
PHYSICAL REVIEW A VOLUME 29, NUMBER 6

Transverse diffusion of Ar+ and Ar~+ in Ar
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The ratio of the transverse-diffusion coefficient to the mobility determines the transverse Gauss-
ian spreading of a pencil beam of ions pulled through a buffer gas by a uniform electric field. The
mathematical basis for this effect is reviewed and a precision apparatus to measure the transverse

spread is described. Measurements of the transverse diffusion of Ar+ and Ar2+ in Ar in the pres-
sure range from 0.2 to 0.6 Torr at room temperature for E/X values ranging from 30 to 290 Td are
presented and discussed (I Td= IO ' V crn2).

I. INTRODUCTION

The irreversible dispersal of an initially confined collec-
tion ("swarm") of particles in a static gas in which the
mean free path between collisions is small compared with
the dimensions of the space in which the observations are

usually called diffusion. Tlie history
theoietical underp1nnings of the diffusion of charged par-
ticles have been well discussed by McDaniel and
Mason'i' and Huxley and Crompton. In general, the
number density of particles undergoing diffusion as a
function of space and time can be characterized in a very
precise and orderly way by the diffusion equation, even
though the individual particles are undergoing completely
uncorrelated and random motions.

When the diffusing particles are ions and a constant
electric field is present, we find, excepting cases of "runa-
way,

" ' that the swarm develops a constant drift velocity
in the direction of the electric field and that the rate of
diffusion becomes anisotropic. We consider here only ion
densities so small that the effects of mutual electrostatic
repulsion are negligible. The diffusion equation must be
modified (see, for example, McDaniel and Mason" ') by
the introduction of a diagonal diffusion tensor, with DT
being the coefficient of transverse (or lateral) diffusion,
characterizing the rate of dispersal perpendicular to the
applied field, and DL, being the coefficient of longitudinal
diffusion characterizing the diffusion along the field. An
additional term must be included as well for the drifting
of the swarm. If particles are removed or added to the
swarm (by reactions with the buffer gas or other reactant
gas), we must also include a corresponding term in the
modified diffusion equation. In Sec. II we display this
diffusion equation and discuss the relevant "steady-state"
solutions.

This paper describes in some detail a new method for
the measurement of DT and discusses results for Ar+ and
Ar + in Ar. A thesis based on this work at an earlier
stage was presented by Sejkora, and a preliminary report
on measurements on the diffusion of Nz+ in Nz has been
glvcn.

The strategies used by experimenters in measuring DT
involve studying the variation of the swarm density under
controlled conditions for which tractable solutions to the

diffusion equation are known, thereby allowing the extrac-
tion of Dr. Thus the method used by Townsend and
subsequently Skullerud, Rees and co-workers, ' and
Stefansson" is to sense the transverse spreading of the
swarm lateral to the field by directly measuring the
current density onto two half-plates as a function of trans-
verse distance (r) from the field axis (z) along which the
swarm enters the diffusion region.

Another method is that of McDaniel and co-
workers' ' in which the variation in axial current densi-
ty is determined as a function of distance along the direc-
tion (z) of the electric field.

A third method is that of Varney et al. ' who mea-
sured the variation in the axial current density as a func-
tion of the drift velocity (or E/Ã. We shall have more to
say about this technique in Sec. II, in discussing solutions
to the diffusion equation.

The method we describe here belongs to the Townsend
tradition in that we measure the lateral distribution of the
swarm directly. It differs, however, in two important
respects from the Townsend method: the current density
is sensed at individual points, rather than as integrals over
two electrodes, and the particles detected are mass-
analyzed to select the particular species we wish to study.

The scientific motivation for undertaking precise mea-
surements of DT, beyond its intrinsic interest, is that DT,
in conjunction with DL, is particularly sensitive to the
long-range part of the ion-neutral interaction potential,
which is difficult to study in other ways. "" Specifical-
ly, D~ is very sensitive to the large-angle scattering cross
section.

