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Double ionir~tion of rare gases. I. Ion formatio~ by electron impacts
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%'e have determined the ratio of doubly to singly charged ions for He, Ne, and Ar caused by the impact of
electrons with 2 keV energy. Special attention was given to the examination of the reliability of the apparatus

with respect to its handling of differently charged ions. The results do not confirm the data of Van der %'iel

et al. , but they are in good agreement with those of Schram et al.

I. INTRODUCTION

The relative cross sections for multiple ion-
ization in rare gases caused by electron or photon
impact can yield very sensitive information about
the dynamic effect of the electron correlation in
atoms. This is because the operator that causes
the ionization process is a one-particle operator
(for electron impact this is true only in the first
Born approximation). Therefore a theory that
takes into account neither electx on correlation
nor reaxrangement of the electron orbitals after
the ionization process mill allow only singly
charged ions. Of course, secondary processes,
such as the Auger effect, must be excluded by
energy considerations. Thus the appearance of
differently charged ions, especially doubly charged
ions, gives an accurate test for a more refined
theory. In the case of photon impact the number
of doubly charged ions is a direct criterion for
the strength of electron correlation and rearrange-
ment. Such a simple connection is lost in the
electron-impact experiment because of the large
range of momentum transfer in the collision and
possible processes other than ionization in the
first Born approximation.

In recent years several experimental investiga-
tions for the multiple ionization of raze gases
caused by electron' ' or photon impact'0 "have
been carried out. For these experiments only the
ratio 8 of doubly charged to singly charged ions
shall be considered in the following. The deter-
mination of this ratio requires a relative mea-
surement of the cross sections for the differently
charged ions. In spite of this important simpli-
fication for the experimental technique, the re-
sults for this ratio show considerable discrep-
ancies, for electron impact as well as for photon
impact. In response to these discrepancies and
the importance of correct values which can be
compared with theory, a new experiment has been
set up with two substantial objectives: (i) no
charge discrimination in the apparatus, and (ii) in

the photon-impact experiment, a source of photons
with mell-defined energy. The first phase in our
program was the study of the ratio 8 caused by
impact with 2-keV electrons, for He, Ne, and Ar.

II. APPARATUS

In order to avoid charge discrimination in the
apparatus, we decided to build a conventional mag-
netic field mass analyzex with large acceptance,
which probably has the least inherent error. A

schematic diagram of the apparatus is shown in

Fig. 1. An electron gun delivers a well-collimated
electron beam with a diameter of about I mm. "
This electron beam traverses the ionization cham-
ber and is txapped in a curved Faraday cup for
monitoring the electron current. The inlet of the
target gas is a collimated-holes structure which
is situated at the bottom of the ionization chamber,
50 mm away from the center. At right angles to
the incident electron beam and to the axis of the
gas inlet systexn, the ions produced are extracted
out of the electron beam by the weak homogeneous
electric field (usually 28 V/cm) of the ionization
chamber. This field is applied symmetrically
with respect to the center of the chamber, which
has ground potential. The ions then enter a
stronger homogeneous electric field (usually 138
V/cm) in the acceleration section. At the first
plate of this section a thin gold foil with a rect-
angular opening (10x10 mm') is mounted to limit
the width of the extxacted ion beam in the direction
of the incoming electrons. The acceleration volt-
age is usually kept at —2000 V. Both regions of
the electric fields and the end of the acceleration
section are separated by an electroformed copper
mesh ("l0 lines/in. , 90% optical transmission).
After the acceleration section the ions pass into
a field-free region with a potential of —2025 V.

In order to handle a fairly large ionization vol-
ume with a magnetic field analyzer, an optics
system which produces an image with controlled
astigmatism is installed in the field-free region. "
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FIG. 1. Schematic diagram of the apparatus. A:
electron beam- 8: Faraday cup- C: collimated-hol. es
structure; D- ionization chamber. K: acceleration sec-
tion; F: quadrupole optics 0: focal. point of the quad-
rupole optics; H: 60'-sector magnetic field mass analy-
zer; I: postacceleration field; J: focal point of the mag-
netic fieM mass analyzer; K: Bendix 47QQ channeltron.

