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The mobilities of the doubly charged rare-gas ions He**, Ne?*, Ar’*, Kr**, and Xe** in their parent gases
have been determined in a drift-tube mass-spectrometer apparatus. The finding of more than one mobility for
each of the doubly charged ions (with the exception of He?*) is attributed to the presence of the P, 'D, and
IS long-lived, lowest-energy states of these ions. At 300 K the reduced mobilities (in units of cm?/V sec)
extrapolated to zero field have the values po(He?* in He) = 18.3; uo(Ne** in Ne) = 6.5('D), 7.0CP),
8.5(S); po(Ar** in Ar) = 2.7CP), ~2.2('D); po(Kr** in Kr) = 1.11 and 1.28; po(Xe’* in Xe) = 0.65 and

0.75. The measured values are accurate to + 3%.

I. INTRODUCTION

The mobilities of rare-gas ions in their parent
gases have been the subject of numerous experi-
mental and theoretical investigations, and their
study has contributed significantly to our under-
standing of ion-atom interactions and charge-
transfer processes. Somewhat surprisingly, little
attention has been paid to the doubly charged ions.
With the exception of Ar®** in Ar,*"3 no systematic
studies appear to have been undertaken of the mo-
bilities of these ions or of their reactions with
rare gas atoms. '

In the course of an investigation of the reaction
kinetics of these ions in their parent gases (see
following paper?) we have measured their mobil-
ities in a drift-tube mass-spectrometer apparatus.
We find that the mobilities of the doubly charged
rare-gas ions R** depend quite strongly on the
state of excitation of the ions. With the obvious
exception of He**, the electronic configuration of
their lowest states is analogous to that of atomic
oxygen, i.e., four p electrons interact to produce
a 3P2' 1,0 ground state and two low-lying, metas-
table excited states a !D and a 'S state. The cal-
culated lifetimes of the excited states™® are suf-
ficiently long compared to the ion transit times in
the drift tube that accurate mobility values for
each of the states can be determined.

II. EXPERIMENTAL METHOD

The measurements were carried out in a drift-
tube mass-spectrometer apparatus which was de-
signed primarily for measurements of ion-mole-
cule reaction rates. A simplified drawing of the
apparatus is shown in Fig. 1. The ions are gener-
ated from their parent gases in a differentially
pumped, electron-impact ion source at electron
energies ranging typically from 50 to 200 eV.
Pulsing of the ion source is achieved by applying
a short (2—10 psec) negative voltage pulse to the
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ionizer filaments which are normally biased so
that the electrons have insufficient energy to ion-
ize. The parent gas enters the ion source through
a narrow capillary (and also through the injection
orifice from the drift tube which, for these stud-
ies, is filled with parent gas). The ion drift vel-
ocity is determined from the transit time of a
pulse of ions across the drift region and is mea-
sured as a function of E/N, the ratio of the drift
electric field to the gas density in that region.

The ions typically enter the drift region with an
energy of 20-40 eV, depending on the bias voltage
of the ion source with respect to the injection ori-
iice. Because of this excess energy the ions may
penetrate a short distance into the drift region, in
effect reducing the drift distance slightly below its
physical length of 36.2 cm, measured between the
injection and sampling (exit) orifices. The effect
is most pronounced for ions of high mobility (e.g.,
He** in He) and at low gas pressures (see Sec.

III A). A uniform electric field is generated in the
drift region by applying appropriate voltages to the
series of cylindrical electrodes. While small non-
uniformities in the field may exist in the vicinity
of the entrance and exit electrodes, the effect on
the measured mobilities is of second order.