In Sec. III we describe the apparatus used in our mea-
surements, which are described in Sec. IV. The results of
measurements of Ar+ and Ar+ diffusing in Ar are
presented in Sec. V and discussed in Sec. VI.

A. Diffusion equation

The starting point in the analysis of diffusion measure-
mcnts of ions 1n a gas under thc lnflucncc of a uniform
field is the modified diffusion equation. "" For cylindri-
cal symmetry, we may write
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where n =n(—r,z, t) is the number density of a single
species of ions at z, r (axial and radial coordinates, respec-
tively) at time t. a is the rate of loss of these ions per unit
time due to reactions with reactants which are assumed to
be uniformly dispersed throughout the volume. The dif-
fusion coefficients are functions of the temperature, re-
duced electric field (electric field E divided by the neutral
gas number density N, the kind of ion, and the composi-
tion of the buffer gas. w is the drift velocity of the ions
through the gas under the influence of a constant, uni-
form electric field E. Thus

w =LE,
where K is the mobility, which depends upon the same
variables as do the diffusion coefficients.

where K. is the Bessel function of imaginary argument.
In our case v= ——,', for which

E &yp(z)=(w/2z) e

The integral then becomes
I —I /2

n (r,z)=,&z exp[zw/2' —2(Py)' ],
8 DpDL

&o 1
n (r,z) =

4~Drz (1+&)~~2

&&exp [1—(1+5)'~ (I+e)'~ ]
2DL

where 5=4DL, a/w and e=r DL/z Dz.. For the case
where 6 and e are small compared with 1, we can write

B. The "big-bang" solution

As has been demonstrated by, for example, McDaniel
and Mason, "' the solution to the diffusion equation for a
point source of ions located at z =r =0 which emits a
vanishingly narrow pulse of np ions at time t =0, where
all boundaries are ignored, is

np
n (r,z, t) =

(4~r)' 'D D' '

Pl 0
n (r,z) = exp

4mDyz

w

4ZD~

This formula may be obtained in a plausible, if not con-
vincing way, suggested by Huxley and Crompton, by put-
ting DL, ——0 in Eq. (6), which results in the expression

I
no " dr 7n(r, z)= exp —a~-

4~Dz-w 4Dz-~

p
2

g exp —at-
4Dz-t

(z —wt)'

4DL, t
(3)

X5(r—z/w), (12)

giving immediately Eq. (11), where 5 is the Dirac 5 func-
tion.

A steady-state solution for the case when the point
source emits a steady stream of ions, rather than a singu-
lar pulse, can be constructed from the above time-
dependent solution as follows. Set

I
flp =71pQ7 0 ~ (4)

d~r exp ———y~0

where P=r /4Dz+z /4DL, and y=w /4DL, +a.
In Gradshteyn and Ryzhitz' we find

J x' 'e ~~" r"dx =2(p/y)'~ E„(2v py),

the number of ions emitted in the time interval d~p at
time ro, where no is a constant rate (number per unit
time). The number density at r,z from such a source that
has been emitting for a long time is

t
n (r,z) = J dion (r,z, t —ro)no/no

where the variable of integration is ~0, following from Eq.
(4).

If we make the substitution r = t ro in Eq. (5), we—can
write

n (r,z) = dr n (r, rz)n /ono, (6)
p

where ~ is now the variable of integration. Explicitly,
n0 exp(zw /2DL )

n (r,z)=
(4~)'"D,D,'"

C. Particle current density

We measure particle current density rather than ion
volume density. If the sampling aperture does not unduly
distort the drift field in its vicinity, we expect the particle
currerit density j to be related to the ion volume density n

by the formula (McDaniel and Mason"')

j=wn —DL n . (13)

In the case of Eq. (11)

1 r w aj = w+DL —— +— n
z 4z D~ w

(14)

For present conditions, one can also safely neglect the
second term so that

D. Basic formula for further analysis

The complete expression for the current of ions arriving
at point r,z is obtained by combining Eqs. (10) and (14):

j = weal

We see, then, that if the quantity [X+] of Varney
et al. ' is interpreted as particle current density, this for-
mulation agrees with their analysis. The analysis of the
present data, as we shall see, does not depend (more than a
negligible amount) on whether one uses particle current or
ion volume density.
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j(r,z) =

