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The cross sections o

for formation of Ne™, Ar™ Kr™* or Xe™" ions (n = 1, 2, 3) in collisions be-

tween doubly charged et ions and the respective atoms are measured at energies 0.1 < T < 8 keV.

An analysis of the dependence of the components of the cross sections ¢,

on the collision energy T

shows that the appearance of peaks in the g, (T) curves in the case of the formation of Ar®, Kr®¥,
Xez", and Xe*" ions is due to exothermal capture processes concomitant with ionization. The correla-
tion observed between the cross sections ¢, and gy, for Ar, Kr, or Xe indicated that exothermal
capture with ionization may not only occur directly but also via intermediate competing processes.
The magnitudes of the cross sections for exothermal capture with ionization are estimated.

1, INTRODUCTION

AMONG the various inelastic processes that occur in
atomic collisions, processes of capture with ionization
have lately attracted the attention of researchers. The
possibility of realizing such grocesses was first indi-
cated by Fedorenko et al.,'*»*) and these processes
were subsequently investigated by many workers.?
Depending on the sign of the defect of the internal ener-
gy AE, these processes can have an endothermal (AE
< 0) or an exothermal (AE > 0) character. In the latter
case they produce multiply charged ions at a high effi-
ciency.!*?

Afrosimov et a , using collisions of protons
with inert-gas atoms as an example, investigated endo-
thermal processes of capture with ionization. In these
processes, the release of an electron from the shell of
the target atom is due to the kinetic energy of the pro-
ton. The effective cross sections of capture with ioni-
zation increase monotonically with increasing proton
energy T, and reach a maximum in the energy region
25 < T <30 keV, i.e., at proton velocities close to
V= ez/ h. The position of the maxima of these cross

sections depends little on the number of electrons taking
part in the process, or on the energy loss AE neces-

sary to realize the process.

Exothermal processes of capture with ionization
take place, as a rule, in collisions between multiply
charged ions and atoms.t®’*! The final result of this
collision is such that one or several atomic electrons
go over to the ion, and electrons can be emitted from
the shell of the atom as a result of the energy released
in such an exothermal charge exchange. The intermedi-
ate state of the colliding ion and atom is the formation
of a strongly excited system, capable of relaxing via
autoionization. In exothermal capture with ionization,
the kinetic energy of the relative motion of the ion and
atom does not take part, therefore the cross section of
this process can be larger in a region of small collision
energies.

Exothermal capture with ionization was analyzed
theoretically by Kishinevskii and Parilis!®! using a
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model of two Coulomb centers with two electrons. They
have shown that in this model, capture with ionization
can occur both directly and via an intermediate state."’
Different channels of the process of capture with ioni-
zation are realized during the time of collision between
the ion and the atom, owing to the electronic transitions
due to the coming together of the terms at relatively
large internuclear distances. The cross sections of
these processes, in the collision-velocity range 5x10°
<v = 10° em/sec, are estimated at 107*~107*° cm?
and the maxima of the cross sections lie in the same
velocity range.

In ') in an experimental study of the collisions of
the ions Ne*, Ne*, Ne** with Xe atoms, at accelerating
potentials 3 =V <30 keV, large values were obtained
for the free-electron production cross sections o_.
This is attributed to the contribution made to o by the
cross sections of the processes of capture with ioniza-
tion, besides the cross sections for the pure-ionization
and stripping processes.

It is convenient to investigate experimentally the exo-
thermal processes of capture with ionization by using
simple systems and low energies, for under these con-
ditions the number of possible competing processes is
reduced to a minimum, and the cross sections of the
exothermal capture with ionization can exceed in mag-
nitude the cross sections of the other processes in this
energy region. These requirements are best satisfied
by the He** ions, since they have no electron shells and
they have large electron recombination energies.