After transiting the drift region, some of the
ions in the swarm effuse through the sampling ori-
fice into the differentially pumped quadrupole mass
filter and channel electron multiplier. The result-
ing ion counts are stored in a multichannel analy-
zer operated in a time-of-flight mode synchronized
by the ion source trigger pulse. By coheréntly
summing counts over many cycles of the experi-
ment, an accurate reproduction of the ions’ arri-
val spectrum is obtained. The time of occurrence
of the maximum in this arrival spectrum is used
to compute the drift velocity (ion mobility) rather
than the more accurate “average arrival time,”
the difference being of the order of 3%. In view of
other sources of uncertainties, the more rigorous
analysis’ does not seem justified.
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FIG. 1. Simplified scale drawing of the drift-tube mass-spectrometer apparatus.

The gas pressures were determined by a sensi-
tive capacitance manometer (MKS Baratron Model
90) calibrated against a mercury McLeod gauge.
The gases used were ultrahigh-purity samples
(He, Ar, and Xe from Matheson Co., Ne from
Linde Corp., and Kr from Precision Gas Products,
Inc.) and, except for the use of dry-ice- or liquid-
nitrogen-cooled traps, no further purification was
found necessary. The gas temperature in these
experiments ranged from 300 to 306 K. Following
the usual convention, the measured mobilities
have been reduced to values at the standard density
of 2.69 X 10*° cm™3,

III. RESULTS AND DISCUSSION

A. He?* in He

Some difficulty was encountéred in producing an
adequate He® ion signal; at electron impact ener-
gies of 200 eV, the He® ion current was only about
0.1% of the He* current. Fortunately, confusion of
the He®* ion with H,* (a possible, but unlikely im-
purity ion having the same mass-to-charge ratio)
can be discounted. The high appearance potential
of the ion under study, its ability to produce He*
ions by charge transfer, and the absence of pro-
duction of H,* ions leave little doubt that the iden-
tification of the “mass-2” ion as He®** is correct.

The measured mobilities are shown in Fig. 2 as
a function of E/N for several gas pressures. The
data displayed in Fig. 2 were taken under condi-
tions so that the ions were injected into the drift
tube with an energy of 40 eV. To evaluate possi-
ble injection effects, data were taken at high in-
jection energies (~160 eV), yielding mobilities that
were about 5% higher at low gas pressures (0.2
Torr) than those given in Fig. 2. While it was not
possible to eliminate this injection effect complete-

ly, we estimate that mobilities deduced from the
0.25-Torr data should be <2% high, while for data
taken at the higher pressures the error should be
<1%.

Ions in helium with mobilities of about 20 cm?/
V sec have been observed previously in experi-
ments lacking mass analysis of the ions.®>*! While
some authors!? assigned this mobility to the He®*
ion, a later suggestion®® that the ion under study
was He," in a metastable state received some ac-
ceptance. This argument was strengthened by the
apparent observation of an ion of mass-to-charge
ratio of 8 having this mobility'* in an experiment
employing mass analysis. We have repeatedly
tried to produce the metastable He,* ion in the
present electron-impact ion source, and in earlier
measurements using pulsed discharge sources,
but have failed to observe it.
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FIG. 2. Measured reduced mobilities u, for He?* ions
in helium as a function of E/N (1 Td=10"!" Vem?) at
T=303 K for several helium pressures.



3
P
2 ++
ONe*™ in Ne
B |
‘3, S T = 300K
o= 8 [ T . =
O 1120 1320 1444 p(Ne)=1.05 Torr 1
¥, E/N=15Td
z
22 ++
Ne in Ne
[ VY ) (x 9 Gain) ,
1024 1128 1316 1440 2048

time (usec)

FIG. 3. Observed arrival time spectra for Ne®' ions
in neon at p =1.05 Torr, T=306 K, and E/N ~15 Td,
showing 3 distinct ionic mobilities. Results are shown
for both isotopes, 2'Ne (~91%) and 2Ne (~ 9%).

