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Mobilities of Mags-Identified Atomic lons in the Noble Cases*

R. Johpse. and M, T. Leu'

Physics Department
University of Pittsburgh, Pittsburgh, Pennsylvania 15260

and
Manfred A. Biondi¥

Joint Institute for Laboratory Astrophysics
University of Colorado, Boulder, Colorado 80302

ABSTRACT
A drift tube/mass spectrometer apparatus has been used to determine
tne mobilities of mass-identified atomic ions in the noble gases as a
function of E/p (dvift field/gas pressure) at T = 295 K. ‘The measured
values of the reduced mobilities uo of He+ in He, Nc+ in Ne and Ar+ in

Ar are in agreement with earlier investigations which did not employ

mass-identification. The measured value at E/p =0, uo(l}+ In ile) =

+ 0.5
- 1.0

2 -1 -1

(31.0 ) ecm” V " gsec *, 18 1in good agreement w'th quantal calculations,

but the observed decrease of My with ion energy is sumewhat sler than
that predicted by theory. The measured mobility of each of the noble gas

+

fons Nc+, Ar | ket and Xe+ in He 1s found to be ~6-12% lower than that

of the corresponding alkali ion (as detern ..ied by Tyndall's group).
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INTRODUCTION

The experimentatl study of the mobilities of posttire fons In varlous

gases has provided Information concerning the nature i {on-atom fnter-

atomic forces. This has been especiolly true wicre a related series of

fons and/or atoms (e.g. alkall fons in noble gasesl-3) has been 1investi-
gated. Unfortunately, in a number of studies the {identity of the fon
under investigation has been in doubt, and therefore the measurements
have cont'ibited 1ittle to our basic understanding. The recent use of
drift mobility tube/mass spectrometer apparatus to determine ion mobili-
ties and ion-molecule reaction rates = has corrected this problem by
providing » means for unambiguous identification of the ions under study.
We have applied an improved version of our mobilitv tube/mas: spec-
trometer apparatusq to a determination of the mobilities of lle+ in He,

+ + 4
s Ne 5 AT

Nc+ in Ne and Ar+ in Ar (lon-parent atom cases) and of i
Kf+ and Xc+ ions in He gas (unlike ion-atom cases) over the range from
295 K to ~0.4 eV fon-atom relative energy. While in the atomic 1on-
parent atom cases there 1is little need for mass spectrumetric identifica-
~ion of the lons, in the unlike ion-atom studies, the possibility of com-
plex ion formation in the gas mixtures (e.g., Hcll+ in hydrogen-helium)
necessitates positive identification of the ions under study.

The atomic ion-parent atom measurements provide a check of our mobi-
11ty determinations against well-established mobility values.lo The
study of the series of noble gas ions in helium permits a comparison with

corresponding measurements of mobilities of alkali ions in heliuml-3 to

investigate systematic differences between the two seric.. Finally, the

+
determination of the mobility of ii  in lle permits a comparison with re-
= 4
cent mcasurcmcnts11 ¥ and theoretical ca}vu'ations.]‘ |
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11, METHOD OF MFASURFEMENT

The mobility tube/mass spectrometer apparatus and the method of
determining ion mobilities have been described in detail rocentlv.q The
apparatus consists of a pulsed electron hombardment {ion source, a drift
tube in which a uniform electric field is established by a series of
guard rings, and a differentially pumped section containing a quadrupole
mass spectrometer and a channeltron electron multinlier. A pulse of ions
from the source enters on the axis of the drift section through a small
(0.4 com diam) injection orfice. (Small drawout voltages are applied in
the ion source to minimize the fon injection enerev.) The {ons traverse
the drift region, and those remaining on axis effuse through an exit
orifice (0.046 cm diam) into the differentiallv pumped mass spectrometer.
Individual i{ons are counted with the aid of a channeltron electron multi-
plier (gain ~107), and the ion counts are coherently summed over manv cvcle
repetitions in a multichannel analvzer operating in a time-of-flight mode
to determine the fon arrival spectrum.

The mobilitv 18 determined from measurements of the time required
for the ions to transit the known length of drift region (the ~ 3 to 30
usec transit time through the quadrupole spectrometer is subtracted from
the measured time). The ion transit time 1s taken as the time of arrival
of the maximu: in the {on pulse at the exit orifice. Ca]culations15 show
that, in spite of diffusion broadering, the time of maximum signal 1s
within ~1/27% of the actual transit time.

