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The total cross sections for positive-ion formation in collisions of H™ ions (10 to 50 kev)
with the atoms He, Ne, Ar, Kr and Xe and the molecules Hy, N, and O, have been meas-
ured; the same cross sections have been measured for O~ ions with the same energy in

collisions with inert gas atoms and H, and O,.

H* are compared.

INTRODUCTION

BECAUSE of the great amount of work!~!® carried
out in recent years, chiefly by N. V. Fedorenko and
his co-workers, a number of the characteristic fea-
tures of the ionization of gases by positive ions have
been established. One of the results of this work is
an understanding of the differences in the ionization
of gases by positive ions and by electrons. It is also
of interest to compare ionization processes in gases
when ionization is caused by ions of the same type
with opposite charge.

A comparison of this kind can be useful in es-
tablishing the role of the sign of the charge of
heavy particles with the same mass and atomic
number. In H* and H~ there is a sharp difference
in the structure of the electron shell: one is a bare
nucleus while the other has a closed shell, similar
to that in helium. Another important difference in
ionization caused by positive and negative ions
should be kept in mind. Ionization by positive ions
is accompanied by a competing process, capture
of a single electron (single-electron charge ex-
change). Ionization by negative ions is not accom-
panied by this process. The chief competing proc-
ess in this case is the one in which a single elec-
tron is detached from the negative ion.

It follows that a comparison of the ionization
of gases by positive and by negative ions should
furnish certain data concerning ionization of gases
by heavy particles. However, such a comparison
is not possible because of the complete lack of ex-
perimental data on the ionization of gases by nega-
tive ions. The present work has been undertaken
in order to obtain these data and to compare them
with data on ionization cross sections for positive
ions. For a number of reasons, ionization of gases
by H™ is of greatest interest. To clarify the role

The ionization cross sections for H™ and

of ion mass, we have also measured ionization
cross sections for D™. In addition, to determine
the effect of the atomic number and electron-shell
structure of the ion, we have measured ionization
cross sections for O™ ions.

METHOD OF MEASUREMENT

When negative ions move through a gas the fol-
lowing inelastic processes can occur:

I. A~-B—- A4+ B — excitation

II. A+ B— A"+ B* + ke —ionization(l < k < Zg);
II. A=+ B— A% ke + B— stripping(1 <k < Z4 + 1);
IV. A+B—A-+ B~ — charge exchange

(the last process is possible if particle B has a
positive electron affinity).

If the gas is molecular the molecules can disso-
ciate into positive and negative ions. In an atomic
gas traversed by a beam of negative ions, slow pos-
itive ions are formed only by ionization. Thus, the
total cross section for positive-ion formation, cr{ ,
can be measured by a potential method; the method
used here is essentially that described in refer-
ences 1, 3, and 6.

A magnetic field parallel to the plane of the
measurement electrode is used to suppress sec-
ondary electron emission from this electrode; this
method has also been used earlier.®

The cross section of is computed for single
collisions from the formula

b -
o) = in/l; nlL,

1

where ifj is the positive current at the measure-
ment electrode with the magnetic field on, Ij is
the current of the primary beam, n is the num-
ber of gas particles per cm?®, and L is the length
of the measurement electrode.
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The total cross section for the formation of
electrons and slow negative ions, o~, is deter-
mined from the formula

o~ =i/lynL, (2)

where i~ is the negative current at the measure-

ment electrode in the absence of the magnetic field.

The value of ¢~ computed from Eq. (2) is some-

what high because of the secondary emission from

the negatively charged plate of the measurement

capacitor. If the secondary emission coefficient

for this plate is small, the following relation holds:
Za

c":c:+2(k+l)c_1k—l—c;, (3)
k=0

where o_jk is the cross section for the detach-
ment of k+1 electrons from the negative ion and
oi is the cross section for the formation of slow
negative ions.

If

Z4

o< G; + D) (k4 1)y
k=0

we have

ZA

o"=of + ’:2 (k -+ 1) 0. @)
=0

The cross section o is determined from the
expression

o7 =im/l;nL, ®)

To mass spectrometer
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where ip is the negative current at the measure-
ment electrode in the presence of the magnetic
field.