4T QZ
1 ——+—+ {1—e), , (16)

4 4 ziv (1+e)'~z
j(x,y) =1(x)l(y),

P

where I' = (zw /2Dr. ) I I —[(I+5)(1+e)]'~zI, with 5 and e
as defined for Eq. (10). The quantity I', when expanded
to second order in 5 and e and simplified, becomes For b «1/A, , we can write

I(x)=e " I dg[1+2k xi+A, {2A, x —1)g

Since, even at the most unfavorable conditions [p =0.1

Torr, E/%=20 Td (1 Td—= 10 ' Vcm ), r =3 mm,
a = 1500 sec '], we expect e and 5 to be less than 0.01, we
have ignored them for the rest of the treatment. In prin-
ciple, although not done here, one can correct the results
for the small systematic shifts stemming from this ap-
proximation. Note that the influence of a on the r depen-
dence comes only through 5.

With the above approximations, and remembering that
the transverse diffusion coefficient DT in the present
method is determined from only the dependence of j upon
r„wc cail tRkc, for' oui furthcl RnRlysis, tllc particle
current density

j(r) =j(0)exp( r iJ/4D—Tz),

where j(0)=(now/4mDzz)exp( —az/w), and no is the
particle current emitted by thc soUI'cc.

E. ModiflcatioG of foHDU18 for R slit SOUlce

of flite &width

I.et us now determine the particle current density at
point x,y, z from a slit source of length 2a and width 2b
at z =0. (See Fig. 1.) If the particle current density from
point g, ri on the source aperture arriving at x =g,y =rI at
the detector is jodgdri, then t:he total particle current den-

sity arriving at an arbitrary x and y, assuming jo does not
depend upon g, is given by

j(x,y)= I I dgdrljo(rl)

&(expI —A, [(x —g)z+(y —r))1]],

where A,z= ul/4Drz.
Thc criticR1 point is that dcpcndcnccs OQ x Rnd g

separate The in.tegral on r), I(y), we need not evaluate
except to note that the source intensity can in fact depend
upon ll without affecting the distribution of the diffusing
ions along thc x axis. ThUs

FIG. 1. Geometxy of the sogrce slit, looking along the z axis.

I(x)—2be ~" [1+—'A, 'b'(2A, ' x' —1)+ ] {22)

Since (ln2)'~ /A, is the half-width at half maximum of
the profile, we can neglect any deviation from Gaussian x
dependence as long as the slit width is much smaller than
that of the profile.

Thus, if the x dependence of the ion current is deter-
mined keeping y constant (that is, moving perpendicular
to tllc narrow slit) wc can write, wltll vcl'y good Rppl'oxl-
mation,

j(x)=j(0)exp( xw/4D—Tz) . (23)

j(0)= (ie/4nDTz) exp( —az/ic),
Io I /2

2Q
(26)

where Io 1s thc 1on current passing through the cntrancc
slit.

III. APPARATUS

A. Overview

Figure 2 presents a schematic view of the essential ap-
paratus used in the measurement of DT/K. The key ele-
ments are the ion source IQ which can be translated la-
terally, normal to thc entrance slit I w1th 8 prccls1on stage
S, the ion diffusion region D in which a very uniform,
variable electric field can be maintained, the exit aperture
E fixed on the axis of symmetry, and the quadrupole
mass filter QMF which can be tuned to pass only the
desired ion species into the cbanneltron detector C. The
metal used is nonmagnetic stainless steel. In what follows
we shall give more specific details. An earlier brief
description has been also given by Sejkora et cI.

This equation, then, is the basis for our analysis of the ex-
pcr11Tlental data.

Note that, although this is unnecessary for our analysis,
a further reasonable approximation can be made, namely-,
that Jo docs Qot dcpcnd Upon 'g and that thc slit is very
long, so that

I(y)=jo I drlexp[ —A, (y —q) ], (24)

which gives

I(y)=j0(4nDTz/ic)'~

Thus in this case we can give an explicit expression for
j(0),
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FIG. 2. Schematic view of the transverse diffusion ap-
paratus, showing essential details. See Sec. III.