The small (~5%) inhomogeneity in the drift field near the entrance
orifice can be shown to require only a second order and therefore neglig-

fble correction to the mobility determined from the equation
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CEE NG V;;;—F; (1)
where Va is the fon deift velcclty 1n the applied drift fleld E, Vnpn
is the total voltage applied over the drift length 1.(=15.75 cm) and tL
is the ion transit time through the drift region.

Since we are unahble to vary the length of the drift region, care
must be taken to eliminate effects of ion injection at velocities exceed-
ing the drift velocitv. As described nrov-iouslv,Q after injection the 1on
pulse is returned to the entrance plate (bv reversing the drift field) where
most of the ions are absorbed. The original drift field direction is re-
stored and the lon transit time measured from this time origin. Tn prac-
tice, we have usually found negligihle difference hetween the transit time
so determined and that measured without field reversal when the drawout
voltages in the ion source are kept small.

The mobilities are mearured as a function of F/p, where p 1is the
gas pressure, and the ioris' mean energv of relative motion is calculated
using an expression derived hv Wannier16 under the assumption of a con-

stant mean free time between fon-atom collisions. According to his theorv,

the ion mean energy in the laboratory frame is given hv

3

= 1 2
€1ab = 2 kT + 5 (M+m)vd 5 (2)

where M 1is the mass of the gas atom, m the mass of the ion, Yy the
drift veiocitv, k Boltzmann's constant and T the gas temperature.

From this, the mean energy of relative motion between the ion-atom colli-

sion pairs is readily shown to he:

—— 2
kT + > M V4 . (3)

™1
n
NI




The assumption of a constant mean free time hetween collisions is
appropriate in cases where the momentum transfer cross section varies in-
versely with velocity. Such a variation is encountered In the manv cases
where the principal interaction between ion and atom is of the roint
charge-induced dipole type. However, the assumption of a constant mean free
time is poor in the case of ions drifting in their parent gas, where reson-
ant charge transfer is usually the dominant interaction. As has been
noted previouslv,7 Wannier's formula tends to overestimate the ion mean

energy by as much as a factor 4/m 1in this case.

ITT. RESULTS

A. Ton=-Parent Atom Mobilities

The measured reduced mebhilities My, of mass id- ntified Ho+ fons in

helium at 295 X are shown by the upper set of data points in Fig. 1. (In
keeping with current usage the mohilities are referred to a standard egas
density of 2.69 x 1019 cm-3.) Shown for comparison is the empirical
analytic fit17 (solid 1line) of the data of RBeaty and Pntterson]8 (1.5 <
E/p < 9.5) and of Hornhecqu (7.5 < E/p < 320). This curve also fits the
data of Biondi and ChaninZO (1.5 < E/p < 11). However, it falls ~147
below the mass-analvzed data of Madson, Oskam and ChaninA (8 < E/p < 25)
at the high FE/p end of thelr measurements

The results of our studies of Nc+ in Ne at 295 K are shown hv the
lower set of data points in Fig. 1. The solid line {is the empirical
analytic fit21 of the data of Beatvy and Pattcrson21 (2 < B/p <« 26), of
Biondi and Chanin20 (3 < E/p < 15), and of Hornhecqu (10 < ¥/p < 600),

The dashed line represent an earlier empirical analvtic fi:22 (not valid

at very low F/p) of the data of Biondi and Chanin and of Hornbeck.
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The measured mohilities of Ar+ in Ar at 295 K are shown hy the data
points in Fig. 2. The solid curve is Frost's empirical analvtic fjt22
of the data of Biondi and Chaninzo (8 < E/p < 36) and of Hornheck19

(22 < F/p < 800). The dashed curve represents the results of mass-identi-

fied studies by McAfee, Sipler and Ede]son.8

B. Unlike Ton-Atom Mohilities

The measured motilities at 295 K of H+ in He are shown hy the upper
set of data points in Fig. 3., Data taken hv the field reversal technique
(to 2liminate injection effects) are shown by the cross-type symbols, while
those taken conventionally are represented by the closed symhols. At low
helium pressures and high F/p the field reversal technique yields ~107
higher mobility values. The hyarogen pressures (3 x 1(‘_"1 to 4 x 10_2
Torr) required for H+ lon generation were not alwavs negligihle compared
to the helium pressures (0.3 - 1 Torr), necessitating up to 6% Blanc's
Law23 correction of the mobilities to correspond to the pure helium case.
The solid 1line represents the direct measurements of H+ in He and the dashed
line properly scaled measurements of D+ in He (see next section) of
Orientlz'13 for mass identified ions.