B. Ne?* in Ne

The arrival time spectra of Ne®* ions in neon
are found to have the shapes shown in Fig. 3. At
pressures above 0.3 Torr, three peaks are clearly
distinguishable at moderate values of E/N, and for
both of the isotopes 2°Ne®* and *Ne**, the relative
amplitudes and transit times are found to be the
same, within experimental error. As will be
shown, these distinct mobilities are associated
with Ne?* ions in different electronic states, the
°P,,,,0 ground state, and the low-lying metastable
!Dand’S states.

Varying the electron energy in the ion source
causes changes in the relative amplitudes of the
three peaks. The first peak (highest mobility) is
the first to disappear as the electron-impact en-
ergy is reduced, indicating that it results from the
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FIG. 4. Reduced mobilities for Ne®* ions in neon as

a function of E/N at 306 K, showing the effect of the
ionic state on the mobility.
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S (highest-energy) state. The third peak is the
next to decrease strongly with decreasing electron
energy, leading to its assignment as !D. The mid-
dle peak is therefore associated with the *P ground
state.

The measured mobilities for the three Ne®* ionic
states are given in Fig. 4. The range of E/N val-
ues for which measurements are shown is some-
what limited, since at high E/N values and low
neon pressures the three arrival-time spectra be-
gin to overlap, making it difficult to assign proper
transit times. While some of this overlap is the
result of increased diffusion broadening at low gas
pressures, it also appears that at higher energies
the differences in ionic mobilities for the different
states become smaller.

C. Ar?* in Ar

At pressures above ~0.2 Torr only one mobility

peak was observed for Ar®** ions drifting through

argon gas. At pressures below 0.2 Torr a second
peak was seen at longer transit times, consider-
ably smaller in magnitude and partially overlapping
the first peak (see Fig. 5). The dependence of the
relative peak heights on the electron energy in the
ion source suggests that the second peak belongs
to an excited state of Ar®*, probably the 'D state.
An estimate of its mobility over a small range of
E/N is included in Fig. 6, which shows the mea-
sured mobilities for three different argon pres-
sures as a function of E/N. The main mobility
peak probably corresponds to ions in the 3P state.?

Mobilities of Ar® ions in argon have been inves-
tigated by Beaty' in measurements without mass
analysis. The ion was identified in later studies
using mass analysis by McAffee et al.? and by
Madson and Oskam.® Beaty’s data are shown by
the dashed line in Fig. 6. Under Beaty’s experi-
mental conditions of higher argon pressures, only
the ®P state of Ar® should have been present.

No indication of a third peak, analogous to the
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FIG. 5. Observed arrival time spectra for Ar?* ions
in argon at p=0.12 Torr, T=300 K, and E/N =80 Td,
showing two distinct mobilities associated with the ip
and probably the !D states of the ion.
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S peak for Ne* in neon, was observed in argon.
From studies of Ar®* ions drifting in helium buffer
gas to which small amounts (s1%) of argon are
added, it appears that single-electron charge
transfer of Ar®* ions with Ar is very fast for 'S
state ions, rather slower for 'D-state ions (ac-
counting for their observability in pure argon at
low pressures), and slowest for *P ground-state
ions (see following paper?). Thus in pure argon,
the 'S state of Ar®* would be destroyed so rapidly
as to be unobservable.

D. K2 inKr

Two distinctly different mobilities were observed
for Kr* ions in Kr. The first peak in the arrival
spectrum was about 20%-30% larger than the sec-
ond at 160 eV electron-impact energy, but its rel-
ative intensity was reduced at low electron energy
(~10 eV above threshold). The relative sizes of
the two peaks were independent of gas pressure
and transit time. The identification of the two

n
o
(@]

peaks in terms of the states of the Kr®* ions is un-
clear. There was some indication that only a frac-
tion of the ions contained in the first peak react
with Xe, suggesting that the first peak contains a
mixture of states.

