measurements were made at 319 K, somewhat
above room temperature due to the heating of the

gas and tube by the Li' source. Measurements
were made at pressures of 0.5, 1.0, and 1.5 Torr,
and E/N was varied between 9 and 24 Td. Under
these conditions, reaction (1) was the major re-
action. We used arrival-time profiles for the Li
and Li (Ar) ions at each pressure and E/N to de-
duce the E/N dependence of both mobilities, the
rate coefficients of both reactions, and an estimate
of the axial diffusion coefficient for Li' in Ar.
Comparison with measured current ratios also
yielded an estimate of the difference of detection
sensitivities for our system for the two ions at
E/N = 12 Td and at E/N = 24 Td.

Typical arrival-time profiles for Li' in Ar and
Li' (Ar) in Ar are shown in Figs. 8 and 9, respec-
tively. The Li' arrival profile has the expected
skewed Gaussian shape plus a contribution at
late times from ions which emerged from the tube
unclustered but had spent some time as the slower
cluster ions. We used the mean ar"ival time of
the skewed Gaussian portion of these profiles to
determine the mobility of Li' in Ar. The value
was found to be 4.57 cm'/V sec and was indepen-
dent of E/N.

The remaining physical parameters were deduced
by comparing measured arrival-time curves with
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rests on the accuracy of the previous determination
of the mobility of Li'.

The three-body association- (or "clustering" )
rate coefficient k, as a function of E/N is shown
in Fig. 10. At these low values of E/N, this rate
coefficient is found to be constant. The error bars
shown on the figure indicate the maximum possible
error, random and systematic, which may be as-
sociated with the determination of the rate coeffi-
cient. These errors will be discussed in Sec. IV C.

The two-body collisional-dissociation-rate co-
efficient k, as a function of E/N is shown in
Fig. 11. Even at these low values of E/N, this rate
coefficient is sensitive to small changes in E/N,
or equivalently the ion energy. The meaning of
the error bars is the same as for those on Fig. 10.

The work of Wannier, '3 as put into a more con-
venient form by McDaniel and Moseley'4 and by
Thomson et a l.,"led us to expect that both the
axial and the radial diffusion coefficients for Li'
in Ar might increase from the Einstein value in
our range of E/N values. Unfortunately, we can-
not measure the radial diffusion coefficient. To
have made a bona fide measurement of the axial
diffusion coefficient would have required us to use

an initial burst of iona whose axial dimension
approached zero, which, for our experiment,
lowers the ion count rate to unacceptably low levels.
Nevertheless, we obtained an estimate of the E/N
dependence of the axial diffusion coefficient by the
following method. We set the source pulse to just
that width which should produce an initial burst of
Li' ions whose axial length was 0.3 cm. With the
initial width in the numerical drift-tube model set
to 0.3 cm, we deduced from the width of the mea-
sured Li profile the multiplicative factor by
which the axial diffusion coefficient exceeds the
Einstein value of the diffusion coefficient. The
results of this study are shown in Fig. 12, which
shows that the axial diffusion coefficient for Li'
in Ar does indeed seem to be strongly dependent
on E/N in the range considered. Error bars are
not given for these estimated values. Also in-
cluded on Fig. 12 are the factors that Wannier's
polarization model predicts. We find the compar-
ison very satisfying, considering the manner by
which we obtained our estimates.

A drift-tube-model calculation yields not only
arrival-time profiles for the ions, but also the
correct ratio of the currents of the ions to the

1125-

900—
0)I-

675-

I-
Q3
K

450-
Z',
4J
0
K
(3

225-

0
0

0
0 0

0
430

TEE
T E

T
T

K
T

T

500 570

TT
T T

T
fff

T K T
EK

f ET
T E

ET
E

T
E
T

E f
T

E
Tf

T
0
f
T

E
0

T E

E
T f

T EE
TT

TE
Tf

T

640

T EE
KO

TTE E
TO E

T TEE
TTOE E

TT

Li+ (Ar) IN Ar

E/N =)2 TcI

P = l.5 Torr
T= 3I94K
E = MEASURED POINTS
T= CA LCUL ATE D POI N TS
D = OVERLAPPING POINTS

710 780 850

E
0 EE

TTTO E
OT OOOEE

TTOO OOOE E E
TOOT T00000 00000TE E

I I I

ARRIVAL TIME {pssc}
FIG. 9. Typical comparison of experimental data with model calculations.



