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A procedure is developed for the investigation of processes of formation of slow negative ions in colli-
sions of fast ions or atoms with gas molecules. The effective cross sections for the production of O”
ions in collisions of hydrogen ions and atoms with energy 3—50 keV with oxygen molecules are meas-

ured in relative units.

INTRODUCTION

IN collisions of singly-charged positive ions and atoms
with diatomic molecules, slow atomic negative ions are
produced as a result of the following two processes":

L]

A" B, 4+ B B, (1)

A"+ B,—~A*+ B, > A*+ B~ +B". (2)
The process (1) is a direct dissociation of a diatomic
molecule into a positive and a negative ion as a result
of collision with a fast ion or atom. If the impinging
particle has no electron shell (H", He", etc.) the process
(1) is the only source of the slow ions B".

In process (2), the slow ions B~ are the result of the
decay of the unstable molecular ion Bz, which is produced
in turn when the target molecule captures an electron.

The process of dissociation of diatomic molecules by
electron impact into positive and negative ions was ob-
served in'*""!, For collisions of heavy particles with
gas molecules, this process has not been sufficiently
well studied. II’in, Afrosimov, and Fedorenko® gave
the results of measurements of the effective cross sec-
tion for the dissociation of the molecule O: into the ions
O™ and O" by impact of the ions H* and H; at three values
of the incoming-particle energy. Afrosimov and co-
workers'®’ estimated the effective cross section of the
dissociation of the H: molecule into H™ and H* ions by
proton impact. According to their data, the effective
cross section of this process does not exceed 3 x 107%°
cm® Finally, Ogurtsov and Flaks"™®' measured the
effective cross sections for the production of C7, O,
and CO" ions in the interaction of fast neon ions and
atoms with CO molecules. They obtained cross sections
~107'%, ~10™° and ~ 107*° cm® for the production of
the ions O7, C7, and CO", respectively.

The formation of slow atomic negative ions in colli-
sions between fast atoms and diatomic molecules has
been somewhat better investigated, but still insuffi-
ciently 12,

DIn principle, the ions B™ can also be produced in the process A* +
B, = A™+ B, * - A**+ B™ + B*. However, owing to the large reso-
nance defect of this process, its effective cross section is small com-
pared with that of the process (2).

Thus, the processes of formation of slow atomic
negative ions in collisions between heavy particles and
gas molecules have not yet been sufficiently well studied.
This statement is particularly true with respect to proc-
ess (1). On the other hand, a study of this process is of
considerable interest, since it differs greatly from the
other processes in which slow atomic ions are produced
in molecular gases (dissociative charge exchange and
dissociative ionization). A study of this process is
useful also from the point of view of clarifying the gen-
eral properties of the function o(v) (0—effective cross
section of a certain process of atomic collision, v—rela-
tive velocity of the colliding particles). The point lies in
the fact that the formation of slow atomic negative ions
in the process (1) can occur in many cases only along a
single channel, and therefore the o(v) curves, which
characterize this process, should have a particularly
simple form, thereby greatly simplifying their analysis.

The purpose of our present and subsequent investiga-
tions is a detailed study of the regularities of process
(1), which we wish to compare with the regularities in
the formation of slow atomic negative ions by dissocia-
tive charge exchange (process (2)).

The first stage of these investigations is measure-
ment of the effective cross sections for the production
of O ions in collisions between fast protons or hydro-
gen atoms with O: molecules; the results of these
measurements are reported in the present paper.

APPARATUS AND MEASUREMENT PROCEDURE

The measurements of the effective cross sections
for the production of slow O ions were performed with
the aid of the experimental setup described in"*®!. The
system for the extraction and beam shaping of the slow
negative ions produced in the investigated gas is shown
schematically in Fig. 1.

This system consists of five flat electrodes, each a
disc of 40 mm diameter. Electrodes 1 and 2, in the
space between which the beam of incoming particles
enters, form the collision chamber proper. The slow
negative ions produced in the collision chamber are
moved by the electric field due to the extraction poten-
tial difference Vgyiy (Which is smoothly adjustable from
0 to 175 V) applied between electrodes 1 and 2 through
a slit in the second electrode into the space between the
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FIG. 1. System for the produc-
tion of the beam of secondary ions.
The slit dimensions in the electrodes
of the extraction system are as fol-
lows: electrode 2—1.5 X 7 mm; elec-
l trodes 3, 4, and 5—1 X 7 mm. Dis-

tances between electrodes of the ex-
traction system: between 1 and 2—
10 mm, between 2 and 3—3 mm, be-
tween 3 and 4 and between 4 and
5-5 mm.