The measured mobilities are shown in Fig. 7,
with the two Kr®** groups identified simply as A and
B. Since we found that Kr®* ions were produced in
very large numbers in our ion source (about 20%
of the Kr* current), it seems likely that the ion
was present in earlier mobility studies in krypton
but was not recognized as such. The ion with a
mobility of 1.2 cm?/V sec observed by Biondi and
Chanin,” then thought to be due to Kr,*, probably
resulted from their inability to resolve the transit
times of the two Kr® ions observed in the present
experiment. Their data also exhibit the same very
weak dependence of p, on E/N that we find for Kr*
ions, We have observed Kr," ions in the present
experiment and find that their mobility is ~1.0 cm?/
V sec, about 10% smaller than that of Kr?* (B).

We note in passing that for singly charged ions the
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difference between the mobilities of Kr* ions in the
P,,, and the ?P,,, states reported by Helm'® has
also been observed in the present studies.

E. Xe2* in Xe

Two distinctly different mobilities were observed
for Xe®" ions in xenon. The peak (B) corresponding
to the lower mobility is quite small, about 5%—10%
of the faster-ion peak (A). The variation of peak
heights with the electron energy in the ion source
indicates that the B peak contains ions in energet-
ically higher states than does the A peak. The
measured mobilities are displayed in Fig. 8. From
these results it seems probable that the ion ob-
served in earlier work® without mass analysis and
identified as Xe," was actually Xe*, since the re-
ported mobility, ~0.75 cm?/V sec, is close to that
of the more abundant Xe**(A) ions, An ion with p,
=(0.72+0.02) cm?/V sec has been observed by
Helm®® in an experiment without mass analysis,
and was tentatively identified as Xe?*, in agree-
ment with the present results. Unfortunately,

Xe," could not be studied in the present experi-
ment because its mass exceeded the upper limit
of our quadrupole mass filter.

As in the case of krypton, studies of the singly
charged ion show the two distinct mobilities for
Xe* ions in xenon reported by Helm.!” These pre-
sumably correspond to the two ionic ground states,
®Py/, and P, .

F. Doubly charged rare-gas ions R2* in He

In order to obtain more information concerning
the mobility and reactivity of the different elec-
tronic states of the doubly charged rare-gas ions,
studies were carried out in helium and in helium—

other-rare-gas mixtures. Tests were performed
to see if the R®* ions retained their identities long
enough in helium for mobility measurements to be
carried out. All of the ions survived drift through
pure helium at pressures of ~1 Torr and transit
times on the order of 10°% sec; however, in no case
was a splitting of the arrival time spectra into dis-
tinctly different mobility peaks apparent. In the
case of Ar®, it appears that the presence of only
one peak is due to reactive loss of all but one of
the ionic states. Ne®* ions were found to exhibit
the same three mobility peaks in helium-neon mix-
tures (30% He, 70% Ne) that were seen in pure ne-
on, but with smaller separations between the
peaks. Thus the single mobility peak of Ne® ions
in helium probably contains ions in all three states.
It is found that the mobilities of R* ions in helium
are rather close to those of their singly charged
counterparts.

IV. CONCLUSIONS

The present paper has presented determinations
of the mobilities in their parent gases of doubly
charged rare-gas ions in various electronic states.
While every attempt has been made to measure
critical parameters, e.g., gas pressures, volta-
ges, etc., precisely, the accuracy of mobility de-
terminations in drift-tube mass spectrometers of
fixed length may still be limited by other effects,
some of which have been discussed by McDaniel.”

_ Summarily referred to as “end effects,” errors

may arise from sources such as nonuniformities
in the electric field near the entrance and exit
electrodes of the drift tube, nonequilibrium drift
motion of the ions at injection, and small time de-
lays in injection from the ion source. The influ-



994 RAINER JOHNSEN AND MANFRED A. BIONDI 18

ence of these effects on the deduced mobilities is
difficult to calculate. Instead we have used exper-
imental tests, such as varying the ion injection en-
ergy and the gas pressure, to evaluate effects on
the ion transit times and have remeasured well-
known mobilities (e.g., Ne* in Ne) to determine
that the overall experimental error in the deduced
mobilities is <3%. It appears that mobilities mea-
sured in our type of apparatus have a tendency to
be systematically too high.