Our measurements for No+ In He are shown bv the lower set of data
points 1in Fig. 3. The Ne+ fon generation was accomplished with a very
small partial pressure of neon (- 8 x 10_4 Torr), assuring that the measure-
ments refer to the mohility of Net ions in helium,

The mohilities at 295 K for the other nohle gas ions, Ar+, Kr+, and
Xe+, in helium are shown in Fig. 4. Again, onlv verv small rartial pres-

-4 =
sur2s of argon (< 6 x 10 " Torr), krypton (< 7 x 10 $ Torr), and xenon

@=8) % 10-4 Torr) were required for appropriate fon ceneration in the helium

gas.




TV. DISCUSSTION AND CONCLUSIONS

A. Ton-Parent Atom Mobilities

Resonant charge transfer is the dominant interaction which deter-
+ + +
mines the ion mohilities in the cases He 1in He, Ne 1in Ne and Ar in Ar.
24
In such cases the momentum transfer cross section, O is calculated

to vary approximately as

I L

4 o = (kK = 0 im v)2 > (%)

where A and B are constants and v 1s the fon-atom relative velocity,

-1/2

leading to prediction of a mobility which varies roughly as (Eion)
Our data, shown in Figs. 1 and 2, show a somewhat slower decrease with
relative energy than suggested by this simple theory, the discrepancy in-
creasing as we go from helium to argon. TInclusion of polarization attrac-
tion corrections25 (largest for argon) would lead to prediction of a slower
falloff of mobility with energy.

Extrapolations of our data to FE/p = 0 (thermal energy) vield values
in quite satisfactory agreement with the experimental results of Biondi
and C’nanin20 shown by the arrows on the ordinates of Figs. 1 and 2, i.e.
uo(He+, He) = 10,5, uo(Ne+, Ne) = 4.0, and uo(Ar+, Ar) = 1.6, These
values are, in turn, in agreement with theory.za"27

The decrease in uo(He+, He) with increasing FE/p found in the
present experiment 1is slightly faster than that observed by Hombeck19
(upper solid 1line in Fig. 1). However, the present studies »f the varia-
tion of uO(Ne+, Ne) with E/p are in agreement with the data of Beaty
end Patterson21 (solid line in the lower half of Fig. 1) and of Hornbeck19
(dashed 1line). 1In the studies of uo(Ar+ in Ar), the present results are
in satisfactory agreement with the data of Biondi and Chanin20 and of

}{ornbeck19 (solid line in Fig. 2); however, they disagree with the mass-




identified fon results of McAfee gﬁ_g},a (dashed 1ine) by up to ~10%.

In the case of helium, the long-drift distance (16 cm) emploved in
the present experiment ought to yield mobility values as trustworthy as
those obtained by Hornbeck in a short Townsend avalanche drift tube.

Very recent studies in a long, double-shutter drift section (~50 cm leugth)
added to a flowing afterglow tube28 yield uo(He+, He) values which lie
{ntermediate between Hornbeck's and our values.

In the case of argon, McAfee 35_21.8 used sgeveral experimental tech-
niques to dete:rmine uo(Ar+, Ar). Their data from 28 < E/p < 40, obtained
with a Hornbeck-type drift tube (no mass analysis), lie closest to our
results, while their mass-analyzed ion results differ from ours both at
low E/p (< 20) where they used an rf ion source, thermalizing space and
short drift space (~1 cm) and at higher FE/p (> 50) where they employed a
Townsend avalanche in a short drift space (S 1 e¢m). Fnd effect correc-
tions in these short drift space measurements should lead to larger experi-
mental errors than in our studies.

In vizw of the magnitudes of the random and svstematic errors esti-
mated for the present experiment (~+27 and *5%, respectively) and those
of the other experiments discussed in the preceding paragraphs, we con-
clude that the mobilities of mass-identified He+, Ne+ and Ar+ ions in
their parent gases have been determined to an accuracy of ~+5% and that
these values are in quite satisfactory agreement with the predictions of

available theory.

A, Unlike Ton-Atom Mobilities
H in He
The simplest of the unlike ion-atom svstems which may be readily

studied experimentally is H+ + le. This two-electron diatomic system 1is




sufficiently simple that accurate calculations of its rotential curves as

a function of internuclear separation can be ca-ried out on present-day

computers. From these curves It 1s a straightforward matter to calculate

o ) (G
lon-atom momentum transfer cross sections and fon mobilities: thercfore

comparison of experimental detarminations and accurate quantal calcula-

tions can now he made.

