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Relative cross sections for electron-impact ionization of the rare-gas Van der Waals, dimers Ar„ArKr,
Kr„KrXe, and Xe, have been measured with a mass spectrometer in the electron energy range from
threshold to 180 eV. The following appearance potentials for direct ionization from the corresponding neutral
dimers have been found: Ar2+; 15.2+0.2 eV, ArKr+; 14,0+0.2 eV, Kr, +: 13.45+0.3 eV, KrXe+:
12.2+0.2 eV, and Xe2+: 11.7S+0.3 eV. These values agree with those obtained in recent photoelectron.
studies. The appearance potential of Ar, + formation via associative ionization of argon atoms is found to be
14.6+0.2 eV. .

I. INTRODUCTION

Ar +e- Ar'+2e (2)

disagrees strongly with the generally accepted
cross section function for process 2.

In the present work an attempt has been made to
measure accurately the relative cross section
functions for single ionization of various homonu-
clear and mixed dimers of the rare gases by elec-
tron impact. The confidence in the cross sections
obtained results primarily from the success, under
the same operating conditions, of the measure-
ments of accurate cross section functions of the
rare gases He, Ne, Ar, Kr, and Xe as well as
the cross section ratios. The sum of the partial
cross sections measured for the atomic gases was
found to be in excellent agreement with the mea-

Since the pioneering work of Leckenby and Rob-
ins' a great many experiments with Van der Waals
dimers of the rare gases have been carried out,
including uv light absorption spectroscopy, ' photo-
ionization studies, ' and photoelectron

spectros-

copyy. Studies of the electron-impact ionization
function have, however, to the knowledge of the
authors never been carried out. Leckenby and
Robins have indeed reported an ionization effi-
ciency curve for the process

Ar, +e- Ar, '+2e,

and found it to peak strongly at around 42 eV elec-
tron energy. [Their curve is compared with our
result later in this work (see Fig. 2).] These
authors state, however, that their curve is falsi-
fied by instrumental effects inherent to their ion
source and mass spectrometer, as the ionization
efficiency curve which they obtain for the reaction

surements of the total ionization cross section by
previous workers. This latter work is described
in detail in a separate paper. '

II. EXPERIMENTAL DETAILS

Figure l gives a schematic drawing of the ex-
perimental apparatus used. Neutral gas under
high pressure (up to 400 Torr) is stored in a thick-
walled copper reservoir which may be cooled to
liquid-nitrogen temperature. It then flows through
a platinum nozzle N (diameter 0.0010 cm) into a
high-vacuum region. A fraction of the emerging
beam travels through a 5-mm-diam aperture A
into the collision chamber C, where it is crossed
at right angles by an electron beam of energy vari-
able from 0 to 180 eV. The electronbeam(1-3 pA)
is guided by a weak magnetic field (about 400 G).
The aperture g of the collision chamber lies ap-
proximately 20 mm from the nozzle &. At the
highest inlet pressures used the background pres-
sure in the ion source chamber reaches typically
10 ' Torr.

Ions formed in the electron beam are drawn gut
of the collision chamber through a slit in I, of
1,5 mm width and 8 mm height under the action of
an electric field which penetrates into the collision
chamber from the lens L, through the slit in I,
Both L, and the pusher P are kept at the potential
of the collision chamber C, which is +3 kV. The
penetrating field reduces the energy of the elec-
trons in the ionization region. From the shift in
the measured appearance potential of Ar' we con-
clude that the potential at the position of the elec-
tron beam increases nearly linearly with the po-
tential difference C —L, by about 0.1/30 V. L,
was typically kept at +2.7-2.8 kV. The resulting
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FIG. 1. Schematic draw-
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penetrating field assures saturation of the ion
current leaving the collision chamber, i.e. , total.
ion collection. This saturation is observed experi-
mentally by either measuring the total ion current
in the plane of the entrance slit S, to the mass
spectrometer or by sweeping the ion beam across
the entrance slit (with deflection plates not indi-
cated in Fig. 1) and integrating over the area of
mass-analyzed ion current versus beam deflec-
tion. ' The ion beam at the entrance slit is several
millimeters wide and only a small fraction (about
1%) may enter the mass spectrometer. The shape
of the cross section curve for a given ion type
could be found without sweeping the beam over the
slit S„provided the beam was centered approxi-
mately on the slit, within the half width of the
beam. The exact position of the beam was then
found not to influence the shape of the cross sec-
tion curve within the reproducibility of our experi-
ment (for dimer ions +4%). The mass spectrome-
ter used is a commercial Var ian MAT CH5,
double-focusing mass spectrometer which has
been described in detail elsewhere. ' The ion
source, made by Varian, has been modified to the
needs of the present experiments.