CLUSTERING OF Ar TO Li' AND A COMPARISON OF. . . 1455

orifice in the endplate of the drifttube. According-
ly, we compared measured current ratios of the
two ions with the current ratios predicted from the
best-fitting calculated profiles at E/N= 12 Td and
E/N= 24 Td. We were surprised to find that the
measured ratio of Li' to Li'(Ar} was a factor of
8 to 10 lower than the calculated ratio at E/N = 12
Td, and a factor of 5 to 10 lower at E/N = 24 Td.
McKnight' has made a measurement of the current
ratio of Li' to Li'(Ar) with his drift tube which

agrees quite well (within a factor of 2} with that
predicted by our model calculations. We noted
that the separation of McKnight's differentiaQy
pumped sampling chambers is accomplished with
a relatively flat aperture, while our chambers
are separated by a conical "skimmer. " Thus, we

performed a brief series of tests at E/N= 12 Td to
determine whether our skimmer led to errors in
the measured current ratio. First, the exit ori-
fice was reduced to 0.2-mm diameter and the
current ratio was measured to be a factor of 8
to 10 lower than the calculated (and assumed
correct} ratio. Second, the skimmer was removed
and the current ratio was measured to be only
60% to 8I@ low. (An error of this amount is rea-
sonable for a particle multiplier operated at our
relatively low voltage. ) Third, the (well-cleaned)
skimmer and the 0.4-mm-diam. exit orifice were
replaced and the measured current ratio was again
a factor of 8 to 10 low. The final test was to append
a blunt front end to the skimmer. Ions emerging
from the exit orifice then saw a Qat plate with an

orifice, but once through the skimmer orifice,
conditions were unchanged. Under these circum-
stances, the measured current ratio was still a
factor of 8 to 10 lower than the calculated ratio.
We conclude that some aspect of the transit of the
ions through the conical skimmer after they have
passed through its orifice discriminates against
Li' relative to Li'(Ar). We plan to modify our
drift tube so that it can operate efficiently without
a skimmer.

C. Discussion of Errors

Errors in the determination of the gas pressure,
the gas temperature, the drift distance, the drift
voltage, and the drift time could cause errors in
our determinations of mobilities and rate coeffi-
cients.

We estimated the possible systematic errors as
follows: The use of two different pressure manom-
eters should minimize errors due to incorrect
pressure determinations. Furthermore, the agree-
ment of the mobility of K in N, with previous de-
terminations ' adds confidence in the pressure
(and temperature }measurement. Nevertheless,
a possible error of +2%%uo seems appropriate for the
pressure measurement. Having compared our
pyrometer against a combination of thermocouple,
ice bath and electrometer, we consider a possible
error of +l%%ug appropriate for the temperature
measurement. In addition, we have allowed for an
error of +0.2 V in the measurement of the potential
across the drift space, +0.5 mm in measurements
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of the drift distance, and +1 psec in determination
of the time of drift.

For the mobilities of K' in N„K' in Ar, and
Li' in Ar, the possible systematic errors were
combined by the means of error propagation shown
in Beers." The contribution of random errors was
determined from the scatter of the mobility deter-
minations and combined with the systematic errors
as independent errors. We arrived at the zero-
field reduced mobility of K' in N, equal to 2.55
a 0.06 cm'/Vsec, measured at 310'K; that for
K' in Ar equal to 2.73+ 0.06 cm'/V sec, measured
at 310'K; and that for Li' in Ar equal to 4.57+0.12
cm'/Vsec, measured at 319'K. Each error in-
dicated is the standard deviation of the value of
the mobility. For comparison with "maximum
possible" errors sometimes quoted in the literature,
our standard deviations should be multiplied by a
factor of 3.