B. Gas inlet system

Special care was taken so that the gases used in the ex-
periment were of very high purity. For this reason the gas
inlet and mixing system of glass and stainless steel can be
baked at 300'C and can be pumped to a high vacuum.
Separate spectrographic quality gases or gas mixtures at
different pressures can be fed into the ion source and dif-
fusion drift region; the working pressure (0.1—1 Torr) in
these regions is measured with capacitance gauges. The
Ar used for the measurements described in this paper has
impurity levels of less than 5 ppm. In this case the source
and the drift space were always kept the same pressure.
The high vacuum is measured with an ionization gauge.
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FIG. 4. Schematic diagram of electrical connections.

C. Ion source

Different ion sources can be interchangeably attached
to the ion-source mounting stage with its associated gas
and electrical feed-throughs. The source for these mea-
surements is based on o,-particle emission. It follows an
earlier conception by Crompton and Elford and has been
described in detail by Hilchenbach and briefly by
Sejkora et al. ' ' Since a detailed paper on this source is
planned, only the more relevant features will be described
here. A cross section through the longitudinal axis of the
source is displayed in Fig. 3. The electrical connections
are shown in Fig. 4.
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FIG. 3. Schematic view of the ion source. Ionization within
the source is produced by Townsend avalanches initiated by a
particles from the 'Am foil.

The source operates as follows, best understood by
referring to Fig. 3. Alpha particles (5.5 MeV) from the
9.7&10 Bq (2.6 mCi) 'Am foil enter region A, where
the gas pressure is typically 0.3 Torr. The potential is ad-
justed (150—250 V) so that Townsend avalanches occur in
the radial field in A, thereby greatly enhancing the ioniza-
tion occurring in the gas. The electrons produced in re-
gion A then enter the nearly field-free region 8 where
ions are produced by electron impact, as well as by the
original a particles. Approximately 2% of the resulting
ions are extracted through the entrance slit with the help
of the potential UGE (typically 70 V) applied to the en-
trance slit shutter. Since the half-life of 'Am is -460
years, " the current output from this source is quite
steady, if other conditions are maintained.

The properties of this source which are especially im-
portant for our measurements are (1) high stability for ion
currents even below 10 pA, (2) working pressures above
0.1 Torr, and (3) no temperature gradients.

D. Source displacement

The ion-source mount is attached to a dovetail stage
which can be driven by a precision screw to provide care-
fully controlled translation perpendicular to the axis of
symmetry of the drift tube. The dovetail mechanism
prevents any tilting of the source mount. Bearing surfaces
are ground flat to 0.001 mm. The stepping motor, which
is computer controlled, operates at a frequency of SO Hz.
The displacement of the entrance slit, mounted on the
source holder, can be controlled with an accuracy of at
least 0.01 mm. As can be seen in Fig. 2, the vacuum seal
between the dovetail and the drift chamber is formed by
stainless-steel bellows.
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E. The entrance slit

The ions enter the diffusion region from the ion source
under the influence of the extraction potential UOE, dis-
cussed above. The entrance slit formed by two knife
edges of stainless steel, and whose length 2a =20 mm, is
adjusted to have a precise width of 2b =0.2 mm.

