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The total ionization cross sections (o_) for single collisions between Ne*, Ne?*, Ne®*, Kr*,
Kr?*, Kr’*, Xe*, Xe?*, Xe®*, Xe!* ions and inert gas atoms have been measured. In the in-
vestigated voltage range from 3 to 30 kv, it was found that the ionization cross section is prac-
tically independent of the charge of the primary ion for equal ion energy. For all ion-atom
pairs, a continuous growth of the cross section with increase in kinetic energy of the primary
ions was observed. In most cases the absolute values of the measured cross sections were

close to those computed by Firsov’s formula.l

INTRODUCTION

INFORMATION on the ionization of atoms by
multiply charged ions is limited to the single
work of Sherwin,2 in which the ionization cross
sections of molecules of hydrogen and atoms of
helium by singly, doubly and triply charged ions
of certain metals were measured for two values
of the accelerating voltage (6 and 24 kv). Sher-
win came to the conclusion that the ionization
cross section increased in proportion to the
square of the charge of the primary ion. As is
well known, such a charge dependence is given
by the theory of shock ionization for regions of
high energy, when the condition v > v is satis-
fied, where v is the velocity of relative motion
and v is the velocity of the outer electrons in
the atom.

Studies carried out in recent years3 on the ioni-
zation of the atoms of a gas by singly charged ions
in the velocity region v £ vg have shown that the
collisions accompanied by ionization do not reduce
to the interaction of the ion with the individual
electrons of the atom. It was established that the
processes of ionization are realized in “penetrat-
ing” atomic collisions and the interaction of the
electronic shells of the colliding atomic particles
possesses great significance.

Recently a theoretical paper by Firsov! ap-
peared, in which the ionization cross section for
atomic collisions was calculated, on the basis of
a quasi-classical representation, as a function of
the number of electrons in the shells of the two
particles.

Thus it is not difficult to explain the data of
Sherwin on the ionization by multiply charged ions

on the basis of recently developed ideas on the
mechanism of ionization of atoms by singly charged
ions in the region of velocities v = vg. The pres-
ent research was undertaken with a view toward
carrying out a further investigation of ionization
by ions of different charge with the application of
a more reliable indication of monokinetic beams
of multiply charged ions and with a method of
measurement of the ion cross section developed
in our laboratory.

In the present work, the study was limited to
the ions Ne*, Ne’*, Ne3*, Kr*, Kr®*, Kr’*, Xe",
Xe?*, Xed*, Xe!'* and the atoms Ne, Kr, and Xe.

INVESTIGATION PROCEDURE

The study of ionization by ions of different
charge was carried out on an experimental appa-
ratus whose general description was given in our
previous researches.~® The primary ions were
produced in an ion source which is a modification
of the source of Ardenne.” A narrow ion beam of
definite charge, composition and energy was sepa-
rated by a magnetic mass spectrometer and passed
through a rectangular slit S; (1 x4 mm) in the
collision chamber which was filled with the gas
under investigation (Fig. 1). A sectionalized
measuring capacitor, described in detail in ref-
erence 8, was placed in the collision chamber.
The free electrons arising in the gas and the sec-
ondary ions were deflected by the electric field
onto the plates 1 — 12 of the capacitor and the
plates 13, 14 of the Faraday cage F;. The plates
of the measuring capacitor were screened by me-
tallic grids with a transparency of about 90 per
cent. A potential of +45v relative to the ground,
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was applied to the grids and to plates 13 and 14,
while an additional +25v relative to the grid was
applied to plates 1 —12. In this way, the second-
ary electrons emerging from the plates were held
back by the electric field. Plates 5 and 6 in the
middle part of the capacitor were chosen as the
measuring plates. It was established by control
experiments that the current of electrons and
secondary ions were known to reach saturation,
and only the charged particles appearing in the
gas in a section equal to the length of the meas-
uring plate were drawn off onto plates 5 and 6.