To obtain information concerning the processes of
capture with ionization, we have investigated the pro-
duction of singly, doubly, and triply charged slow ions
by collision between He® ions and Ne, Ar, Kr, and Xe
atoms in the energy interval 0.1 < T < 8 keV. These
processes are represented schematically in the form

He** 4 4 — He™ + An+ + (m +n— 2)e. (1)

DThe possibility of realizing inelastic atomic collisions via intermedi-
ate competing states was indicated earlier [°].
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Here A is the target atom; n=1,2,3; m=0, 1, 2, —1.
Since the particles He™" are not registered in the meth-
od employed by us, the measured cross sections oy

for the production of slow ions with charge n turn out

to be summed over all the states of the unobservable

. m+. _ 2m 2m
fast particles He'™": oo _Emom , where oy, is the

cross section of the elementary process in which the
charged states of both colliding particles are
changed. %!

Starting from the values of the electron binding en-
ergies in inert-gas atoms, we can predict in what cases
exothermal processes of capture with ionization become
possible among the processes (1) with n = 2 and 3. We
can expect that information concerning the presence of
exothermal processes of capture with ionization and
concerning the order of magnitude of the cross sections
of these processes can be obtained by analyzing the
oon(T) dependence and comparing the values of oy, and
of the ogn(T) plots for different processes (1) with n = 1,
2, and 3 and for different targets.

It should be noted that the number of investigations
devoted to the collisions of doubly-charged helium ions
with various atoms is quite limited. One can name only
several experimental studies of the interaction of He*
ions with certain atoms and molecules in the energy re-
gion T > 1 MeV, on single- and double-electron charge
exchange of He* ions with He atoms at T > 1 keV, and
several theoretical papers in which the cross sections
of the resonant charge exchange of He® ions in He were
estimated. Therefore an investigation of inelastic col-
lisions of He* ions with Ne, Ar, Kr, and Xe atoms, and
the determination of the cross sections of these proc-
esses in the energy interval 0.1 < T < 8 keV is of in-
terest in itself.

2, EXPERIMENTAL METHOD

The employed experimental setup was described in
our earlier paper.t°’ Doubly-charged helium ions
were produced and accelerated in an ion source of the
Nier type. After passing through a magnetic mass-
monochromator and before entering the collision cham-
ber, the He® beam passed through a system of dia-
phragms with decelerating potentials. As a result, the
final kinetic energy of the He® ions could be varied in
the range 0.1 < T < 8 keV. The helium isotope ‘He was
used for the present investigations. Since the value of
m/e is the same for He® and H;, measures were taken
to clean the beam of the He* ions and to monitor the ad-
mixture of the H; impurity in the He?'. To obtain the
He®* beam and to produce gas targets in the collision
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production of slow ions are much lower in this case
than the cross sections obtained with the He?* beam.
Thus, it can be assumed that the admixture of H in the
He?* beam does not distort the results of our investiga -
tions.

All the cross sections for the production of slow ions,
Oon, Obtained in the present paper, were measured with
accuracy not worse than + 15%, with the exception of the
cross section oy for the production of Ne*t ions, the
accuracy of which is estimated at +40%.

3. MEASUREMENT RESULTS AND DISCUSSION

For convenience in the analysis and discussion of
the measurement results, the table lists the fundamen-
tal elementary processes in which slow ions are pro-
duced and the values of the internal-energy defect AE
of these processes, or their possible limits, taken as
the differences between the unperturbed electronic lev-
els of the particles at large distances. As seen from
the table, the processes of single- and two-electron
charge exchange are exothermal, and can therefore in-
clude reaction products in various excited states, and
to each charge-exchange process there corresponds a
number of values of AE_, as indicated in the second
and fifth lines of the table. The lower limit is calcu-
lated with allowance for the maximum excitation, and
the upper limit with allowance for the minimum excita-
tion of the particles as a result of the charge exchange.
For the single-electron charge exchange processes 2,
the parentheses contain the values of AE,, for the case
when unexcited particles are produced.z) It should also
be noted that a fraction of the excitation energy of the
system can be carried away in the form of the kinetic
energy of the outgoing particles.

