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calculated and await comparison to future neutron
scattering experiments. Unless the substrate were
to have a very strong disordering effect upon the
monolayer, neutron scattering should give the
monolayer lattice structure and the degree of lo-
calization of the helium atoms.

Generalizing these results, it would seem that
the Gauss-Hartree approach to the ground state

of the adsorbed film is quite reasonable. However,
for certain substrates it might be necessary to in-
corporate a more detailed treatment of motion per-
pendicular to the surface.
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We have measured with a drift™tube mass spectrometer the mobilities of CO+, CO+ ~ CO, and
C+ ions in carbon monoxide gas at 300 'K. The measurements were made over a substantial
range of E/K, where E is the drift-field intensity and N is the gas number density. Zero-
field reduced mobilities were determined for CO' 'CO and C' ions. Their values are l. 90
+ 0. 03 and 3.7 + 0. 1 cm /V sec, respectively. Measurements were also made of the longitu-
dinal-diffusion coefficient of CO' iona in CO at 300 'K as a function of Z/N

I. INTRODUCTION

This paper presents the results of an investiga-
tion of the drift and longitudinal diffusion of low-
energy positive carbon monoxide ions in carbon
monoxide gas at room temperature. The data were
obtained with a drift-tube mass spectrometer of
ultrahigh-vacuum construction. The mobility'of
CO', CO' CO, and C' ions in CO and the longitudi-
nal-diffusion coefficient of CO in CO were deter-
mined as a function of E/N. The results are an
extension of similar studies on H„"D„' N„'
02, ' and NO' performed in this laboratory. The
only previous data' on the mobility of CO' and
CO' ~ CO ions in CO obtained with a drift-tube

mass spectrometer apparently were seriously af-
fected by the ion-molecule reaction

CO'+ 2CO- CO' ~ CO+ CO.

No previous measurements on diffusion of ions in
CO have been reported. In the present study, the
effect of reaction (1), as well as other reactions,
has been carefully considered and accounted for.
In Paper II, immediately following this paper, the
results of a study of reaction (1) will be presented.

II. GENERAL

As a slow ion moves through a gas under the
influence of a static uniform electric field, on the
average it gains energy from the field between
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collisions with molecules and loses energy during
collisions. Since the ionic mass is usually com-
parable to the molecular mass, only a few colli-
sions are normally required for ions to attain a
steady-state condition after they are produced in
the gas. The ratio of the electric field intensity
to the gas number density, E/N, is the parameter
that determines the average ionic energy acquired
from the field in steady-state drift, above the ener-
gy associated with the thermal motion. In this
paper, the quantity E/N will be expressed in units
of 10 ~~ Vcm, called the Townsend (abbreviated
Td).

If the value of E/N is small and constant, and if
steady-state conditions have been achieved, the
motion of an ensemble, or swarm, of ions of a given
kind consists of a slow uniform drift in the field
direction superimposed on the much faster random
motion which produces diffusion. Under such con-
ditions, the average energy the ions have acquired
from the field is small with respect to their ther-
mal energy, and their mean drift velocity v„ in the
field direction is proportional to the field strength
E. Thus, ~„=KE, where the constant E is called
the nzobility of the ions and is expressed in units
of cm /&sec.

At higher values of E/N, where the ions are no

longer in thermal equilibrium with the gas, the
drift velocity may no longer be proportional to the
electric field strength. However, the mobility,
defined as the ratio of drift velocity to electric
field strer gth, still serves as a convenient quantity
to describe the transport of ions through the gas.

The mobility K is inversely proportional to the
gas number density N, and in order to facilitate
comparisons between data taken at various tem-
peratures and pressures, experimental results are
usually presented as the mobility which would re-
sult if N were 2. 69~ 10' cm ', which corresponds
to 0 C and 760 Torr. This practice leads to the
definition of a reduced mobility Ko= K (t /V60)
x(2V3. 16/T), where p and T are the pressure in
Torr and temperature in degrees kelvin at which
the measurement is performed. The zero field-
xeduced mobility is defined as the limiting (con-
stant) value that Ko approaches as E/N approaches
zero.

Whenever a number-density gradient of ions
exist in a gas of uniform total pressure, there will
be a motion of the ions to eliminate the gradient,
the process known as diffusion. If the gradient is
small, and if the value of E/N is very low, the
flux density will be proportional to the magnitude
of the gradient and opposite in direction. The con-
stant of proportionality, known as the diffusion
coefficient D, can be related to the ionic mobility
by a classical relation known as the Einstein equa-
tions;

D/K = kT/e,

where 4 is Boltzmann's constant and e is the ionic
charge. Equation (2) is exact in the limit of small
ionic concentrations and vanishing electric field
strength, and approximately correct so long as the
ions are close to being in thermal equilibrium
with the gas molecules.