The optics consists of two electrostatic quadru-
pole lenses with a field radius Ao =13 mm an
actual length L, =30 mm for the pole pieces, and
an actual distance D =20 mm between them. It
works in the operation mode where the first lens
compresses the beam in the y direction and ex-
pands it in the x direction; the second lens then
inverts this procedure with a relatively stronger
field so that the astigmatic focus is produced.
This operation mode gives a focus which is smaller
in the y direction compared to the other mode.
The focus of the quadrupole optics is placed at the
entrance of the 60'-sector magnetic field mass
analyzer. In this analyzer ions with a certain
ejm are deflected along a curve of 200 mm radius
and are refocused at the image. The pole gap of
this analyzer is 27 mm, a clearance of 16 mm
being left for the ions. In order to reduce the de-
focusing properties of the fringing fields, the ions
enter the pole boundary in the horizontal plane
at an angle of 4' (with respect to the perpendicu-
lar) and leave the pole boundary at an angle of
11 . '9 The stray field of the magnet at the posi-
tion of the ionization chamber is smaller than
Earth's field. The focus of the magnetic field
analyzer is at the entrance of the ion detector, a
Bendix 4700 channeltron.

To ensure equal detection efficiencies for the
differently charged ions, we requix e that they have
the same velocity before striking the detector. '
Moreover, good detection efficiencies can be
achieved with high velocities. To meet both re-
quirements, the ions are postaccelerated in a
strong electric field towards the entrance of the
channeltron which is usually at —7000 V for sin-
gly charged ions and —5000 V for doubly charged

ions. Two copper meshes (the same type as
above) sep»««he postacceleration field from
the field-free region at the entrance of the chan-
neltron. In order to avoid electron ejection from
the edge of the channeltron diaphragm, an addi-
tional diaphragm is placed in front of it. It has a
slightly smaner opening (5 mm in the x direction,
14 mm in the y direction) and a slightly {1%)more
positive potential than the channeltron opening it-
self. The output pulses of the channeltron are
counted by the following equipment: emitter fol-
lower, SSRI amplifier {Model 1120, gain 350),
ORTEC timing filter amplifier (Model 454, gain
usually 20), ORTEC constant fraction discrimina-
tor {Model 463, discriminator level usually at
200 mV), fast sealer.

Vacuum is provided by three turbomolecular
pumps. The background pressure is better than
5&&10 ' Torr (6.'I &10 ' Nm '). When the target
gas is introduced, in the region of the source vol-
ume one has about 1 F10 ' Torr (as estimated
from known ionization cross sections") and the
background pressure rises to about 1&10 6 Torr.

III. EXPERIMENTAL CHECKS

The purpose of all experimental checks is the
examination of the reliability of the apparatus with
respect to its handling of differently charged ions.
In brief, the most important items are the follow-
ing:

(i) Secondary electrons from slits and the Fara-
day cup would produce predominantly singly
charged ions because of their low energies, below
50 eV for most secondaries. " Therefore no sec-
ondary electrons from beam-defining collimators
or from the Faraday cup are allowed to penetrate
into the ionization chamber. This was secured by
holding the Faraday cup and the other diaphragms
(with openings large compared to the electron-
beam diameter) at suitable potentials. Above
certain values, the counting rates for singly and
doubly charged ions did not change as a function
of these potentials.

(ii) Because of the initial thermal energy of the
atoms and, consequently, of the ions produced,
the paths of differently charged ions in the elec-
tric fields are not the same. Diaphragms can
therefore yield a discrimination by retaining a,

different amount of the various charge states. In
our apparatus all diaphragms have openings large
compared to the ion-beam profile, the only ex-
ception being the necessary limitation in the di-
rection of the incoming electron beam which is
defined by the gold-foil diaphragm. In this di-
rection, the diaphragm accepts slightly different
sizes for the source volumes of differently charged
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the information that —apart from losses at the
copper meshes —one can rely upon a 100'%%uq trans-
mission of the ions up to the focal point of the
quadrupole optics and even up to the entrance of
the ehanneltron. Since the fringing field of the
magnetic field mass analyzer is very critiea1. for
the ion path, the transmission through the ana, -
lyzer has been proved by a measurement of the
ion current mith a Faraday cup at the input of the
analyzer and at the pla. ee of the channeltron. This
measurement confirmed the 100% transmission
through the magnetic field mass analyzer.