The rate -coefficient determinations are subject
to errors of at least two types. The first type is
systematic error in the determination of the pa-
rameters, five measured and one deduced. We
assessed the impact of systematic errors in the
following fashion. Starting with measured and
calculated profiles which were fit as well as pos-
sible, we changed the values of pressure, temper-
ature, drift time, drift distance, drift voltage, and
Li' mobility in the model by the maximum that they
might be incorrectly determined and each in the

direction which would yield the maximum change
in the calculated pro6les. We then refit the model
to the measured data and obtained a new pair of
rate coefficients. This procedure indicated that
the most severe misdetermination of all these pa-
rameters could cause errors in the deduced as-
sociation-rate coefficients of about +16%%uo and the
deduced collisional-dissociation-rate coefficients
of about +10%%up. These percentages and the ones
which follow allow for the fact that we fit to dis-
crete values of the rate coefficients.

The second source of errors is associated with
our inability to achieve a perfect fit to each of the
measured profiles simultaneously. Therefore,
after pairs of rate coefficients were determined,
we also found the best pair of rate coefficients
for each of the four individual profiles. We found
that any of the curves could be well fit with modest
changes in the rate coefficients. These exercises
suggested that the need to compromise when fitting
four profiles simultaneously, perhaps due to the
assumption in the model of constant gas tempera-
ture over the whole drift range but also perhaps
due to other inadequacies in the model or the data-
gathering process, could introduce errors in the
determination of the association-rate coefficients
of about +6% and in the determination of the colli-
sional-dissociation-rate coefficients of about +12%%uo.

The error bars in Figs. 10 and 11 reflect the sum of
these two sources of possible errors, +24% for
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the association-rate coefficients and +22% for the
collisional-dissociation-rate coefficients.

We have not found a satisfying method of estab-
lishing the error of the Li'(Ar) mobility in Ar
We have conservatively chosen to assign to it
about twice the percentage error of the "maximum
possible" Li'-in-Ar error, resulting in the zero-
field reduced mobility of Li'(Ar) in Ar being de-
termined as 2.0+ 0.3 cm'/V sec at 319'K.

V. COMPARISONS AND CONCLUSIONS

Our measurement of the mobility of K' in N, at
2.55+0.06 cm'/V sec at 310 K is in excellent
agreement with that of Moseley et al. , who quote
2.55 cm'/V sec at 300'K, and with that of Cromp-
ton and Elford, ' who quote 2.54 cm'/V sec at
294 'K. Such agreement seems to justify the
suggestion of McDaniel and Martin" that this
mobility be used for pressure calibration in atomic
collision experiments. Our measurement of the
mobility of K' in Ar at 2.73+0.06 cm'/V sec at
310 'K is in good agreement with a recent mea-
surement of James et al.29 who have obtained a
value of 2.66 cm'/V sec at 300 K.

Munson and Tyndall' and Munson and Hoselitz '
studied the drift of alkali ions through gases in
1939. We assume that they reduced their mea-
sured mobilities to 760 Torr but left them at
17 C where the measurements were made. If we
make the additional reduction to 0'C, we find that
our measurements are in good agreement with
theirs. For K' in Ar, they measured 2.64 cm'/V
sec, while we have measured 2.73 cm.'/V sec. For
Li+ in Ar, they measured 4.7 cm'/Vsec, while we
have measured 4.57 cm2/V sec. When Li+ drifted

in Ar, they observed a cluster ion with a mobility
of 1.97 cm'/V sec. We have determined that the
mobility of Li'(Ar) in Ar is 2.0 cm'/V sec, sug-
gesting that Li (Ar) was the cluster ion in the
older experiment of Munson and Hoselitz.

While there have been two other observations of
clustering when Li' drifted in Ar, "we do not
know of any other measurements of the rate coef-
ficients for this system [reaction (1)]. It is in-
teresting to take the rate coefficients deduced for
our lowest E/N, k, =1.8X10 ~' cm~/sec and k,
= 2.0X 10 "cm'/sec, and calculate the time con-
stants associated with each process. At 1 Torr
and 319 K, the gas number density is 3X10"
molecules cm ', yielding a time constant for
clustering of 6X10 sec. Si.milarly, the time
constant for collisional dissociation is found to
be 1.6&10 ~ sec. Thus the time required for this
reversible process [reaction (1)] to achieve chem-
ical equilibrium is dominated by the time constant
for dissociation of the cluster ion. At equilibrium,
there would be about 3% Li'(Ar) cluster ions and
about 97% unclustered Li' ions.
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