At values of E/N where the ions acquire an aver-
age energy appreciably above the thermal energy
of the gas molecules, the ionic flow due to diffu-
sion becomes anisotropic and the diffusion flux den-
sity is given by j = —D ~ Vn(r, t) where n(r, t) is
the ionic number density, and D is the diffusion
tensor. D has the form

Dz 0 0

D= 0 D~ 0,

0 0 Dg

where Dr is the transverse diffusion -coefficient
which describes the rate of diffusion in directions
perpendicular to the electric field, and D~ is the
longitudinal diffusion-coefficient characterizing
diffusion in the field direction.

III. APPARATUS

The apparatus that was used to perform the pres-
ent research has been described in detail in sev-
eral reports, ' ' so a detailed description will not
be given here. Briefly, the apparatus consists of
a large ultrahigh-vacuum chamber containing a
drift tube, ion source, and sampling and analysis
chamber. A very pure sample of carbon monoxide
is admitted into the drift tube through a servo-con-
trolled leak valve, and the gas continuously flows
from the drift tube through a small aperture and
into the main kettle, where it is pumped away by
a 6-in. oil-diffusion pump. An MKS "Baratron"
capacitance manometer continuously monitors the
pressure in the drift tube, and, through a Granville-
Phillips pressure controller, maintains any select-
ed pressure in the range of 0. 026-0. 795 Torr.

An ion swarm can be followed from creation to
detection in Fig. 1. The ion source, which is
movable over almost the entire length of the 44-
cm drift tube, creates short bursts (typically 1-5
psec in length) of ions in the drift tube. The ions
are created by electron impact with the carbon
monoxide gas and are gated out of the source into
the drift region by a double-grid shutter located at
the ion entrance aperture.

Each ion swarm migrates down the drift region un-
der the influence of a uniform electric field maintained
by the drift-field guard rings. During this migration
the swarm spreads owing to diffusion, and may
undergo ion-molecule reactions with the neutral
gas. %'hen the ions reach the bottom of the drift
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FIG. 1. Interiro components of the
drift tube and ion-sampling apparatus.
The drift tube is vertical, with the ion
source toward the top. The exit aperture
plate separates the "high-pressure"
drift region from the evacuated re-
gions below it.
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tube, those close to the axis are swept out through
the exit aperture, and the core of the emerging jet
of ions and gas molecules is cut out by a conical
skimmer and directed into a radio-frequency quad-
rupole mass spectrometer. Ions of only a selected
charge-to-mass ratio traverse the length of the
spectrometer; all other ions are rejected in the
mass-selection process. The selected ions are
then detected individually by an electron multiplier
operated as a pulse counter, and the resulting
pulses are electronically sorted as to their arrival
time by .a 256- channel time-of-flight analyzer. A

spectrum of arrival times is built up by accumulat-
ing data from about 10 ion bursts for a given source
position, to provide a time profile of the swarm of
ions of the given species at a particular distance
from the ion entrance aperture.

IV. MOBII.ITIES

The differential equation describing the number
density of an ion species created only in the source,
gated into the drift tube as an axially thin disk of
constant areal number density s and radius ro, and
diffusing and reacting as it drifts down the drift
tube, is

sn(x, y, s, t) en ~n
=Dr

~ 2+~ s

en sn
+D~ &z2 " ~z

—v —-en

+ sS(x~+y2 —boa) II(z)6(t), (4)

where & is the depleting reaction frequency and

S(p) = 0 if qr &0, S(y) = 1 otherwise. From the solu-
tion of this equation one can obtain an equation for
the flux of ions leaving an exit aperture of area a
located on. the axis z cm from the source":

4(s, t) = [ase "'/4(mD/, t)~/2] (v„+s/t)

&&(1&M/0D4rf)&-'tv-v&t) /4D&t

Figure 2 compares the experimental results (shown

as the histogram) and the predictions of this equa-
tion (shown as the solid curve).

If the mean arrival time, defined by
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FIG. 2. Sample experimental arrival-time spectrum
(histogram) compared with the corresponding best-fit ana-
lytical profile (smooth curve). The curve-fitting pro-
cedure used to obtain the latter is described in Sec. V.
The slight disagreement between the shapes of the experi-
mental and analytical spectra may be attributable to the
asymmetry of the ionic velocity distribution at the high
E/N employed for the measurement [J. H. Wheaton
(unpublished) ].