The measured values of the mobility cf H+ fons in He shown in the

upper half of Fig. 3 extrapolate to an B/p = 0 value Wy ™ (31.0 t ?.g)
2 -1 -1

cm- V. " sec , using the data in which 1ion injection effects are elimin-

ated (cross-type points); these data show very little variation with

increasing F/p.

Let us first -ompare tnese observations with predictions of classical

(Langevinzg) theory which assumes that a long-range, point ion-polariz-

able atom (dipole) attraction 1s the principal interaction, {.e.,

VR) = -ae’/2R" (5)

where V 1is the potential énergy at an ion-atom separation R, a 1is

the atomic polarizability and e the electronic charge. Since, with

the bare proton, electron exchange effects are absent, the repulsion is

shorter-ranged than usual, and hence the polarization attraction should

largely determine the value of the ion mobility and its dependence on

energy. In this limit, the predicted mobility, given by the t’or-mula]0

i 1/2 > -1/2
My Wy M. 35.9 « 1 (6)

with the fon-atom reduced mass m. expressed in amu and @ 1in atomic

units, is LA 34,1 cm2 V_1 sec ~. 1In addition, in this pure polariza-

tion limit the mobility is independent of ion energy.
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An zccurate quantal calculation of uo(H+, He) has heen carried out
by Dickinson;14 his result at 295 K, by * 33.4, is shown by the short
heavy dash extending from the ordinate in Fig., 3. Further, his calcula-
tions indicite a ~6% decrease in B, as the temperature is doubled from
300 K to 600 K. While we have not carried out temperature variation
studies, the ohserved decrease in o of ~27 as the ion-atom relative
energy 18 doubled is substantially slower than tr= theoretical prediction.

The data of Orientl2 for uo(H+, He) are shown by the solid line in
Fig. 3. Also, by using the dependence on reduced mass of ion and atom
given in iiq. (6), we have scaled Orient's data13 for nt ions in  He
(dashed 1ine). The excellent agreement hetween the two curves jndicates
the validity of the mass-scaling law. (Our scaling is approximate, since
at the same E/p, D+ and H+ ions attain slightly different energies,)
The value Ny & 31.8 obtained by extrapolation to E/p = 0 is ~3% higher
than our measured valve. Thus, the experimental values are somewhat lower
in absolute magnitude (by 5 to 77%) than the quantum theoretical predic-
tion and vary more slowly with fon-atom relative energv ("temperature')
than predicted.

The results of the present studies and those of Orient should remove
the ambiguity concerning the correct value of uo(H+, He). Tn a recent
paper, Mellor11 measured ion mobilities in helium +1% hydrogen mixtuves
using a glow discharge ion source followed by a thermalizing region and
a double shutter drift space. He detected only a single ion transit time
and found a value W 22 LMZ vl sec—1 at low E/p (~5), increasing to a
value ~25 at E/p = 18. 1n a later experiment he used a quadrupole mass
spectrometer to identify the ions drifting out of a similar ion source

and concluded that M was the probable ioa in the mobility studies.

While we have insufficient information to identify the ion(s) present in




dellor's studles, we feel our results and those of Ortent clearly rule out
+
H', since in this case there are no internal enerpy state differences

which would admit two different mobility values for the same lon,

Ne+, Ar+, Kr+, Xe+ in Ite

The measurements on nobie pas tons in helium shown 1in Fip. 3 (lower)
and Fig. 4 permit us to compare the mouillty of a series of {ons having a
single electron missing from a ‘1nsed shell with the well-known, earlier

studiosl_3 of closed shell alkali {ons in helium, Whi{le the mobility

-
uo(No » He) shows a noticeable decrease with increasing energy (F/p), the

mob{lities of Ar+, Kr+, and to a lesser extent Xe+ show the lack of
dependence on energy expected in the pure polarization (Langevin) 1limit.

The results of our determinations of the mohilities at thermal
energv  (E/p = 0) of various ions in helium are compared with results of
other studies in Fig. 5. 1In addition to the alkali ion mobilities (4
points from Ref, 1: v points from Refs. 2 and 3) we have shown the mobi-
1itiesg of the heavv atomic ions Hg+ and U+. Tt will be secn chat there
1s a rather weak dependence of mobility on {on mass, except for very light
ions.