The measured cross sections o, for the production
of slow Ne™, Ar™ Kr™, and Xe™ions (n = 1, 2, 3) as
functions of the kinetic energy T of the He?* ions are
given in Figs. 1-4, respectively.

a) Cross sections for the production of singly-
charged ions. The cross sections 0, for the produc-
tion of the ions Ne*, Ar*, Kr*, and Xe" are the sums of
the cross sections of the processes of pure ionization 1
and single-electron charge exchange 2 (see the table).
On the basis of general considerations we can expect
the cross section of the processes 1 to increase mono-
tonically with increasing energy T in the investigated
energy interval. In single-electron charge exchange of
He* ions in Ne, Ar, and Kr, the ions Ne*, Ar’, and Kr*
are produced in different excited states, including high-

chamber, we used in the present investigation spectral - AFc0 eV
ly pure He, Ne, Ar, Kr, and Xe gases, so that the num- N> Process Ne ‘ A I Kr Xe
ber of hydrogen-containing molecules in the vacuum
system of the ?.pparatus was reduced to a minimum. 1| Hot Ao Hott 4 4" 4o o156 | —t5.75 43.99 1213
Further, knowing the mass spectrum of the hydrogen 2 — Het * A * 0-5.94 %_625 15.8’:6—%6.84 0—%‘1 .2077)
. > " . 2.8 8.65 . 42,
(the ratio of the intensities of the H" and H; ion cur- 2, 3| HeohAo Hor a2 (32.84), (_43.39% _(fasfgg _(_'3?8;
i * y — He" - A% Le —8.13 11.05 15.8 .
rents), we coulc.i estimate the content of' H; in the He 5 — He *ﬁ- et 0—16.45 | 0--35.65 |  0--40.43 0—-45.68
beam. Such estimates have shown that in our case the 6! Het* +A— He?r A% 43¢ | —127.83 | —84.25 —178.15 —65.43
24 : &% of Hy. Finall 7 - He* 4 A3 4-2¢ —713.43 | —29.85 —23.75 —11.03
He"* beam contains not more than 4% of Hz. Finally, 8 S Hef A% 4o 4893 | —5.35 0.83 13755
our experimental estimates of the cross sections for 9 - He™ + 43" ~—48.5 | ~—5.0 ~0.45 ~13.9

the production of slow Ne, Ar, Kr, and Xe ions follow-
ing the passage of a beam of H; ions through the re-

2 The atomic-level energies used for the calculation of the quantities

spective gases show that the cross sections for the were taken from Moore’s tables [!!].
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FIG. 1. Dependence of the cross sections for the production of slow
ions 0yy , on the collision energy T for the He?* -Ne pair. N¢*, Ne2*, and
Ne3* denote the cross sections aq; , 0y, , and 6,3, respectively. A similar
notation is used in the remaining figures.

FIG. 2. Cross sections g, for the He?* -Ar pair. The upper curve
corresponds to the total cross section %) Oon -
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FIG. 3. Cross sections gy, for the pair He?* -Kr. The upper curve
corresponds to the total cross section %', Oon -
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ly-excited states, and excitation of He" ions is also pos-
sible in the case of Xe.

Since the values of the internal-energy defects AE«
of the processes 2 vary in a wide range, and none of
these processes are favored for any reason, the cross
sections cﬁi in our energy interval will be monotonic
functions of T. In the case of Ar and Kr, for which AE,,
is large (> 11 eV), the rising character of the o%(T)
curves follows also from the well known Massey crite-
rion. However, as seen from Figs. 1-4, a monotonic
course of the ¢,,(T) curve was obtained only for the
He® *-Ne pair. The curves for Ar, Kr, and Xe have a
more complicated form and, as will be shown later,
this complication can be attributed to the presence of

processes that compete with the single-electron charge
exchange processes 2.