electrodes 3, 4, and 5. The collision chamber is under
an accelerating potential V, .. equal to 1500 V, relative
to the grounded electrode 3. The beam of negative ions
passing through the slit in the electrode 3 is focused
with the aid of a focusing potential V..~ 1000 V applied
to electrode 4, and then passes through a slit in the
grounded electrode 5 and strikes the slit 7 of the mass
spectrometer. The negative-ion beam trajectory is cor-
rected in the space between the system of electrodes
1-5 and the slit 7 by the electric field of parallelepiped-
plate capacitor 6. The dimensions of the slits in the
electrodes of the extraction system and the distances
between the electrodes of the extraction and negative-
ion-beam shaping systems are given in the caption of
Fig. 1.

In measuring the effective cross sections for the
production of slow negative ions, it must be kept in
mind that the investigated negative ions can result not
only from collisions between the incoming-beam parti-
cles and the gas molecules, but also in the following
processes:

1) In collisions between the secondary electrons
knocked out by the incoming-beam particles from the
edges of the entrance and exit slits of the collision
chamber, and the molecules of the investigated gas.

2. In collisions between the secondary electrons
produced in the collision-chamber gas and the mole-
cules of this gas.

3. In processes occurring when the surface of the
first electrode of the collision chamber is bombarded
by positive ions produced in the collision-chamber gas
by the incoming-beam particles. These positive ions,
accelerated in the electric field produced by the extrac-
tion voltage applied to the collision- chamber electrodes,
can produce, by charge exchange and by secondary ion-
ion emission on the surface of the first electrode, nega-
tive ions having the same nature as the negative ions
produced in the collision-chamber gas by passage of the
primary-beam particles through the chamber®. The
negative ions produced on the surface of the first elec-
trode by the field of the extraction potential difference
are accelerated towards the slit of the second collision-

D The possibility of producing on the surface of the first electrode
negative ions having the same nature as the ions produced in the colli-
sion-chamber gas was kindly pointed out to us by M. N. Panov and Yu. A.
Mamaev of the Physicotechnical Institute of the USSR Academy of
Sciences, to whom the authors are sincerely grateful.
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FIG. 2. a—Spectrum of negative oxygen ions, b—spectrum of nega-
tive hydrogen ions. Solid curves—solid first electrode, dashed—reticular
first electrode.

chamber electrode and are registered ultimately by the
mass-spectrometer receiver.

4. In collisions between the negative ions from the
surfaces of the electrodes when negative ions pass
through the slit of the beam-shaping system.

To prevent the secondary electrons knocked out by
the incoming-beam particles from the edges of the en-
trance and exit slits of the collision chamber from en-
tering the region from which the slow secondary ions
are drawn into the beam-shaping system, a positive po-
tential of 500 V was applied to the slit in order to block
the secondary electrons.

We investigated the dependence of the current i of the
slow negative ions on the incoming-particle-beam cur-
rent I and on the gas pressure p in the collision cham-
ber. The effective cross sections for the production of
the slow negative ions were measured at values of I and
p within the limits of the linear sections of the i(I) and
i(p) dependences, thereby eliminating the contribution
made to the slow-negative-ion current by collisions be-
tween the gas molecules and the secondary electrons
produced in the gas.

To separate the negative ions to be investigated from
the negative ions having the same nature but produced
on the surface of the first electrode on the collision
chamber or on the slits of the slow-negative-ion beam
shaping system, we investigated the mass spectra of the
slow negative and positive ions produced by the passage
of a beam of 20-keV protons through hydrogen and oxy-
gen. These spectra are shown in Fig. 2a (oxygen) and
Fig. 2b (hydrogen). They were obtained in each case by
using two forms of the first electrode of the secondary-
ion-beam shaping system: in the form of a solid disc
(solid lines) and in the form of a grid having a trans-
parency of 809, (dashed lines).

As seen from Fig. 2a, four peaks are observed in the
mass spectrum of the negative ions produced in oxygen.
When the solid first electrode of the shaping beam is
replaced by a reticular one, the height of the first peak
remains unchanged, whereas the heights of the second
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FIG. 3. a—Plot of AH = f(AVex¢;) for the peaks of the negative
spectrum of oxygen: @—first peak of negative spectrum, A—peak of 0*
ions, O0—second peak of negative spectrum, X —third peak of negative
spectrum: O—fourth peak of negative spectrum. b—Plot of AH =
f(AVextr) for peaks of the negative spectrum of hydrogen: ®@—second
peak of negative spectrum, A—peak of H* ions, X —first peak of negative
spectrum.

and fourth peaks decrease by an approximate factor of 5.
This indicates that the negative ions of the second and
fourth peaks of the spectrum are produced in processes
occurring on the surface of the first electrode of the ex-
traction system.