III. RESULTS

Molecular rare-gas ions observed with the mass
spectrometer may be formed in the ion source in
two ways. One is by direct ionization of the neutral
dimer present in the beam leaving the reservoir
(process 1). A second possibility exists via an
associative ionization process' (Hornbeck-Molnar
process, in the following abbreviated AIP). Here
a short-lived excited rare-gas atom R* is formed

by electron impact which may subsequently com-
bine with a neutral atom into a molecular ion by
ejection of an electron

R+e-R++e,
R*+R-R,'+e.

The condition is that the ionization potential of the
excited atom is less than or equal to. the dissocia-
tion energy of the molecular ion R, ' in its ground
vibrational state. A detailed study of the AIP was
carried out in argon in the present study in order
to determine any influence of this process on the
molecular ion signal and hence on the observed
dimer ionization cross section. Argon was chosen
since it is the rare gas which of the gases Ar, Kr,
and Xe most readily undergoes reaction 3.'

In our apparatus Ar, ' could be produced via
reaction 3 by using low pressures in the gas
reservoir and throttling the pumping speed in the
ion source chamber. The ion current of Ar, ' was
found to increase with the square of the pressure
in the ion source chamber as predicted from reac-
tion 3; that of Ar' increased linearly. At a pres-
sure of 1 ~ 10 4 Torr and 40-eV electron energy the
molecular ion signal amounted to 0.01% of the
atomic ionsignal; atapressure of 1 x 10 'Torr to
0.001%. Figure 2(a) shows the shape of the AIP
efficiency curve obtained. The curve exhibits a
sharp maximum at low (-30 eV) electron energies,
typical for the excitation process in 3. The ap-
pearance potential of Ar, ' from reaction 3 was
found to be 14.6+0.2 eV, which is in agreement
with the value reported by Hornbeck and Molnar'
of 15;06(+0.2, -0.7) eV and withthe value reported
by Ng et al. ' of 14.54 +0.02 eV.
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to our observed molecular ion signal is less than '

l%%u~. As further evidence for this we report that
the appeararice potential for Ar, ' measured under
these conditions was 15.2+ 0.2 ev', 0.6 eV higher
than the appearance potential for the AIP. The
significarice of this result is discussed in detail
in Sec. IV. The ionization efficiency curve for Ar, '
produced by direct ionization of the dimer (process
I) is shown in Fig. 2(b). It is strikingly different
from the observed shape of the curve to the ioniza-
tion efficiency curve for atomic Ar (process 2),
which is also shown in Fig. 2. It has been mea-
sured under identical conditions as the curve for
ionization of Ar, . The shape of the ionization
efficiency curve for Ar, which has been reported
by Leckenby and Robins' is indicated by the dotted
line in Fig. 2(b). It is significantly different from
our observations.

Similar arguments concerning the contribution
of the AIP to the observed molecular ion signal
apply in the case of the other rare gases as well.
It should be kept in mind, however, that the con-
tribution of the AIP is still less in the other
cases, since the probability of process 3 is less
there' and the rate of formation of neutral dimers
higher in the heavier rare gases.

The mixed dimer ArKr was produced by adding
about 2 Torr of krypton to 100 Torr of argon and
cooling the reservoir to liquid-nitrogen tempera-
ture. For the other dimers the reservoir was
operated at room temperature. For Kr, pres-
sures of about 300 Torr of Kr were used. KrXe
and Xe, were readily produced in mixtures of
20-40 Torr of xenon with 100-'300 Torr of krypton.
Ionization efficiency curves for direct ionization of
these dimers are shown in Figs. 3 and 4. We
finally report that no triatomic molecular ions and

no doubly charged molecular rare-gas ions could
be detected in our experiment. '

IV. DISCUSSION

Figures 5-7 show our measurements of the ap-
pearance potentials for the direct ionization pro-
cess of the rare-gas dimers. . For comparison
the measurements of the corresponding atoms are
shown. The latter have been used to calibrate our
electron energy scale. The resolution of our ap-
paratus is demonstrated by the curves for Kr'
and Xe', where the change in slope due to the
appearance of the metastable ions in the 'P„, state

. is resolved. In argon no change in slope could
be resolved. .It may be noted that with the possible
exception of KrXe' no changes of slope in the
dimer curves are observed. Qne reason for this
may be experimental, the lower signal-to-noise
ratio in the measurements of the dimer ions.
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FIG. 5. Ionization efficiency curve for Ar, Ar~, and
ArKr close to threshoM.
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FIG. 7. Ionization efficiency curve for Xe and Xe2

close to threshold.