b) Cross sections for the production of doubly-
charged ions. The cross sections o, for the production
of doubly-charged ions Ne®*, Ar®*, Kr’*, and Xe** re-
ceive contributions from the cross sections of the proc-
esses of pure ionization 3, of capture with ionization 4,
and of two-electron charge exchange 5 (see the table).
The cross sections of processes 3 apparently increase
monotonically with increasing energy T in our interval
of T. The processes 5 are exothermal for all the tar-
gets investigated by us, and they can include also two-
electron charge exchange with production of one or both
particles in different excited states (with the exception
of the He® *~Ne pair, for which the excitation of only
Ne?* is possible). Just as in the case of single-electron
charge exchange, owing to the change of AE,, in a wide
range and owing to the absence of any favored proc-
esses, we can assume that the cross sections o2 of the
two-electron charge exchange processes 5 increase
monotonically in the investigated interval of T. In the
only endothermal process of capture with ionization 4,
which leads to the formation of the Ne?* ion, the re-
lease of the electron from the shell of the Ne atom is
due to the kinetic energy of the He?* ion. On the basis
of the results of !% 7! it can be expected that the cross
section of the process 4 in Ne will increase continuous-
ly with increasing T. Thus, from an analysis of the be-
havior of the individual components of the cross sec-
tion 0y, we expect the 0o2(T) curve to be a monotonic
function of T. As seen from Fig. 1, the experimental
yield 00,(T) of the Ne®* ions agrees with this conclu-
sion.

From the point of view of the results,'®! the exother-
mal processes 4 of capture with ionization can be re-
alized in the systems He® *~Ar, He’*—Kr, and He® *~Xe
either directly in accordance with the scheme 4, or else
via intermediate states:

No. 4a
No. 4b

7 He" 4 A" — He* - A?" +e¢
He®* - 4
Nt - A% 1 He' - A% e

The intermediate states in processes 4a and 4b are ex-
cited systems that go over into the final state via Pen-
ning ionization, and in the case of formation of interme-
diate He™ + Ar*™* and He" + Kr** systems the transition
to the final states is possible via autoionization of the
excited Ar** and Kr** ions.

The relatively large values of the cross sections oy,
and the appearance of a maximum on the ¢,,(T) curves
in the case of production of the ions Ar®*, Kr®¥, and
Xe®* (Figs. 2—4) are apparently connected with the ap-
preciable contribution made to ¢,, by the cross sec-
tions of the exothermal processes of capture with ioni-
zation. The results obtained experimentally for these
systems indicate also the presence of a definite connec-
tion between the cross sections o0, and ¢,. Thus, for
example, the maximum on the o,(T) curve (Fig. 2) at
T = 4000 eV corresponds to a minimum on the o4 (T)
curve. In the case of Kr, such a correspondence takes
place at T ~2000 eV (Fig. 3), and in the case of Xe—
at T=~600 eV (Fig. 4). The correspondence between the
indicated maxima and the minima is confirmed also by
the monotonic variation of the total cross section
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%) oon{T), plotted in Figs. 2 and 3 (upper curves). The

noted connection between the cross sections oy, and oy,
in Ar, Kr, and Xe makes it possible to ascribe the pres-
ence of the maximum on the 0,,(T) curves to exother-
mal processes of capture with ionization, realized via
the channel 4a. Indeed, exothermal capture with ioniza-
tion 4a competes with the process of single-electron
charge exchange 2 (see the table), which contributes to
the cross section ¢,, for the production of singly-
charged ions. It is seen that at definite collision ener-
gies between the He®* ions and the Ar, Kr, and Xe at-
oms there are produced excited quasimolecules He*

+ Ar*™  He' + Kr**, and He* + Xe**, which relax with
high probability via electron emission, and not via ra-
diation. Therefore the scheme of these processes can
be written, for example for Ar, in the following manner:

No. 2
No. 4

He* + Arv* + hwv
He*" + Ar — He* + Ar+7'
NHet - Artt 4o

The presence of a definite connection between the cross
sections 0, and o, makes it possible, as will be shown
below, to estimate the order of magnitude of the cross
sections o2 of the processes 4.