(iv) Even for ions with the same velocity, the
absolute detection probability may depend on the
condition (pollution) of the channeltron surface
and on the point of ion impact on the channeltron
(surface sensibility). A typical example is shown
in Fig. 4, mhere the ion beam mas made to hit
different parts of the ehanneltron surface by
changing the current in the magnetic field mass
analyzer. With respect to the measurement of the
ion current with a Faraday cup, the deviating fea-
tures for the counting properties of the channel-
tron ean be seen clearly: no flat plateau and a
reduced detection efficiency [in this example,
about 7'I% for a 1-yr-old channeltron (channeltron
I) which no longer had a peaked pulse-height dis-
tribution; a new channeltron (channeltron II) gave
100'g. Further measurements of this kind have
shown that peak shape and reduced detection ef-
ficiency have no influence on the ratio 8, pro-
vided the whole peak is scanned in each case and
equal parts of the plateau are used for the evalua-
tion of the data.

(v) The relation between the observed counting
rate and the current of the electron beam mas
linear up to 10' counts/sec and independent of the
absolute detection probability of the ehanneltron.

(vi) A possible charge discrimination may oc-
cur oming to some charge transfer on a copper

FIG. 5. Ratio Ne++/Ne+ as a function of the pressure
measured at the high-pressure side of the coll.imated-
hol.es structure. A value of 5@10 2 Torr corresponds
to about 2x 10 5 Torr in the region of the source volume.

mesh. With an additional displaeeable mesh be-
hind the acceleration section, the ratio A was
tested and found to be constant within the experi-
mental error of 0.5%. The influence of the mesh
at the ionization chamber on the ions with lomer
velocity could not be checked, but it should be
small because of the above result.

(vii) To be sure that ion-molecule reactions
do not influence the results, the pressure depen-
dence of the ratio A mas examined for He, Ne,
and Ar. Figure 5 gives an example. The ratio A

is shown as function of the pressure measured at
the high-pressure side of the collimated-holes
structure. Because of the relatively weak differ-
ential pumping between the ionization chamber and

the rest of the apparatus, a higher pressure of
the target gas results also in a rise of the back-
ground gas pressure. The change of 8 as given in

Fig. 5 is then the result of pressure-dependent
processes inside and outside of the ion source.
Assuming that each interaction of an ion with a
neutral particle mill prevent the detection of this
ion, the number of transmitted ions is reduced by
a factor of & —o., where a may be different for
singly or doubly charged ions and is dependent on
the pressure. An unpronounced pressure depen-
dence of the ratio A then indicates that possible
pressure effects are small or not strongly charge
dependent. Only those data mith negligible pres-
sure effect have been used.

(viii) The ratio fI has been determined with con-
ditions for the electric fields that mere different

Ion Reference

He++ /He+ Schram et al.
Gaudin and Hagemann
Van der %ieI et al, .
This work

0.42
0.55
0.58
0.42(8)

Ne" /Ne+ Z iesel
Schram et aE.
Adamczyk et &.
Gaudin and Hagemann
Van. der riel et aE.
This work

4.4
3.4
4 ]
4.4
6.0
3.7(3)

Schram
Gaudin and Hagemann
Van der riel et aE.
This work

5.3
5.7
8.8
5.0(4)

TABLE 1:. Ratios & of doubly charged to singly charged
ions caused by impact of 2-keV electrons. Values are
given in percent and relative to the intensity of single
ionization processes. Errors in the last decimal place
are given in parentheses.
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from those given in the description of the appa, -
ratus. It was found that the ratio 8 is constant (a)
within an experimental error of +1% when the ex-
traction field in the ionization chaxnber is changed
from 10 to 25 V/cm, (b) within +0.5% when the
acceleration voltage is changed from -2000 to
—2500 V, and (c) within +1.5% when the postac-
celeration voltage towards the entrance of the
channeltron is varied between —5 and -10kV
and between —3.5 and —7 kV for singly and doubly

charged ions, respectively.

the case of He, an additional error of about 12%
occurs because of the lom counting rate of He'+

and the amount of the H,
' peak whose main part

coincides with the main parts of He". The corn-
pilation shows that our data deviate from those of
Van dex' %'iel et al. ' Qn the other hand, our re-
sults ax'e consistent with those of Gaudin and

Hagemann, ' which have probably an error of"
20%, and with the value of Ziesei. ' Thej also
agree very mell with those of Sehram and co-
workers' ' which have an error of 5-10%.

IV. RESULTS AND DISCUSSION

Table I gives a compilation of our ratios A for
He, Ne, and Ar caused by the impa, ct of electrons
with 2 keV energy, together with the results of
other authors. The most important checks listed
above, together with further investigations under
conditions different from those described (in par-
ticula. r, different regions of the source volume,
new channeltrons, total readjustment of the entire
setup), have demonstrated that an inherent error
of about 'I% should be ascribed to our results. In
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