F. The diffusion region

The diffusion region consists of a cylindrical drift tube
161 mm long Rnd 114 mm In d1RIQctcr as scen in F1g. 2.
The uniform electric field is applied through a series of
right "drift rings" whose potential differences are main-
tained by a chain of resistors with 500-Q trimmers, across
a doubly stabilized, voltage-regulated poweI supply, as
shown in Fig. 4. As demonstrated by Albritton, such a
configuration of drift rings with constant potential differ-
ences results in a very uniform electric field. In our case,
with a center-to-center spacing of the drift rings of 23
mm, an inter-ring gap of 3 mm, and an inside diameter of
the rings of 114 mm, it can be shown~ that a constant-
field region is thereby produced such that in a cylinder 80
mm in diameter, centered on the axis of symmetry, the
largest field deviation at any point is no larger than 1.4%
of the average field. Deviations within a cylinder of 40
mm diameter, centered within the larger one, are only
0.01%. Howcvcl, w11cll tllc cylllldflcR1 source ls IIlscftcd
into this uniform field, severe distortion occurs. This dis-
tortion is compensated for as follows. The entrance
shutter is maintained at the same potential as the third
drift ring, as the two have the same axial position; the
coupllQg ls 1ndlcatcd by thc dotted 11nc 1Q Flg. 4. Thc
first two drift rings, Dl and DI, are maintamed with a
larger potential difference than the others. By a semi-
cmplr1cal IIlcans, using Hc 1Q Hc, as well as by direct
computation, one can demonstrate that, if the inter-ring
gap potential for Dl and DI, and DI and DI is main-
tained at 2.0 times the inter-ring gap potential for the
remaining rings, a reasonably uniform field results. This
compensation is accomplished by adjusting resistors R1
and 8.2 to 20 kQ. The other resistors in the chain are 10
kQ. Further discussion of the field problem is given
under Sec. IV 84.

The drift tube can routinely be baked out under high
vacuum Rt 300 C 1Q order to I'cducc posslblc contamlnants
in the buffer gas. For measurements of the diffusion con-
stant, buffer gas pressures ranging from 0.1 to 1 Torr are
maintained via a feedback loop. For the, present measure-
ments, the drift chamber pressure was monitored with a
pI'cc1sc capacltancc manometer.

G. Thc exit aperture

As with the entrance slit, special care must be taken
with the exit aperture to insure that the current density
mcasurcmcnt not bc distorted by 1nhoIIlogcncous f1clds
and colltaIQ1nants. Thc cx1t apcrtulc R clI'culRI hole 0.15
mm in diameter, is machined from stainless steel. The
surface of the exit shutter was machined as flat and
scratch-free as possible, with the edges of the circular hole
almost knifelike (the edge thickness is 0.05 mm) to mini-

mizc tI'Rnsltlon losses.
Great care was taken to insure that the exit shutter was

free of surface contamination. The exit shutter, although
electrically isolated to allow the measurement of the total
ion current, is maintained at ground potential as is thc
eighth drift ring Ds.

H. The mass-analyzed detection system

Ions passing through the exit aperture from the dif-
fusioI1 I'cgioli lilto RI1 analyzer fcgioll A (Fig. 2), wllcfc tllc
pressure is 10 Torr, Rre accelerated by an extraction
electrode (typically 50 V) into a quadrupole mass filter.
The potential difference between the quadrupole bias and
the exit shutter (typically 30 V) determines the kinetic en-
ergy of the ions entering the mass filter, as the kinetic en-
ergy of ions in the drift tube is much smaller. The ions
transmitted by the mass filter enter a Channeltron detec-
tor C, whose entrance aperture is biased at —3 kV, where
current pulses are formed and passed on for electronic
analysis.

I. The data-acquisition system

A thorough discussion of the microprocessor-controlled
data acquisition is presented by Sejkora. At the heart of
the system is a microcomputer whose central processing
unit is the Intel 8080 chip. Operator access to the system
is through a visual display terminal. Working storage is a
48-kbyte RAM (1 kbyte=1024X8 binary digits; RAM is
random access memory); data stol'Rgc Is upoll "Inlill flop-
py disks" with a storage capacity of 100 kbyte per disk
through a floppy disk drive.

Since the ion source with the stepping motor and its
control logic reside at a substantial positive potential,
while thc control clcctroI11cs Rrc kept Rt ground, 1t 1s

necessary to optically couple the stepping motor control
logic to the computer interface carrying instructions to
thc stcpp1ng IDotor.