The following remarks should be made with re-
gard to of. Actually, of represents the sum

Za

> koll.(+ where o-i.‘+
k=1

zation with detachment of k electrons from the
gas particle. oli{+ can be determined from the
relative intensity of the peaks in the charge spec-
trum characteristic of the slow positive ions as
obtained by an auxiliary mass spectrometer. In
turn, each ok* represents the sum of the cross
sections for ionization without change of charge
of the negative ion and with detachment of one,
two, or more electrons from the negative ion.

is the cross section for ioni-

APPARATUS

A diagram of the apparatus used for measuring
the cross sections for ionization of gases by nega-
tive ions is shown in Fig. 1.

The negative-ion source is the negative-ion in-
jector of the charge-exchange electrostatic accel-
erator being built at the Physico-Technical Insti-
tue, Academy of Sciences, Ukrainian S.S.R. The
design of this injector and its characteristics have
been described by us in detail earlier!’ and will
not be considered further in the present paper.

To MM-1000
pump

M
|
/l

J

To negative
ion projector

FIG. 1. Diagram of the apparatus.
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A monoenergetic beam of negative ions of a
given kind is selected by the magnetic mass mono-
chromator 1 and focused by the electrostatic quad-
rupole lens 2 on the slit (2 x 4 mm ). The beam
is then deflected through an angle of 10° by the
electric field of the plane capacitor 4 and strikes
the input slit 5 of the collision chamber 6. The
axis of the collision chamber is inclined with re-
spect to the beam axis in front of the capacitor 4
by an angle of 10° (not shown in the sketch). By
means of the deflection capacitor it is possible
to select neutral atoms and positive ions produced
by collisions of ions of the beam with molecules
of the residual gas in the space between the mag-
netic analyzer and the collision chamber.

The primary beam enters the collision chamber
through an input slit (0.5 x 1 mm), traverses the
input channel (4 X 6 mm and 25 mm long) and
leaves through an exit channel (5.5 x 8.5 mm and
15 mm long). In order to supress secondary elec-
tron emission from its edges, the input slit is in-
sulated from the frame of the collision chamber
and is maintained at a positive potential of 300 v.
The measurement volume is formed by the five
plane capacitors 7 consisting of electrodes with
an area of 50 x 50 mm which are spaced every
30 mm. The four coils 8 wound directly on the
frame are used to produce a longitudinal magnetic
field in the chamber. The gas pressure in the
collision chamber is measured with a Knudsen
gauge. When the trap 9 is filled with liquid air
the pressure of the residual gas in the chamber
is 7 or 8 x 10~ mm Hg.

The current in the primary beam is measured
with a Faraday cylinder 11. The beam transmis-
sion through the collision chamber is monitored
by a Faraday cylinder 10. Both Faraday cylinders
are furnished with magnetic control. At the resid-

ual gas pressure indicated above the chamber trans-

mission is 100%; at a pressure of 1 X 1074 mm Hg
the transmission is reduced to 85 or 90%.

The primary beam current is measured with a
mirror galvanometer with a sensitivity of 1 x 10710
amp per division. The primary beam current var-
ies from 1.5 x 10™7 to 1 x 10”8 amp. The current
at the measurement electrode (plate of the fourth
capacitor) is measured with a string electrometer
with a sensitivity of 1 x 10712 amp per division.
The currents Ij and ifj are measured simultane-
ously in order to avoid errors due to random fluc-
tuations in the primary beam current.

An auxiliary mass spectrometer is connected
to the collision chamber; this instrument is used
to make mass spectrometer analyses of the slow
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ions formed in the gas by passage of the negative
ions.

Differential pumping for the collision chamber
is realized by means of an MM-1000 diffusion
pump which pumps through two ports, 12 and 13.
Liquid-air traps are used to prevent vapors of
the organic materials in the pump from reaching
the apparatus.