The arrow in Fig. 2a marks the value of the magnetic
field intensity corresponding to the peak of the O" ions
and coinciding in magnitude with the field intensity for
the first peak of the negative spectrum.

For a more detailed elucidation of the nature of the
negative-spectrum peaks, we investigated the function
AH = f(AVgxty), Which represents the variation of the
magnetic field intensity corresponding to the top of the
peak with variation of the extraction voltage. Here
AHj = Hp oo — Hy, AV = Vaiix

i
extr extr — Vextr’ where Hmax

is the magnetic field intensity corresponding to the top
of the investigated peak at the maximum value of the ex-
traction voltage V33X, Figures 3a and 3b show plots of
AH = f(AVexty) for oxygen and hydrogen, respectively.
Since the ions are produced in the gas in a region lying
halfway between the electrodes of the collision chamber,
their energy on leaving the beam-shaping system will
be equal to e[V,.. + (Vextr/2)]. The negative ions
produced on the surface of the first electrode of the
collision chamber can acquire at the exit from the beam-
shaping system, owing to charge exchange of the slow
positive ions, an energy €(Vyee + kKVexty), Where the
coefficient k is equal to 3/2 if the slow ions are elas-
tically scattered during the charge exchange. On the
other hand, if the collisions between the slow ions and
the surface of the first electrode are inelastic, then k
can assume arbitrary values smaller than 3/2, down to
k = 1. The negative ions produced on the surface of the
first electrode by secondary ion emission will have an
energy €(Vaee + Vextr) + Ei, where E;j is the initial
kinetic energy of the knocked-out negative ions. The
energy of the ions produced outside the collision cham-
ber (on the slits of the shaping-system electrodes) will
be independent of Vextr.

Figure 3a shows plots of AH = f(AVgyiy) for all the
peaks of the negative spectrum of oxygen and for the
peak of the O" ions. As seen from this figure, the slopes
of the plots of AH = f(AVgxty) for the second and fourth
peaks of the spectrum are approximately 2.5 times
larger than for the first peak of the negative spectrum
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and for the peak of the O" ions. The agreement between
the plots of AH = f(AVexty) for the second and fourth
peaks of the spectrum indicates that the coefficients k
in the formula for the energy are close in magnitude for
ions producing the second and fourth peaks of the spec-
trum. The magnetic field intensity at which the third
peak of the spectrum appears is independent of the ex-
tracting potential difference.

On the basis of the foregoing measurements it can
be concluded that the first peak of the mass spectrum
shown in Fig. 2a corresponds to O™ ions produced in the
collision chamber by dissociation of the O2 molecule
into a positive ion and a negative ion as a result of pro-
ton impact. The second and fourth peaks of the mass
spectrum correspond to the negative ions produced on
the surface of the first electrode of the collision cham-
ber. The third peak of the negative spectrum is appar-
ently produced by ions knocked out from the surface of
the second electrode of the extraction system by the
negative secondary-ion beam passing through the slits
of the electrodes.

Similar methodical investigations of the peaks of the
negative spectrum of hydrogen, the results of which are
shown in Figs. 2b and 3b, allow us to conclude that the
first peak of the spectrum of Fig. 2b corresponds to H~
ions produced on the surface of the second electrode
of the extraction system. The second peak of the nega-
tive spectrum is due to H™ ions produced in processes
occurring on the surface of the first electrode of the
extraction system. Thus, it was impossible to observe
in the mass spectrum of the negative ions the peak
corresponding to the H™ ions produced in the collision
chamber as a result of the dissociation of the hydro-
gen molecules into positive and negative hydrogen
ions. It appears that in bombardment of molecular
hydrogen by 20-keV protons, the effective cross sec-
tion of this process does not exceed 5 x 107" cm?,
which is the lower limit of the sensitivity of our ex-
perimental setup.

The methodological measurements performed show
that it is possible to investigate processes (1) and (2)
in molecular oxygen. The results of this investigation
are reported in the next section of the article.

EXPERIMENTAL RESULTS AND DISCUSSION

When protons pass through oxygen, O ions are pro-
duced only as a result of process (1). We shall desig-
nate the effective cross section of this process by o%.