IV. DATA ANALYSIS

A. Determination of D~/L

At a given E/X and for a specified set of operating
conditions, we have the raw data on a run over the ion
density profile for a number of distances from the axis of
symmetry of the diffusion chamber. The data for such a
run consist of a set of displacements p; (typically 8 to 10)
with R corresponding set of current measurements IJ
(typically 5 to 10) for each p;. For each i, an average I; is
computed along with its standard deviation o.;. Figure 5
shows a typical ion density profile for Ar+ in Ar after
these operations have been performed. The solid line
through the points is the result of fitting to Eq. (23). The
value of the quantity Dz /E is extracted from the best fit.

B. Pitting the model to the profile

As wc hRvc scen 1n Scc. II, to a very good Rpproxima™
tloil, tlm current density pl.ofllc Is expected to liavc tllc
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subtracting a background from the data in instances when
a background is discovered.

140—

CO

100—
0
O
z0 60—

20—
-4

RELATIVE SOURCE POSITION (mm)

2. Parameter measurements

Uncertainties in the drift distance z and the electric
field are less than 1%. The buffer gas pressure was moni-
tored using a capacitance gauge, with a feedback loop to
hold the drift pressure constant at the desired value. Al-
though the gauge and its associated electronics were
temperature-stabilized, some drift in the zero-point setting
occurs, which was observed by periodically evacuating the
chamber. For this reason, one expects that the pressure of
the drift region was uncertain in these measurements, in a
random way from point to point, by approximately +3%.

FIG. 5. Typical ion density profile for Ar+ in Ar. Solid line

joins fitted points.

form given by Eq. (23) when the physics involved can be
described by Eq. (1). By fitting our data to the model,
then, we can check our hypothesis of simple diffusion and

extract as well, from the best fit, the value of the quantity
DT/K.

Let us rewrite Eq. (23) as

9. Space-charge effects

In order to insure that the broadening of the ion density
profile was not unduly enhanced by mutual repulsion
among the ions, a study of apparent DT/K was made as a
function of source current. The results of this study, for
p-0. 3 Torr and E/N-140 Td, are displayed in Fig. 6.
Since the currents used in making the actual DT/K mea-
surements lie between 1 and 10 pA, space-charge effects
evidently play no role. (See also discussion in Ref. 11.)

I (p; ) =(R /Q)exp[ —(p; —M)'/Q'], (27)
4. Drift field

where M is introduced to include the possibility of an
offset to the p;=0 point from the axis of the apparatus.
Here

Q =4zDT/KE

n

yz(Q, R,M)= $ [I; I(p;)] /tr; . — (28)

The errors shown for our measurements are based on
the standard deviation on the fit for Q, which is taken to
be the change in Q that increases X by 1 above its
minimum (best-fit) values. The minimum values of X ob-
tained by this method are quite consistent with the validi-
ty of the putative form of the results given by Eq. (27).

C. Systematic errors

and, if Eq. (26) were applicable, for example,

R =(Io/2V ma)exp( —az/w) .

A fitting of the function given by Eq. (27) is accom-
plished by adjusting the parameters Q, R, and M to mini-
mize X, defined as (typically)

~ 60

m 40

I J I I & &

l

Ar+ in Ar

0
o

As mentioned in Sec. IIIF above, the presence of the
metal ion source housing in the drift region produces dis-
tortions which must be corrected. Compensation for these
distortions was made by increasing the potentials applied
to drift rings Di and Dz. The values for the intergap po-
tential difference were determined by an empirical
method: The apparent value of DT/K for He+ in He at
50 Td and 0.674 Torr was measured as a function of the
ratio of the inter-ring gap potential differences between
Di and Dz, and D2 and D3 (kept the same) to that of the
gap potentials between the remaining (also kept the same).
When this ratio was very near 2.0, the measured value of
DT/K agreed with that predicted by Sinha et al. ,

z7 which
we judged was likely to be a reasonably precise and accu-
rate value. (See also Waldman et al. )

A computer model of the drift field indicates that the
electric field at the exit slit may be 3%%uo less than the field
near the source. Simple considerations lead us to estimate
that our measurements may be systematically 3%%uo too

1. Backgrounds

Normally no background is encountered under the
Gaussian profile of diffusing particles at the detector.
The presence of background would be evident when the
mass spectrometer is detuned or if the ion source is turned
off. However, the fitting program has the capability of

1 I i i'll
5 7 10

Source Current ( pA j

20

FIG. 6. Check for possible space-charge effects.
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large, as a result of this field variation. This correction
has not been applied to the data. E/X (Td) Dq/K (mV) p (Torr)

TABLE I. Ar+ on Ar.