The experimentally observed appearance poten-
tials are collected in Table I. The experimental
uncertainties in the table result from the uncer-
tainty in the energy-scale calibration via the
atomic ions and the uncertainty in the extrapola-
tion of the dimer ion signals. Our appearance
potentials correspond to transitions from var ious
vibrational levels of the neutral dimer 8,' g' to
the lowest R, ' state (1 -,'„) (see Fig. 8). The two
extreme transitions from R, (v=0) and R, (v=v,.g
are indicated in the figure. Obviously the appear-
ance potential is influenced by the state of vibra-
tion of the dimer which is unknown in our experi-
ment. Vertical (Frank-Condon) energy differences
between R, and the lowest 8,' state may become
less for higher vibrational states of R„as may be
seen from Fig. 8. Therefore, the theoretical
values given in Table I for the verti. cal transition
energies from R, (v =0) at the equilibrium position
of the neutral dimer should represent upper limits
of the appearance potentials within the accuracy

of our present knowledge of the interaction poten-
tial curves. Indeed these values 1.ie above our
measured appearance potentials, though within
the error-limits. Directly comparable to the ap-
pearance potentials obtained in our experiment is
the quantity hv -E,„botai end in the measurement
of the photoelectron energy distribution for the
transition R,-R,' (f —,'„). Here hy is the photon
energy used in the ionization process and E,„,„the
maximal photoelectron energy. Measur ements
of the photoelectron energy distributions have
been performed recently by Dehmer and Dehmer. "
Values for hv —E,„were obtained from Fig. 6 of
Ref. 13 and are listed in Table I. Very good
agreement of these data exists with the appear-
ance potentials determined in the present work.
It-shouM+e kept in mind, however, that the vi-
brational temperature of the dimers is likely to
be lower in the Dehmer experiment, owing to
vibrational cooling in the supersonic expansion
process used by them; hence our energies might

TABLE I. Appearance potentials and vertical transition energies for the transition R2 ~ R2 I(&)„, given in eV.

Dimer

Ar2
ArKr
Kr2
KrXe
Xe2

Vertical ionization
energy from R2 (v=0)

at the equilibrium
separation of R2

15.4 ~*"
~ ~ ~

13.6 ~'~
~ e ~

11.9~ d

Appearance
potential

obtained in
this work

15.2 + 0.2
14.0 + 0.2
13.45+ 0
12.2 + 0.2
11.75 + 0.3

Appearance potential
from high-energy limit

of photoelectrons {Ref.10)

15.25 + 0.05
~ ~ e

13.55 + 0.05
~ ~ ~

11.70 + 0,05

Appearance
potential obtained
in photoioniz ation

study Q,ef. 3)

14.54
13.43
12.86
11.76
11.10

Using equilibrium separationaalues given in Ref. 2.
Using the R2' potential of Ref. 10.

'Usi~ the R2' potential of Ref. &&.

Using the R2' potential of Ref. 12.
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FIG. 8. Schematic potential-energy diagram versus-

internuclear separation regarding the direct ionization
of homonuclear rare-gas dimers. Only the transitions
to the lowest R2+ state are indicated.

12.5
15 0.04
17.5 0.76
20 1.82
25 3.25
30 3.87
35 4.15
40 4.22
45 4.19
50 4.12
55 4.13
60 4.16
70 4.18
80 4.12
90 4.06

100 4.00
110 4.03
120 4.05
130 4.05
140 4.01
150 3.96
160 3.87
170 3.78
180 3.69

0.24
0.83
1.44
2.57
3.47
3.86
4.02
4.14
4-.07
4.09
4.12
4.19
4.12
4.03
4.00
3.93
4.11
4.13
4.09
4.03
4.02
3.94
3.75

0.15
0.44 1.09
1.11 2.07
1.89 2.88
3.07 4.10
4.04 4.41
4.24 4.54
4.37 4.39
4.55 4.35
4.52 4.23
4.59' 4.34
4.77 4.32
4.76 4.38
4.47 4.46
4i21 4.08
4.00 4.00
4.24 4.03
4.19 4.08
4.01 3.94
3.84 3.77
3.68 3.58
3.50 3.41
3.17 3.15
3.09 2.90

0.15
1.78
3.10
3.75
4.58
4.70
4.52
4.44
4.54
4.39
4.48
4.54
4.63

4.18
4.00
4.01
4.05
3'.98
3.72
3.70
3.35
3.12
2.86

lie somewhat lower than those obtained in Ref. 13.
This effect, however, appears to be within the
uncertainty of our measured values.