686 J. H. SCHUMMERS et al.
2.2 I, I I I

/
I I I I

2.0—

0'

E 1.8—

I
1 0

CCI

CI

1.4—
CJ

Cl
LU

1.2

1.0

1.90

4
CO ~ CO

~y hg(q~+ly ~

~ 0 ~ ~

CO AND CO ' CO IN

CARBON MONOXIDE (300 K)

I I

10

E/N (TfI)

ee

4

e. CO

4

I I I

1000
I I

100

t = f tC(t)dt/f 4(t)dt,

is used to calculate the drift velocity v~= z/ t, then
two corrections to the drift-velocity calculation
must be considered. These corrections arise
from the fact that we are making time averages at
a fixed distance instead of space averages at a
fixed time. One of the corrections is due to longi-
tudinal and transverse diffusion, and one is due to
longitudinal diffusion and a depleting reaction rate. '
Both of these corrections can be estimated analyt-
ically. The pure diffusion term is virtually elim-
inated by the use of a differencing technique in
the drift-velocity calculation, where the drift veloc-
ity is obtained from the difference in mean arrival
times for two or more drift distances, v~= (z; —z&)/
(t~ —t~). The combination diffusion-reaction cor-
rection cannot be so eliminated, and the appropri-
ate correction must be applied to the drift-velocity
results. " It should be noted that for most of the
data presented here, the reaction correction was
within the scatter of the data and could be ignored.

Figures 3 and 4 show the reduced-mobility values
for CO', CO' ~ CO, and C+ ions in CO at 300'K as
a function of E/N. In the case of CO', the ion-
molecule reaction converting CO' into CO' ~ CO
prevented us from obtaining data at values of E/N
low enough to determine the zero-field mobility.
The zero-field reduced mobilities of CO' ~ CO and
C' are 1.90+ 0. 03 and 2. Va 0. 1 cm /V sec, respec-
tively.

FIG. 3. Experimental mobility data for CO' and CO'' CO
ions in carbon monoxide gas at 300'K. The number 1.90
by the arrow at the left-hand side of the drawing indicates
the zero-field value of &0 for CO' ' CO ions in CO obtained
by extrapolating the experimental data. The data for CO'
do not extend to E/N low enough for a determination of the
zero-field value of &0.
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FIG. 4. Experimental mobility data for C' ions in
carbon monoxide gas at 300'K. The scatter in the data
at low E/N is due mainly to the very low abundance of the
C' ions under low-field conditions. The number 2. 7 by
the arrow at the left-hand side of the drawing indicates
the zero-field value of Eo obtained by extrapolating the ex-
perirnental data. The rise in the mobility at very high
E/N is unusual, but experimental checks lead us to be-
lieve that it is not an experimental artifact.

CO' and C' are true primary ions, created by
electron-impact within the ion source. By keeping
the gas pressure relatively low within the drift
tube, the effects of depleting reactions can be made
small or insignificant. CO' ~ CO, however, is a
reaction-produced ion. At relatively high pressures,
the ion-molecule reaction (1) can be driven to com-
pletion early in the drift, and meaningful results
can be obtained for the reaction-produced ions also.

The principal source of error in measurements
of the mobility of CO' and CO' CO was in the
pressure measurement. The accuracy of the MES
"Baratron" was checked by remeasuring the mobil-
ity of potassium ions in nitrogen gas at low values
of E/N, a measurement made by several experi-
menters' and considered well known. The accu-
racy of the pressure measurements is estimated
to be 1%. For C' ions, the principal source of
error is due to the random scatter in the mean-
arrival-time measurements. This random scatter
was larger in the case of C' ions than for the other
ions due to the low abundance of the C' ions. C'
is formed by electron impact much less frequently
than is CO'. lf the total ion production had been
increased in order to increase the number of C'
ions formed, the space-charge effects due to the
other, more numerous, ions could have distorted
the results obtained for C'. This effect was noticed
in hydrogen by Albritton et aE. 7 while studying
the mobility of H' in hydrogen. In that case Hs' was
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the more abundant ionic species. The random
error for the C' arrival-time measurements was
about a 3. 0%, significantly decreasing the accuracy
of this measurement.

Two other minor reactions were detected, each
contributing slightly to the possible error bars,
but neither believed to contribute significantly to
the results. The charge-exchange reaction C'+ CO- C+CO' was indicated by a small number of CO'
ions arriving at the detector with abnormally short
drift times. The fastest ion observed was C', and
the leading edge of the CO+ arrival-time spectrum
corresponded to the drift velocity of C . As with
the clustering reaction (l), ions apparently drifted
part of the drift distance as C', reacted with the
CO gas molecules, and drifted the rest of the way
as CO'.

The other minor reaction observed was the break-
up of the CO' ~ CO cluster: CO' ~ CO+ CO- CO'
+ 2CO. The evidence of this reaction was the arriv-'
al of CO' ions with the drift times corresponding
to the dimer ions and not characteristic of CO'.
These fast CO' ions did not have drift times as
short as ions traveling partially as C', but they
formed a small peak about the drift time of CO' CO.