V. RESULTS FOR Ar+ AND Ar + in Ar

A. Ar+ in Ar

Figure 7 displays our present data taken at 298 K. The
error bars along the vertical axis refiect the results of er-
ror analysis discussed above, but do not include any esti-
mate of the possible effects of systematic errors. The data
are also tabulated in Table I. There is no apparent sys-
tematic pressure effect; the scatter among the experimen-
tal points then gives us an intrinsic estimate of the experi-
mental error. The earlier (smoothed) data of Varney
et a1. ' are included for comparison.

B. Ar~+ in Ar

Figure 8 displays measurements of Ar +, which are
listed in Table II, taken under the same circumstances as
Ar+. Since the ratio of ion currents Ar + to Ar+ coming
from the ion source was small, these data are based on
lower counting rates than those for Ar+. Measurements
below 50 Td were especially difficult. Repeated measure-
ments at 50 Td, given in Table II, give an internal esti-
mate of the experimental (nonsystematic) error. The stan-
dard deviation of 0.6 mV is somewhat larger than the er-
rors arising from the Gaussian fit alone. There is no obvi-
ous pressure dependence.

30
40
50
60

69
70

90
100

110
130
150

170

190

210

230

250
270
290

27.3+0.4
28.0+0.3
29.1+0.5
29.7+0.3
30.7+0.2
30.3+0.3
31.3+0.3
28.0+0.4
32.6+0.5
32.0+0.3
32.5+0.3
34.5+0.4
36.4+0.4
38.8+0.4
37.5+0.3
37.4+0.5
39.1+0.5
41.2+0.3
42.7+0.5
43.3+0.4
42.8+0.4
42.9+0.3
44.9+0.4
46.5+0.6
45.7+0.4
47.1+0.5
48.3%0.4

0.39
0.57
0.39
0.57
0.39
0.57
0.39
0.33
0.33
0.39
0.25
0.33
0.33
0.33
0.33
0.24
0.33
0.24
0.24
0.33
0.24
0.21
0.21
0.24
0.16
0.16
0.16

8.1
3.0
3.7
2.3
3.9
1.9
0.8
7.2
4.7
44
0.9
6.3
3.7
5.0
6.9
8.9
3.3
4.0
2.2
6.4
2.7
9.3
5.1

2.1

5.3
5.0
3.5

VI. DISCUSSION

In contrast with the mobility measurements of Ar+ and
Ar + in their parent gas which show a very similar
functional dependence on E/N (over the E/N range con-
sidered here the reduced mobility of Ar + is very nearly a
constant 1.06 cm /V sec more than the reduced mobility
for Ar+; at 200 Td that of Ar + is twice that of Ar+) our
measurements of Dz/K, when plotted versus E/X, Figs.
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70-

60-

2+
Ar on Ar

50-

)
E 40-

a 30

+
Ar on Ar 50-

E

40-
O

30-

20-

20-
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I

50
I I I I I
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E/N (Td )

I
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I I I

100 150 200

E/N (Td)

FIG. 7. Dz-/K for Ar+ in Ar vs E/1V. Crosses are data of
Varney et al. (Ref. 17).

FIG. 8. DT/K for Ar + in Ar vs E/N. Crosses are data of
Varney et al. (Ref. 17). Data points at 200 Td are not included
in Fig. 9 or tabulated as we regard them as unreliable.
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E/N (Td) D,rZ (mV) p (Torr)

TABLE II. Ar + on Ar. TABLE III. Fits of the function D~/K =a+ha to the ex-
perimental data and corresponding derived values for R.