Finally, the appearance potentials for photoion-
ization of rare-gas dimers determined by Ng
et al. ' are quoted in Table I. These appearance
potentials are determined from the onset of the
molecular ion current as the photon energy in-
creases. The appearance potentials determined
by Ng et al. all lie approximately 0.6 e7 lower
than the values obtained in our electron-impact
ionization experiment, and thus seem to corres-
pond to an excitation process of one atom in the

dimer, followed by autoionization of the R-8* com-
plex. This process is basically equivalent to
process 3. Hence. the value which was obtained in

Ref. 3 for the onset of Ar, ' (14.54+ 0.02 eV) should

be directly comparable to the appearance potential
which we measured for reaction 3 in Ar (14.6
+ 0.2 eV) if the binding energy of the Ar, (v) mole-
cule (&0.01 eV) is added to our value. The agree-
ment is satisfactory, as noted in Sec. III.

Owing to the lack of sensitivity and resolution
in our experiment we were unable to detect a con-
tribution due to autoionization of the neutral dim-
ers below the threshold of direct ionization. The
low-energy tail of our appearance potential curves
is smeared out owing to the width of the energy
distribution of our ionizing electrons, for which we

measured a full width at half-maximum of about

0.25 eV'.

The absolute values of the cross sections of the
rare-gas dimers are of practical interest, as
these might be used to determine the concentration
of dimers present in atomic beams. An absolute
calibration by the molecular flow technique as it
is used for conventional gases' is currently con-
sidered too inaccurate, as it would involve a
theoretical estimate of the concentration of dimers
in the reservoir as well as the assumption of no

loss and no additional production of dimers iri the
effusion process. We therefore suggest the use
of the simple qualitative rule" that the cross sec-
tion for diatomic molecules in the sum of the cross
sections of the individual partners. It' must be
kept in mind here, however, that of the six poten-
tial-energy curves of the homonuc&ear ions 8,'
(see Fig. 6) which may be reached in the direct
ionization process, two are repulsive in the sep-
aration regime of interest here. Ions formed in
these by vertical transitions will dissociate and

therefore not contribute to the meas-ured molecu-
lar ion signal. To account for this the factor 2

should be replaced by a factor —„which also takes
into account the statistical weighting of the various
states. For the mixed molecular ions interaction
potential's are currently not available. Our mea-
sured relative cross sections have been arbi-
trarily normalized to a value of 4 at 100 eV elec-
tron energy, and are given in Table II as a function
of electron energy.
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V. CONCLUSIONS

The relative cross section functions for electron-
impact ionization of various Van der Waals dimers
of the rare gases are found to be similar to those
for the corresponding rare-gas atoms. This is in
strong contrast to the observations reported by
Lee and Fenn, "who studied the ratio of dimer
to monomer ion current with a quadrupole mass
spectrometer at 48 and 60 eV electron energy.
They find in argon that increasing the electron
energy from 48 to 60 eV the ratio of dimer ion
current to monomer ion current decreases by a
factor 2. Qur measurements in argon indicate,
however, that the cross section ratio for dimers
to monomers is constant for electron energies
above 40 eV within +4%%uq [see Fig. 2(b)]. We argue
that the observations made by Lee and Fenn" re-
flect intrinsic problems with their extraction
system. Uncontrolled extraction and focusing con-
ditions in an ion source may produce large errors
in the shape of ionization efficiency curves, as
has been demonstrated recently. "'"

Our measured cross section functions for ion-
ization of the dimers show no similarity with the .

cross section curve for associative ionization of
rare-gas atoms. This latter process would be

equivalent to an autoionization process in the
dimer. The appearance potentials and the cross
section functions found indicate that the direct
ionization of the rare-gas dimers dominates the
ionization event. The appearance potentials found
in the present study are in agreement with results
from photoelectron energy measurements. " They
are also consistent with theoretical predictions
based on the interaction potential curves for the
Van der Waals dimers and the molecular rare-
gas ions.
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