¢) Cross sections for the production of triply-
charged ions. Four processes can contribute to the
cross sections oy for the production of the triply-
charged ions Ne®*, Ar*, Kr’", and Xe** (see the table).
The cross sections of the pure-ionization processes 6,
and of the processes of endothermal capture with ioni-
zation 7 and 8, in the given interval of energies T,
should increase monotonically with increasing T. It is
shown in ©*?! that the cross sections of the processes
where the He' ions are transformed into He™ ions by
collisions with Ne, Ar, and Kr atoms, at energies T
< 60 keV, are small and decrease with decreasing en-
ergy T. At T ~15 keV, they amount to ~3 x 1072,
~5x107, and ~1x107* cm® for Ne, Ar, and Kr, re-
spectively. One can expect the cross sections for the
capture of three electrons (He?*— He~) to be smaller
than the cross sections for the capture of two electrons,
and since the cross sections 0y, measured by us are
relatively large, the contribution of the processes 9 to
the total cross sections o, can be neglected. Thus, on
the basis of an analysis of the most likely behavior of
the components of g4, We can expect the cross sections
04 for the production of Ne** and Ar®** ions to be mono-
tonic functions of T, as is indeed confirmed experimen-
tally.

In the systems He’*-Kr and He®*-Xe, exothermal
processes of capture with ionization 8 can be realized.
The nonmonotonic course of the 04,(T) curve for Kr®*
ions (Fig. 3) and the presence of a clearly pronounced
maximum on the o,(T) curve for Xe®* ions (Fig. 4) are
attributed to the contribution made to o, by the cross
sections of the processes of exothermal capture with
ionization 8. Since there is no correlation between the
cross sections 0y, and 0y, in the case of Xe, similar
to that observed between the cross sections oy, and o,
it can be assumed that the exothermal capture with ioni-
zation 8 is realized for Xe without intermediate compet-
ing processes. For Kr, the process 8 is only slightly
exothermal (AE, ~ 0.8 eV), and this is probably why
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there is no clearly pronounced maximum on the 044(T)
curve (Fig. 3).

4, CONCLUSIONS

A comparison of the results obtained for different
targets makes it possible to reveal a number of general
features of the processes occurring in collisions be-
tween He** ions and Ne, Ar, Kr, and Xe atoms, and to
draw certain conclusions with respect to processes of
exothermal capture with ionization.

1. The total cross sections oy, for the production of
singly-charged ions receive contributions from the
cross sections for ionization and single-electron charge
exchange. The cross sections for pure ionization of at-
oms, as is well known, increase in the sequence Ne, Ar,
Kr, Xe. Since the observed character of the 0,,(T)
(Figs. 1-4) differs noticeably from this regularity, we
can conclude that an appreciable contribution to o, is
made by processes of single-electron charge exchange 2
with formation of excited particles.

2. The exothermal processes of capture with ioniza-
tion upon collision between He?* ions with Ar, Kr, and
Xe atoms can be realized in different manners. This is
due to the presence of a large number of terms in the
excited quasimolecule, and the possibility of realizing
transitions to different terms as the nuclei come closer
together. Thus, for example, exothermal capture with
ionization leading to the formation of Xe?" ions can pro-
ceed both via channel 4 (see the table), and via channels
4a and 4b.,

In '®1 we considered three channels through which
capture with ionization is possible when an ion B™ col-
lides with an atom A (the particles B™ and A are re-
garded as Coulomb centers, in the field of which two
electrons are situated):

I Auger ionization, wherein one electron is captured
in the ground state of the ion B™*, and the excess ener-
gy is transferred to the other electron of the atom A:

A + Br+— A% 4 Beb* 4 ¢,

II. Preliminary single-electron charge exchange with
production of an excited ion B~V *™ and with subse-
quent relaxation via Penning ionization:

A + Bt A+ 4 B+ 5 g2+ Bt |

III. Preliminary two-electron charge exchange in
the autoionization state of the ion B =2+ ** with sub-
sequent Auger effect in it:

A 4 Bt — A - B2t . g2 L Bt g,

Channels I, II, and III are realizable if Ex(R) =0,
where Ej is the energy of the released electrons in
processes I, II, and III, and R is a quantity of the order
of the atomic dimensions. As applied to the systems
considered in the present paper, it turns out that chan-
nel I is open only to the pair He?**-Xe. The cross sec-
tion of the process I, according to '®?, reaches a max-
imum at v ~10° cm/sec, which lies outside the interval
of the energies T investigated in the present paper.
Channel II is energetically impossible for the pairs
He**—Ar and He?*-Kr, since single-electron charge ex-
change with production of excited He" ions is endother-
mal. Channel III is open for Ar, Kr, and Xe. It should
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be noted, however, that it is difficult to estimate the ex-
tent to which the results obtained within the framework
of the model assumed in '®) correspond to reality. One
can only note that in multielectron systems there are
realized, with a larger probability, processes with ex-
citation of ions made up of the target atoms, such as
processes 4a and 4b in Ar, Kr, and Xe, which are con-
sidered in the present paper.