30
40

50

60
80

100
120
130
140
150

170

15.9+0.4
19.2+0.3
18.3+0.4
19.6+0.3
18.4+0.3
19.4+0.4
20.5+0.4
19.9%0.3
19.7+0.4
19.8+0.4
21.0+0.4
26.9+0.5
30.2+0.7
37.6+0.8
39.8+0.9
43.1%1.2
46.0+1.1
43.7+0.9
56.0+1.0

0.57
0.57
0.39
0.76
0.67
0.57
0.57
0.48
0.39
0.30
0.57
0.48
0.25
0.26
0.25
0.26
0.26
0.25
0.76

6.0
4.0
1.9
3.2
3.8
2.7
3.4
8.0
1.6
6.3
44
6.1

1.7
4.3
1.0
2.5
2.7
3.7
0.9

7 and 8, seem to display a qualitatively different behavior.
This apparent qualitative difference between the trans-
verse diffusion measurements, however, decreases signifi-
cantly when we plot the same data versus w, as seen in
Fig. 9. In this plot, we see the two charge states are al-
most parallel; the difference in curvature seen in Figs. 7
and 8 is almost entirely removed. w is calculated using
the tabulated reduced mobilities Ko of Beaty: '

w =269KO(E/N) .

If (E/N) is in Td, w is in cm/sec.
When the data are fitted with a function of the form

DT/K =a + bw (30)

60-

we see that the slopes are indeed similar, as seen in Table
III. This apparent similarity between the two data sets at
first is perplexing, because as Varney et al. ' point out,
one expects the charge exchange cross sections, especially,

Reaction

Ar++ Ar

Range E/N
(Td)

up to 90
up to 190

all
all

a
(mV)

26.8
26.9
28.0
15.3

b

(mVsec /cm )

5.67 && 10
5.22)& 10
4.24 y 10-'
3.93g 10-'

0.345
0.311
0.242
0.531

to be very different for the two charged states. It is a re-
lief, then, to discover that the difference reappears when
we consider the theoretical interpretation of the constants
in Eq. (30).

From very basic considerations"' one can demonstrate
that

a =kT/q, (31)

a relationship known variously as the "Nernst-Townsend"
or "Einstein" relation.

The usual interpretation of b by experimentalists (e.g. ,
Alger et al. ,

' Varney et al. '
) is as an approximate ex-

pression due to %annier and discussed by Skullerud, '

b =(1+m/M)R (4m!M+3R) 'M/q, (32)

where M and m are the masses of the buffer gas and ion,
respectively, and R is identified as the ratio of the viscosi-
ty cross section to the momentum-transfer cross section,
o2/cri. The values of R, calculated from this expression,
are also given in Table III. We see that because of the
factor of 2 in q in Eq. (32), similar b values result in very
different values for R. As can be seen, our measurements
agree in form with those made earlier in Innsbruck by
Varney et al. ' Since the method of these earlier workers
involved an extrapolation to zero E/N to establish proper
normalization as well as a deliberately large attenuation of
the ions in water vapor, which was taken to be constant
over the E/N range, we regard the two sets of measure-
ments to be in reasonable agreement. The agreement on
the Ar+ seems to be excellent, whereas the values of
Dz /K for Ar + at the larger (E/N)'s are divergent. Our
results do not agree with the earlier measurement of Skul-
lerud. 8

50

)
40

300
20

I I I I I I I I I

0 10 20 30 40 50 60 70 80 90 100 110 120

w (10 cm /sec )

FIG. 9. DT/K for Ar+ {solid circles) and Ar2+ (open circles)
in Ar vs m2.

VII. CONCLUSION

Our measurements confirm the remarkably different
behavior of DT!K for the two positive ions of argon in ar-
gon observed by Varney et al. , ' using a different experi-
mental technique. * In the parametrization discussed
by Skullerud we find o2/oi ——0.242 and 0.531 for Ar+
and Ar +, respectively. The large qualitative difference
seen in the behavior of DT/K versus E!N for the two
charged states is mostly explained by the large, almost
constant difference in mobility between the two, so that
when plotted versus energy the two curves are almost
parallel.
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