The energy of the negative ions is determined
from the potential difference traversed by these
ions. In the case of H™ resulting from H; —H-,
the energy is computed from the formula E
=e[%Vext + Vaccl; for H™ and O~ resulting
from H* — H~ and O* — O~ the energy is com-
puted from the formula E = e [Vext + Vaccl- The
extraction and acceleration potentials Vext and
Vacc are measured with S-96 electrostatic volt-
meters. The random error in the measurements,
as estimated from the spread in the results, is
+10%; the error in the energy measurements is
+3%.

RESULTS OF THE MEASUREMENTS

Before the measurements were made, a number
of ifj/Iy =f(H) and ifj/Ij = F (V) character-
istic curves were obtained to determine the mag-
netic field H required for suppression of second-
ary emission from the measurement electrode and
the electrode potential V required for obtaining a
saturation current. Subsequently all measurements
were made at H=140 oe and V =100 v. In order
to find the conditions required for obtaining single
collisions, the dependence of ifj /Iy on gas pres-
sure p in the collision chamber is determined.
The cross sections of and o~ are determined
from the slope of the linear portion of this curve.

To check the accuracy of the overall method,
the total cross sections for the positive-ion for-
mation by protons in hydrogen and argon were
measured. The cross sections obtained this way
agree, within the error limits of the measurements,
with the data available in the literature.® 14,15

In addition, measurements were made to deter-
mine the total cross sections for free-electron for-
mation in hydrogen and argon by H~ ions. The re-
lation 0~ =0_yy + 20_4; + 0] should hold for H~
ions [cf. Eq. (4)]. This relation was found to hold
fairly well, as can be seen from Fig. 2, where we
show the dependence of o~ and o_jy + 20_1; + 0}
on v. The values of o_y; for argon and hydrogen
were taken from the work of Stedeford and Hasted!®
and Stier and Barnett!® respectively; the value of
0.y4 was taken from reference 20. For hydrogen
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the quantities o~ and o_jy+ 20_yy + 0] are in
agreement, within the experimental errors; in ar-
gon, however, at velocities greater than 2 x 108
cm/sec, the second quantity is somewhat greater
than the first.

The results of measurements of of for H~
ions with energies from 10 to 50 kev for five inert
gases and three molecular gases are shown by the
oj (v) curves in Fig. 3.
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FIG. 3. The function o;*(v) for H™ (dot-dashed curves),
D; (dashed curves) and O; (solid cutves) for five inert
gases and three molecular gases.

The dependence of ¢ on ion velocity is the
same for all gases: initially o] increases as the
velocity increases; then the of (v) curve reaches
a plateau which extends up to the end of the veloc-
ity range which has been studied. o] varies some-
what from one gas to another. In inert gases it in-
creases withthe atomic number of the gas while in
molecular gases it increases in the order H,,
0O,, N,.

To determine the effect of ion mass on 0{ (all
other conditions remaining the same) we have
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measured this cross section for D~ ions with en-
ergies from 10 to 50 kev in hydrogen, oxygen, neon;
and xenon, The of(v) curves for H™ and D~ are
compared in Fig. 3. As is apparent from the figure,
oi 1is the same for H™ and D, within the limits of
the experimental errors, for the velocity range in-
vestigated; thus, the ion mass does not affect a{' .

As has been indicated above, it is of interest
to compare ionization caused by protons and by
negative hydrogen ions. It is obvious that of for
H™ must be compared with ¢~, the total cross
section for the formation of free electrons by H*.
In Fig. 4 this comparison is made for inert gases.
The data for argon are taken from reference 15
while the data for the other gases have been kindly
furnished to us by N. V. Fedorenko from his pub-
lications. It is apparent from Fig. 4 that o] (v)
and o~ (v) vary in the same way and that the ab-
solute values of the cross sections are approxi-
mately the same. However, the ionization cross
section curves for heavy particles and electrons
differ markedly. The reasons for this difference
have been discussed many times in papers pub-
lished by Fedorenko and his co-workers and will
not be considered here. A similar situation obtains
for the molecular gases. Thus, H*, H™ and D~
yield ionization cross sections which are approxi-
mately the same, in spite of the differences in the
sign of the charge, mass, and electron-shell struc-
ture. In order to clarify the effect of the nuclear
charge it would seem desirable in the future to
compare ofj in H™, He, and Li*.