The results of the measurements are summar-
ized in Table I, where the zero-field mobilities,
obtained by extrapolation of the data to E/N=0,
are listed. The extrapolations are most accurate
for Ar®*, Kr?, and Xe?*, whose mobilities were
found to be nearly independent of E/N. The ex-
perimental values are compared with the Langevin
mobilities, calculated on the assumption that the
only significant ion-atom interaction is the long-
range polarization attraction between a point ion
and a polarizable atom. The reduced mobility u,
(referred to a standard gas density of 2.69 x 10*°
em™®) is calculated from the relationship'®

Wo(em?/V sec) = 35.9[m,a(ad)]*/ 2, 1)

where m, is the reduced mass and « is the atomic
- polarizability.

It will be seen that there is fair agreement be-
tween our measured values and this simple theory.
Furthermore, the very weak dependence on ion
energy noted for the Ar*/Ar, Kr**/Kr, and Xe?/
Xe mobilities is consistent with the Langevin pre-
diction of a mobility independent of energy. The
differing mobilities for the different electronic
states of a particular species of rare-gas ion are

~explicable in terms of differing interactions at
shorter range.

In the case of He* in He, Dickinson'® has calcu-
lated the mobility quantum mechanically using po-

tential curves for the lowest !Z,* and first excited
12, state of He,*, obtained from calculations by
Browne® for small separations (6 a.u.) and joined
smoothly to the asymptotic polarization terms for
larger separations. Dickinson finds that, from a
minimum value of 22.6 cm?/V sec at 20 K, the mo-
bility rises to a maximum value of 23.2 at 80 K and
then falls monotonically with further increase in
temperature (at 303 K, the value 20.5 is obtained,
some ~10% higher than our experimental results).
To facilitate a comparison with these predictions,
we have added an effective temperature (T,,,) scale
to the top of Fig. 2, using the Wannier relation-
ship® to relate the mean relative energy between
ions and atoms to an effective temperature, viz.,

3 3 1 2
2hT oy =2 kT g + 37 5l gp11t - (2)

(The mobility is not particularly sensitive to dif-
ferences between the actual ion-atom velocity dis-
tribution and the Maxwellian distribution implied
by the introduction of an effective temperature.)

It -will be seen from Fig. 2 that the measured mo-
bility increases with T',,, above 303 K, reaching a
maximum value of 20.3 at T, ~900 K and then de-
creases with further increase in T,,. This behav-
ior is quite different from the theoretical predic-
tions of Dickinson.

In view of the relative simplicity of the He*'-He
system, the difference between theory and exper-
iment concerning the energy dependence of the mo-
bility is somewhat surprising. Very recently the
potential energy curves of the He,?* system have
been recalculated by Cohen and Bardsley as part
of a theory of radiative charge transfer.?® Using
these new potential curves Wadehra and Bardsley®
have just completed calculations of ., (He* in He)
and obtain excellent agreement with our experi-
mental results, reproducing the shape of the mo-

TABLE 1. Reduced mobilities py (in units of cm?/ V sec) of the doubly charged rare-gas

ions in their parent gases at T =300 K.

Polarizability? .

Ion/gas oz[a?,] Lo (Langevin theory) Ko (Present experiment)

helium 1.38 21.6 18.3

neon 2.67 6.95 6.5(1D)
7.08P)
8.5(S)

argon 11.08 2.41 : 2.7¢P)

~2.2(D)

krypton 16.75 1.35 1.11(¢“B”)
1.28 (“A”)

xenon 27.29 0.85 0.65(“B”’)
0.75(“A”?)

2Reference 7.
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bility curve given in Fig. 2. The experimental val-
ues are systematically ~5% higher than the theor-

etical values; part of this difference may arise
from the fact that our method tends to lead to a
slight overestimate of the actual mobilities.
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