A typical volt-ampere characteristic of the cur-
rents of the secondary ions and the free electrons
on plates 5 and 6 is shown in Fig. 2.
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The current of the primary beam was meas-
ured on the entire system of electrodes forming
the measuring capacitor and the Faraday cage,
and also on the suppressor plate 16, which cov-
ered the bottom of the cage at the time of meas-
urement of the primary beam.

For correction of the beam inside the measur-
ing condenser in the measurement of currents on
plates 5 and 6, the collision chamber could be ro-
tated about the axis O (which passes through the
center of the chamber) by a small angle relative
to the initial direction of the beam.? In this case
the ion beam passed through the opening 15 into
F,; (8 x12 mm) and the slit S, (6 x 10 mm),
and was picked up on the monitor of the primary
beam (not shown in Fig. 1).

To verify the recordings of the primary mul-
tiply-charged ions, measurements were made of
the relative intensity of the lines of the different
isotopes of the ions under study, which were then
compared with the known tabular values. In addi-
tion, the presence of a magnetic analyzer after the
collision chamber permitted us to observe the mul-
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FIG. 1. Measuring capacitor.

tiply-charged ions by means of the additional lines
which appear in the ion beam after transmission
through the gas [as the result of partial charge
exchange (see references 4 —6)].

The currents on plates 5 and 6 and the primary
current were measured with an EMU-2 ampli-
fier.

The experiments were carried out under con-
ditions of single stage character of the collisions
at gas pressures ~1 X 1074 atm. The gas pres-
sure drop amounted to ~1:50 at the slit S;, and
to ~1:15 at slit S,. The residual pressure in
the apparatus after shutting off admission of the
gas into the collision chamber did not exceed 1
x 107% atm. The pressure was measured by an
ionization manometer controlled by a McLeod
gauge.

DETERMINATION OF THE CROSS SECTIONS

In the present research we measured the nega-
tive I_. and the positive I, saturation currents
to the plates of the measuring condenser. Meas-
urement of these currents permitted us to deter-
mine the total cross section for the formation of
free electrons o_ and the total cross section of
formation of secondary ions o, referredtoa
single charge:

o_=zI_|NII, o, =2zl /NI, 1)

where I, is the current of the primary beam, z
is the multiplicity of the charge of the primary
ions, N is the number of atoms per cubic centi-
meter of gas, ! is the length of the measuring
electrodes.

The cross section o_, as also in reference 8,
was of interest to us as the “total cross section”
of ionization. Data on the cross section o, were
frequently used by us for the comparison with data
on cross sections of capture of electrons by ions
of the primary beam, obtained in references 4 —6.

In the passage of a beam of singly charged ions
through the gas, the cross sections ¢ _ and o,
are composed of the cross sections of the separate
processes of three groups:

I'" + A7 4 A ke, 0)
T4 AT 4 A 1 (f Hh—i)e (1
I" AT A+ (—i)e. (111)
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The processes of group I have been named “pure”
ionization of the gas atoms, those of the group II
are known as ionization with capture, while those
of group III as stripping of the primary ion. The
processes of groups I and II can evidently exist
simultaneously and lead to the release of electrons
from the shells of both colliding atomic particles.
Processes of group II are connected with the lib-
eration of electrons from the shell of an atom and
with partial neutralization of the primary ion. As
the results of the existence of processes of groups
I and II in the gas, secondary ions can be formed
with different multiplicity of charge, and in the
stripping (processes of group III), ions of much
higher charge than that of the primary ions appear
in the primary beam.

Complete account of all possible processes
leads to the result that

5
Y+

()

where o, is the “total cross section” of ionization
with capture, while o7 is the “total cross section”
of stripping, referred to a single charge. In the
energy region under investigation, o7 < o, and

—0_=GCy— 9y,

3)

In the general case of primary ions with i-fold

6, — 0_== 9.
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charge,
f=0

D i — ey,

f=i—1

9o = (4)
where ojf is the cross section for formation of
ions with charge from i—1 to 0. The separate
components of the sum (4) can be determined by
analysis of the charge composition of the ion beam
after passage through the gas.*~®

The currents I_ and I, entering into Eq. (1)
were measured as the difference of the saturation
currents in the gas under study and after pumping
out of the collision chamber to the limiting vacuum.