If polarization attraction is the principal interaction which deter-
mines the 1ion mobilities, then the mass-scaled mobility u; defined in
the Langevin equation, Eq. (6), should vary little from {fon to ion. This
comparison is made In “ig. 6, where it will be seen that the variation
with ion mass tg still qutte evident. 1In addition, all the values of
ug (except for H+) lie above the pure polarization value, 30,5,calculated
from Eq. (6).

Inclus‘on of the short-range repulsive interaction hetween the ion

and atom reduces the polarization attraction at longer range, and therefore




.

2=
the mobility exceeds the pure polarization limit at certain temperatures,]
in keeping with our observations. MHowever, in order to obtain an accurate
fit to the measured temperature dependence of the mchility of L{+ in He,
it has been found necessary to inzlude an additional attractive interaction
(1ergy,]0 the dispersion energy resulting from the polarization of the
ion, so that a more complete representaticn of the ion-atom interaction

than Fq. J) is
4 6
V(R) = (Repulsion) - A/R" - B/R . (7)

The inclusion of the attractive R-6 term has the effect of reducing the
ion mobility slightly.

The observation that the mobility of ‘ach of the noble gas ions 1ia
less than that of the neighboring alkali ion may be explained in terms of
the effect ot the R-6 term. At moderate ion-atom separations, the effect
o1 che short range repulsive interaction should be small and comparable
for both the noble gas fon and the corresponding alkali ion. However, the
unfilled shell of the noble gas ion should he more highly polarizable than
the closed shell of the alkali ion, so that che R-6 attractive term is
larger for the nohle gas ion.30 As a result the mobility of the noble gas
ion should be reduced somewhat more than that of the corresponding alkali
ions, as observed.

The fact that uo’ of H+ falls even lower (sl ghtly below the pure
polarization limit) does not contradict this argument, since the H+ - He
interaction is quite different from the interactions in the above cases.
The ion polarizability contribution to the R™® term in Bq. (7).1s
obviously zero and, as noted earlier, the repulsion term is pure Coulomb

in character and therefore very short ranged. Tn this case, a classical

mobility calculation should vield a value very near the pure polarization

0,29
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limit. Somewhat coincidentally, the quantal cnlculntionM yvleldsa a value

of u; at 300 K which {s ~2% below the pure polarization value. Both
of thesa predictions are In reasonable agreement with our observations.

The authors are indebted to S. Geltman for helpful discussions of

tcn mobility theory.
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small and the same for all ions and theretore has a small, constant

effect on the mobilities.
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Fig. 6.

FIGURE CAPTIONS

Reduced mobilities, ligs as a function of I/p and of mean energy

of relative motion ¢ for Hc+ in e ard Ne+ in Ne at T=295 K.

The mean energles are referred to ¢, = 3/2 kT = 0,038 eV,

th
Helium pressures: X, 0.21 Torr; [], 0.54 Torr. Neon pressures:
Y, 0,15 Torr; + 0.42,Torr; A, 0.63 Torr; O, 1.04 Torr. See
text for explanation o1 the various curves in the figure.
Reduced mobiilities as a function of E/p and of € for art 1
Ar ut 295 K., Argon pressures: @, 0,}1 Torv; +, 0.60 Torr.

See text for explanation of the solid and dashed curves,
Reduced mobllities of H' and Ne' in He at 295 K. Helium pres-
sures 1in nt studies: Y, 0.30 Torr; X, 0,66 Torr; +, 0.88 Torr;
v, 0.38 Torr; [}, 0.86 Torr; 0, 0.97 Torr. Helium pressures in
No+ studies: +, 0.48 Torr; A, 0.84 Torr; X, 0.96 Torr. See
text for explanation of varlous curves in the figure.

Reduced mobilities of Ar+, Kr+, and Xc+ in He at 295 K., Helium
pressures in Ar+ studies: [/, 0.33 Torr; X, 0.42 Torr; +, 0.57
Torr; @, 0.90 Torr. In the Kr+ studies: +, 0,48 Torr; @, 0.89
Torr. In the Xe' studies: (I, 0.43 Torr; +, 0.68 Torr; @, 0,96
Torr,

Reduced mobiltties of various ions as a function of ion mass

at T ~ 300 K. The solid and open circles ropresent the present
results; the other symbols represent measurements by other in-
vestigators (see text for references).

1/2

Mass-scaled reduced mobilities, uo' -m Hgs as a function of

fon mass. The dot-dashed curve at uo' = 30.5 represents the

predicted value in the limit of pure induced dipole attraction be-

tween ion and atom. The symbols are as in Fig. 5.
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