Impurities with masses in the range of 41-47
amu were seen on occasion, but these impurities
were removable by exposing the input gas to a
refrigerating-vapor-bath cold trap for a period of
several days. ' No errors were believed to have
been caused by the impurities when they were pres-
ent.

wide limits and examining the resulting changes in
our final values of Dl.—these changes were very
small. Since the ion-source density s is not a
measured quantity and several experimental. trans-
mission factors are not known, a normalization
between the experimental arrival-time spectra and
the theoretical profiles must be made. In order to
reduce the effects of random scatter in the normali-
zation of the experimental spectrum, the data are
smoothed before the determination of the peak
height is made. The unsmoothed data are used for
the actual comparison with the theory, however.

As noted in the paper by Snuggs et a/. ,
' in addi-

tion to the smoothing normalization, the experi-
mental spectrum must be shifted in time with re-
spect to the theoretical profile, since the theoreti-
cal profile contains no allowance for end effects
(such as the time required for the ions to travel
from the drift-tube exit aperture to the detector).
This shift is made initially by matching the peaks
of the profiles in time, and then the detailed curve
fitting is begun. First, a reasonable match is ob-
tained by varying the value of Dz. Step (l): This
procedure involves the examination of the sum of
cubed differences on both sides of the peak of the
experimental profile and the adjustment of DI, in
order to make these differences a minimum. The
cubes of the differences are used instead of the
squares in order to retain the sign of the differ-
ences. Step (2): Then a secondary over-all time ad-

V. LONGITUDINAI DIFFUSION COEFFICIENTS 1p20
I I

1o20
I

No statistical characteristic of the arrival-time
spectrum has been found that measures the longi-
tudinal-diffusion coefficient as accurately as the
mean arrival time measures the drift velocity.
Qualitatively, the width of the spectrum is a func-
tion of the longitudinal-diffusion coefficient, but
the only way we have found to determine DI, accu-
rately is by a computerized curve-fitting procedure.

Basically, the curve-fitting procedure involves
the matching of an experimental arrival-time
spectrum with the analytical function described by
Eq. (5), starting with an assumed value of D~
which can be varied until the best fit is achieved.
This matching procedure might be assumed to re-
quire a many-parameter fit, since (5) contains
several parameters that have not been determined.
However, it was shown by Moseley et al. ' that D~
and u strongly affect only the over-all magnitude
of the spectrum; their effect on the shape of the
spectrum is very weak. In the analysis used on the
data presented in this paper, D~ was set equal to
DI, and n was set equal to zero. Checks on the
propriety of our assignment of the indicated values
to D~ were made by varying these values between
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FIG. 5. Experimental results (symbols) on longitudinal
diffusion of CO' and K' ions in CO at 300'K. N is the gas
number density and D& is the longitudinal-diffusion coef-
ficient. The solid curve is a plot of a theoretical expres-
sion for NDI, of K' ions in CO, described in Ref. 20. The
accuracy of the K' experimental data is believed to be high
at E/N below 225 Td, but gradually decreases as E/N is
raised above this value, as explained in Ref. 20.
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justment is made by translating the experimental
spectrum in time until the best fit is obtained.
Subsequently, steps (1) and (2) are repeated as
necessary to determine the best final value of DI, .

Of the ionic species discussed thus far in this
paper, CO' is the only one for which diffusion co-
efficients are reported. Except for the very lowest
values of E/N and, therefore, the highest values
of N, the arrival-time spectra of CO' CO were
influenced by the production of dimer iong in the
drift tube and, therefore, could not be adequately
represented by Eq. (5). Our experimental values
of DI, for CO' ~ CO at low values of E/N merely
confirmed the prediction of the Einstein equation
(2). In the case of C' the inadequate statistics that
introduced the large random error in the measure-
ment of K made DI, virtually impossible to mea-
sure. The measurement of the drift velocity re-
quires only a knowledge of the first moment of the
arrival-time distribution, while the measurement

of the longitudinal-diffusion coefficient requires
matching the entire arrival-time distribution.
Errors due to poor statistics do not affect the de-
termination of the first moment as greatly as they
affect the matching of the entire distribution.

Figure 5 shows the diffusion coefficients for CO'

ions in CO. Since Dz, varies as 1/N, the results
are expressed as the product NDI, vs E/N. The
data cover the range of E/N from 14 to 660 Td.
The values of NDI, for K" ions in CO are presented
in another paper, and are shown here only for
comparison with the results for CO'. The striking
difference between the two sets of data is the very
small increase in value of NDI, for CO'with in-
creasing E/N when compared with NDI, for K'.
The slower increase in NDI, for CO' may be attrib-
uted to the role that resonant charge exchange plays
in the total scattering interaction for these ions.
Similar behavior has been seen for Nz' in N2,
02' and 03" in 02, and NO' in NO.
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