The relative crudeness of the measurement of
the cross sections o_ and o, is estimated by us
to be of the order of 20 per cent, starting from the
reproducibility of the results. It is connected with
random errors in the measurement of the currents
and of the gas pressure, and with a certain insta-
bility of the operation of the ion source.

RESULTS

The dependence of the total cross section of
ionization of the gases under study by the various
ions is shown in Fig. 3 as a function of the kinetic
energy of the primary ions T.
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In the ionization of neon by neon ions, o_ is
somewhat larger for the Ne* ions at the same ki-
netic energy (or the same velocity of the ions).
For the ions Ne?* and Ne®*, the cross sections
are identical within the limits of error of the ex-
periment.

In two other cases of ionization of a particular
gas by ions of different charge, and in particular
ionization of krypton by krypton ions and ionization
of xenon by xenon ions, the cross sections o_ are
approximately the same for a given energy.

A similar conclusion can be reached from a
consideration of the data for the ionization of gases
by strange ions: krypton by neon ions, neon by
krypton ions and krypton by xenon ions (see Fig. 3).

An uninterrupted increase in the ionization
cross section was observed for all pairs of ions-
atoms studied in the energy interval under consid-
eration. In the middle part of the energy interval
(T =~ 50 kev) the largest values were achieved for
the ionization cross section of xenon by xenon ions
and krypton by krypton ions (o_. ~ 6 x 10~1¢ cm?),
and the smallest ionization cross section was that
of neon by krypton ions (o_ ~ 8 x 1017 cm?).

Two of the pairs studied by us, namely, Ne*-Ne
and Kr*-Kr, were also measured by Gilbody and
Hasted!? in the energy ranges from 0.1 to 3 kev and
from 5 to 40 kev. The cross section o_ in refer-
ence 10 for the pair Ne*-Ne is larger than ours
by about 70 per cent, while that for Kr*-Kr is
4 —5 times larger. It should be noticed that these
authors observed almost the same divergence for
these pairs among the series of their own measure-
ments completed in the region of small and high en-
ergies.

We carried out comparison of the difference in
the cross sections o,-0_. determined in our pres-
ent work with the charge-exchange cross sections
019 measured by us in reference 4 by the method
of recording fast neutral atoms. This comparison
was made for the pairs Ne*-Ne and Kr*-Kr. The
results of the comparison are shown in Fig. 4. A
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FIG. 4. Comparison of
the capture cross section
measured by the potential
method ¢, ~o0_ and by the
method of registering fast
atoms (o,,). Pairs are
Ne*-Ne and Kr*-Kr.
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similar comparison is shown in Fig. 5 for the pair
Kr?*-Ne, for which the cross section for capture
of two electrons o0y, is very small in comparison
with the cross section of capture of a single elec-
tron oy (see reference 5) and, consequently, by
(4), 0,-0_ = 09y. As is seen from Fig. 5, in the
case of doubly charged ions, a close correspond-
ence is also observed between the results of inde-
pendent measurements.

(i/ﬂ-/l’.cm2
FIG. 5. Comparison iz Oy “K
of the capture cross P D ~ =
section measured by /D/b;" 6,-0.
the potential method M<_ N
0,—o_ and by the ozx !
mass spectrometer . i
method (0,,). The pair  °
is Kr* —Ne.
g 7 20 N/ 40 0 T kev

DISCUSSION

The results of our investigation of the ioni-
zation of inert gases by multiply charged ions do
not substantiate the quadratic dependence of the
cross section on the charge of the primary ion
found by Sherwin. It should be noted in passing
that the cross sections in the work of Sherwin
were compared, not for identical kinetic energy
of ions of different charge, but for the same ac-
celerating voltage. Thus a weaker dependence of
cross section on charge actually follows from the
data of Sherwin. In several cases (Cu®, Cuz"—He;
C*, C¥*-He), the cross sections are practically
identical for singly and doubly charged ions. Some
shortcomings in the method of the research of
Sherwin were noted in reference 11. The absence
of a reliable indication of multiply charged ions
and the measurement of cross sections for com-
paratively high gas pressure (~ 5 x 107 atm)
also reduced the reliability of the data of Sherwin.