3. An analysis of inelastic atomic collisions with al-
lowance for the competing intermediate states yields
more information concerning the mechanism of the
process than an analysis of only the initial and final
states of the system. From this point of view, it was
useful in the present investigation to consider simul-
taneously the 0,,(T), 0,,(T), and 0y5(T) dependences. The
previously noted correspondence between the maximum
on the 0x(T) curve and the minimum on the 0y, (T) curve
in the He?*—Ar, He?*~Kr, and He**-Xe systems is con-
nected with two competing processes, one of which
makes a contribution to oy, and the other to ¢,,. The
presence of such competing processes points to one of
the possible channels of the exothermal capture with
ionization.

4. From a comparison of the cross sections oy, and
043 for Ar, Kr, and Xe one can deduce that a definite
connection exists between the positions of the maxima
of the cross section for exothermal capture with ioniza-
tion and the values of the internal-energy defect AE
or the degree of the exothermal character: the maxima
of 002 and 003 of processes 4 and 8 shift towards smal-
ler T with increasing AE.

5. The presence of exothermal capture with ioniza-
tion greatly influences the behavior of the curves o, (T),
042(T), and 04,(T) in the investigated energy interval.
Thus, for example, for the pair He?*~Ne, the processes
of exothermal capture with ionization are energetically
impossible, and the cross sections for the production of
slow ions 0y, increase monotonically with increasing

energy T (Fig. 1). In the systems He?* —Ar and He**-Kr,

the exothermal capture with ionization 4 is impossible.
As a result, a maximum appears on the 0y,(T) curves
and a minimum on the oy, (T) curves (Figs. 2 and 3). For
the He**-Xe pair, exothermal processes of capture with
ionization and formation of doubly and triply charged
ions are possible. As a result, a minimum is observed
on the 0,,(T) curve, and a maximum on the 0, (T) and

O3 CUTVES.

6. With decreasing energy T, the probability of the
endothermal process decreases strongly, approaching
0 at the energy thresholds. Therefore, in the region of
low energies, it becomes possible in some cases to es-
timate the cross sections of endothermal capture with
ionization. Thus, for example, the processes 8 are
practically the only exothermal processes for the for-
mation of triply-charged 1ons Kr®* and Xe®**. It can
therefore be assumed that 003 (Kr) ~ 0gs ~ 1.4
X107 cm? at T~ 200 eV, 023(Xe) ~ 03~ 1 X 107*¢ cm?
at T~ 100 eV. Apparently, such an estimate is possi-
ble for Kr and Xe at even higher values of T.

To estimate the cross section o2 of processes 4,
which lead to the formation of doubly charged Ar?**,

Kr**, and Xe?* ions, we can use the previously estab-
lished correlation between the cross sections o, and
0g- Since the appearance of extrema on the 0y, (T) and
002(T) curves is connected with processes 4, one can
take the lower limit of the estimated cross sectlons o‘2
to be the depth of the minimum on the 0,,(T) curve,
reckoned from a smooth curve that can be drawn
through the corresponding points, and the upper limit
of 025 to be the values of 0, at the maxima of the
curves of Figs. 2-4. Slmllar estimates yield 1x 107}

o2 < 8.7 ><10’16 cm? for Ar and T = 4000 eV,

1 ><1o“‘s < 06 <3.9x107"° cm® for Krand T = 2000 eV,
and 1x107"® S 0% < 5 x107* cm® for Xe at T = 600 eV.
On the basis of the foregoing, we see that exother-
mal processes of capture with ionization play a predom-
inant role in the formation of multiply charged ions in

slow collisions between ions and atoms.
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