In the case of passage of hydrogen atoms through
oxygen, the O ions are produced as a result of either
process (1) or process (2). The total effective cross
section 02)- for the production of O™ ions in oxygen by
passage of hydrogen atoms is given by the formula

diss
0 = goo

+ C"oi»e’, ( 3)

Co-
where odol.SS and 08.9- are the effective cross sections
of the processes (1) and (2) in collisions of hydrogen
atoms with Oz molecules.

We measured, in relative units, the effective cross
sections ob- and o°o. for collisions of protons and
hydrogen atoms of energy 3—50 keV with O: molecules.
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FIG. 4. Plots of 04.*(v) and 0,.° (v) for the pairs H*—0, and H®-0,:
@ —protons in oxygen, X—hydrogen atoms in oxygen, A—results of [?],
O-—results of [1*]. The arrows mark the velocity region in which the
maxima of the process H® + O, = H* + O” + O* should be located (the
O atom in the ground state as well as in all the excited states).

Plots of the effective cross sections ob_ and 02)_ against
the velocity of the incoming particles are shown in Fig.
4. The same figure shows plots of ¢y (V) obtained in"*’.
The three values of the effective cross section 0o~ Ob-
tained in‘®? are also shown in Fig. 4. These values of
0o are made to agree with the o(y-(v) curve obtained in
the present paper at the point corresponding to a proton
energy of 20 keV. As seen from Fig. 4, the results of
the earlier measurements of the effective cross sections
ob- and 02)- are in satisfactory agreement with the re-
sults of the measurements reported in the present arti-
cle.

The 05-(V) and oX-(v) curves differ strongly in the
incoming-particle velocity interval (1—2) x 10° cm/sec.
In this velocity region, the effective cross section 02)_
is several times larger than 0(5-. However, with in-
creasing incoming-particle velocity the differences be-
tween o"o- and 02)— and between their velocity dependen-
ces disappear.

The observed differences in the form of the 0-(v)
and 0°O—(v) curves can be explained on the basis of the
adiabatic maximum rule of Hasted and Massey. Accord-
ing to this rule, the velocity vy,5x corresponding to the
maximum of the effective cross section of the process
is determined by the equation vy 5x & a|AE|./h, where
a is the radius of the interaction forces between the
colliding particles, |AE|,, is the resonance defect of the
process or the distance between the potential curves of
the initial and final states of the system of colliding
particles at an infinitely large distance between them,
and h is Planck’s constant.

As shown in''®’ | the value of a for the charge ex-
change processes (2) is ~ 3 A. By calculating the
resonance defects for the processes (2), in which the
oxygen atom is produced not only in the ground state but
also in different excited states, and by using the value
a=3 A, we can determine vy 5« for different channels
of the process (2). The values of vy 5% calculated in this
manner are indicated by the arrows in Fig. 4.

An examination of Fig. 4 shows that the two maxima
on the ooo-(v) curve lie in the velocity region predicted
by the adiabatic maximum rule. We can conclude from
this that in the velocity region (1—2) x 10® cm/sec the
contribution made to the total effective cross section
000— by the effective cross section oS-e‘ of the charge-
exchange process (2) is quite appreciable. As is well
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known, the effective charge-exchange cross section de-
creases rapidly with increasing velocity. In the velocity
region v > 2.5 x 10® cm/sec, the effective cross section
08_9- becomes sufficiently small and the total effective

cross section 06- approaches the effective cross sec-

tion o188, If this reasoning is valid, then it can be

conclu%ed from the identical course of the o-~(v) and
0Q-(v) curves in the velocity region v > 2.5 x 10°
cm/sec that the effective cross section of the process
for the dissociation of the molecule O: into ions O* and
O~ depends little on the charge state of the incoming
particle. .

As seen from Fig. 4, the effective cross section op-
increases monotonically with decreasing velocity of the
incoming particle. This means that the maximum of the
00-(V) curve lies in the velocity region v <7 x 107
cm/sec. On the other hand, for the process (1) we have
AE, =—-17.2 eV. If a = 3 A for this process, too, then
the maximum of the 0-(v) curve should occur in the
region v~ 1.2 X 10® cm/sec. The absence of a maxi-
mum on the o0~-(V) curve in this velocity region indi-
cates that a <Qs, A for process (1).

In conclusion, it must be emphasized that the course
of the 0-(V) curve in the investigated velocity interval
differs significantly from the course of the o(v) curves
for dissociative ionization, Further investigations of
the process (1) using other incoming particles and tar-
get molecules will show the extent to which this con-
clusion is general and what its meaning is. )
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