We have already indicated that in collisions of
H™ with gas molecules ionization of the gas particle
and detachment of electrons from the ion (stripping)
are competing processes. The stripping probability
for the H™ depends on the sum o_yy + 0_y4, the
sum of the cross section for stripping of one and
two electrons from the fast ion. The total proba-
bility for transition of electrons into the continuum
of the system comprised of the two colliding atomic

particles is given by the sum o_jy+ o_y3 +0j. In
Fig. 4 we compare the functions of (v), o_j9+ 0_y3

=f(v) and o_y9+ 0_y3 + 0f = F(v) for inert gases.
The values of o_yy are taken from reference 18
while the values of o.;; are taken from reference 20.
The following conclusions follow from an analy-
sis of the curves in Fig. 4: 1) the cross section
oj is much smaller than the sum of the cross sec-
tions o_y9+ 0.y3 (20 —25% of this sum for xenon,
krypton, and argon and approximately 12% for neon
and helium); 2) the quantities of, o_y9+ 0_y; and
O_49 + 0_41 + 0f increase monotonically with the
atomic number of the gas; 3) the behavior of the



FIG. 4. O—-cross section for ionization by
protons, m—cross section for ionization by H},
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functions of(v), o_jp+o_gy=£(v) and o_yy+ 0y
+ 0} = F(v) is the same for all gases except he-
lium. These conclusions would seem to be incom-
patible with the notion of competition between ioni-
zation and stripping in atomic collisions; according
to this interpretation, o_y9+ o_y; + 0f should be a
weak function of the atomic number of the gas while
the of and o_yy + 0_y; should vary in opposite di-
rections as the atomic number of the gas varies.
These quantities should also vary in opposite di-
rections as the ion velocity varies. Actually, both
vary in the same direction as the atomic number
of the gas and the velocity of the ion; moreover,
O_19 + O_yy + 0] increases appreciably with the
atomic number of the gas. This last finding would
seem to indicate that the total probability for tran-
sition of electrons from bound states in the collid-
ing atomic particles into states in the continuum
depends on the number of electrons in the electron
shell of the colliding particles and increases as
this number increases.

The data obtained in measurements of the cross
sections of for O~ ions with energies from 10 to
50 kev in five inert gases and in hydrogen and oxy-
gen are shown in Fig. 3 in the form of a{ (v)
curves.

A characteristic feature of the o (v) curves
for O™ is the rapid increase in o] with ion ve-

o —sum of the cross sections o_,, + 0_;,, O —
sum of the cross sections o_,, + 0_,, + o}, the
dashed curve is the electron ionization cross
section.

locity; in this feature these curves differ essen-
tially from the corresponding curves for H™. This
difference is due to the fact that in the energy range
which has been investigated the O~ velocities are
much smaller than the H~ velocities. The increase
in the derivative of the of (v) curve with a reduc-
tion in ion velocity is also observed for positive
ions (cf. Fig. 11 of reference 7). Although the
velocity ranges investigated for H™ and O™ do not
overlap, from the behavior of the 0'{ (v) curves
for these ions we may conclude that at the same
velocity the total cross section for positive-ion
formation by O~ is greater than for H™. This re-
sult is in agreement with the suggestion that the
cross section for transition of electrons into a
state in the continuum increases as the number

of electrons in the electron shells of the colliding
particles increases. A more detailed analysis of
the results presented in the present paper will be
made after completion of the second stage of this
work, which will consist of an investigation of the
slow-ion charge spectrum and the determination
of the cross sections for ionization with detach-
ment of one, two, or more electrons.

In conclusion, we wish to take this opportunity
to express our gratitude to Professor A. K. Val’ter
for his continued interest in this work, to L. P.
Rekova and A. F. Khodyachikh who participated in
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the measurements, and to Technician P. A. Chudnyi
for construction of the collision chamber.
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