In the theoretical work of Firsov! which ap-
peared recently, an estimate is given of the ioni-
zation cross section in atomic collisions, starting
out from a quasiclassical consideration of the
problem of the motion of electrons in the region
of overlap of the shells of the colliding atomic

particles. The ionization cross section is repre-
sented in the form of the approximate formula
_ 3211071 [ (‘Z‘llez)l/’v " _ 1]"" )
(Zl + ZZ) /s l 23.3-10 g I

where ¢€; is the ionization energy, while Z; and
Z, are the number of electrons in the ion and in
the atom, respectively.

Introducing the characteristic velocity v, and
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the cross section oy for each pair of colliding
particles

23.3¢;
vy = ——- . 10°cm/sec,
(Zy + Zo)"
o= ——2L . 107 cm?, ®)
(714 Z)™

Firsov obtained a universal formula for the ioni-
zation cross section for an arbitrary pair of collid-
ing particles:

o/ =[(v/05)" — 1] (7)

The dependence of /g, on v/vy, given by Eq. (7),
is represented in Fig. 6 by the dashed curve. The
experimental data for all ion-atom pairs that we
investigated are also plotted in the same drawing.
As is seen, for heavy ions and atoms (curves 10 —
19), and also for ions and atoms of neon (curves
1, 2, 3), the experimental data are grouped about
the theoretical curve. Departures from the theo-
retical curve, as also for singly-charged ions 1:3
lie within a factor of 2.

o/a,
4/5’r
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FIG. 6. Universal curve of Firsov (dashed) and experimen-
tal data on the ionization of atoms by ions of different charge

1 — Net — Ne; 2— Ne?t— Ne; 38— Nedt — Ne; 4 — Net — Kr;
5 — Ne?t — Kr; 6 — Ne3* —Kr; 7— Krt-— Ne; 8§ — Kr?t — Ne;
9 —Kr3* —Ne; 10 —Krt—Kr; 1/—Kr2 —Kr; 12— Kr3 —Kr;

13 — Xet —Kr; 14 — Xe*t — Kr;
17 — Xet — Xe; 18 — Xe?t — Xe,

15 — Xe¥t —Kr;
19 — Xe3+ — Xe

The essential experimental fact obtained in the
present work, namely the absence of a significant
effect of the charge of the primary ion on the mag-
nitude of the ionization cross section, is in quali-
tative agreement with the Firsov theory. Actually,
inasmuch as Z; and Z, are large numbers in
Eq. (5), a decrease in Z; by several units in

16 — Xe!t —Kr;
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the case of multiply charged ions should not have
a noticeable effect on the magnitude of the ioniza-
tion cross section. Here it is interesting to ob-
serve that the ionization cross section for singly
charged ions is as a rule always somewhat larger
than for ions with a charge larger than unity (see
Fig. 3).

For the cases of ionization of neon by krypton
ions, and of krypton by neon ions, the Firsov for-
mula gives cross sections that are too high by a
factor of 2 —4. It is possible that this is connected
with the fact that individual peculiarities of the
electron structure of the colliding atomic particles
are not taken into account in the theory.

With the aim of further investigation of the
phenomenon of ionization of gases by ions of dif-
ferent charge, we propose to extend the investiga-
tion to ions of elements of other groups of the
periodic table, in particular to metallic ions.

In conclusion, the authors express their grati-
tude to Professor V. M. Dukel’skii for discussion
of the results of the research and to A. M. Shchen-
kov for practical assistance in carrying it out.
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