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INTRODUCTION

\^/ OLLISIONS of ions with gas atoms can result
in the detachment or capture of electrons. The
cross sections for the ionization and capture proc-
esses depend on the relative velocities and struc-
tures of the colliding atomic particles.

The basic theory for ionization of atoms by ions
in the high-velocity region (energies in the Mev
range*) has been given by Bohr.1 At high veloci-
ties the ionization and capture cross sections fall
off rapidly with increasing velocity. The shell of
the fast particle can retain only those electrons
whose orbital velocities are greater than the rela-
tive velocity of the colliding particles. According
to Bohr, the orbital velocity of the electron in the
hydrogen atom is VH = e2/fi (2.2 x Ю8 cm/sec).
At high velocities (v » VJJ ) the ionization of
atoms by electrons and heavy atomic particles
may be regarded essentially as an impact inter-
action.

The theory of ionization in atomic collisions
in the velocity region v < VJJ has not been devel-
oped to any great extent. Attempts to extrapolate
the concepts used at high velocities to this region
have led to disagreement with the experimental
observations. Thus, for example, according to
Thomson's classical theory of collision ioniza-
tion the threshold velocity for ionization of hy-
drogen by heavy particles is

l
^ m i n = —г <-'n •

This minimum velocity corresponds to energies
of several tens or hundreds of kev, depending on
the mass of the ion. It is well known, however,
that ionization of atoms by ions occurs even in
the ev region, as long as the kinetic energy To

is greater than the energy threshold T m i n de-
termined by conservation of energy and momen-
tum:

where and are respectively the masses

*We use the following designation of energy regions: ev,
up to 1,000 ev; kev, between 1 and 1,000 kev; Mev, above
lMev.

of the incoming and target particles, and Ej is
the first ionization potential of the atom. In the
ev region the cross section for ionization increases
with increasing T 0 . 2 ' 3 At the present time there is
good reason to believe that the cross sections for
ionization of atoms by ions reach maximum values
in the kev region. This range is also of great in-
terest because ion beams in this energy range
are used widely in various kinds of machines and
instruments, in particular, accelerator injectors,
mass spectrometers, etc. The upper layers of the
atmosphere are also penetrated by streams of
atomic particles in" this energy range, which orig-
inate in the sun. Ionization at kev energies had
not been studied to any great extent until recently,
and for this reason little or no information on col-
lisions in gases was published before 1953.1-T The
first systematic investigations of ionization of hy-
drogen and helium by ions (energies up to 35 kev)
were carried out by Sherwin8 and Keene.9 In the
course of the last ten years systematic investiga-
tions have been in progress at our laboratory on
ionization by atomic collision in the energy range
between 5 and 180 kev.10"23 This problem has also
been studied by Everhart and his coworkers2 4"2 7 in
the U.S.A. (energies from 25 to 150 kev) and by
Hasted in England28 (energies up to 40 kev). In
the last few years, ionization has been investigated
in gases other than helium and hydrogen. Multiple
ionization processes involving the detachment of
several electrons have been observed. An analysis
of scattering of atomic particles in collisions yields
information on the conditions required for various
inelastic processes to occur. Firsov29 and Russek30

have advanced several new ideas in the theory of
atomic collisions to explain recent experimental
data. For all these reasons, it seems desirable
now to make a rather detailed survey of the prob-
lem of ionization in ion-atom collisions.

The present paper has been written with the
hope of evaluating and correlating the experimen-
tal data obtained in the last few years on ioniza-
tion of atoms by ions in the kev and ev energy
regions. The problem of electron capture has
been introduced because in the more complicated
cases it is difficult to separate the ionization and
capture processes. As is well known, ordinary
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one-electron charge exchange is considered in
detail in Chapter 8 of the book by Massey and
Burhop.3

The first part of the present paper is devoted
to a general survey of the data on total ionization
cross sections and a comparison of the empirical
results with present theoretical predictions. Ioni-
zation with detachment of more than one electron
is considered in the second part of the paper. In
the third part we consider ionizing collisions.
Only one kind of atom-ion collision is considered:
single collisions of singly charged ions with gas
atoms or molecules. This type of collision is of
interest in practice and, for this reason, has been
widely investigated in recent years. We will call
the ion the ionizing particle and the gas atom the
target particle. The ionizing particle and the fast
atomic particles in different charge states which
comprise it will be called^the primary ions, and
the ions which are formed from the gas atom or
gas molecule will be called secondary ions.

I. TOTAL IONIZATION CROSS SECTION

1. Determination of the Total Ionization Cross
Section

Collisions of ions (I+) with atoms (A) can
lead to the detachment of electrons from the shells
of both colliding particles as a result of the follow-
ing processes:
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where n and к are the charged states of the
atomic particles after the collision. We will call
the process in (1.1) pure ionization, denoting the
cross section by <rjn, where the lower index On
indicates the formation of a secondary ion with
charge n. The most important process of this
kind is one-electron ionization.

The processes in (1.2) involve the detachment
of electrons from the shell of the primary ion and
are called "stripping" processes. The correspond-
ing cross sections are denoted by oj^. It is rea-
sonable to suppose that pure ionization of the atom
and stripping of the ion can occur in the same col-
lision.

Processes in (1.3) are called ionization capture
processes and the cross sections are denoted by
CTJJJ. In these processes secondary ions with charge
n are formed, (n — 1) electrons are detached, and
one electron is captured in the shell of the primary
ion. According to our classification scheme the

primary process in this group is ordinary one-
electron charge exchange

The processes in (1.4) involve the capture of two
electrons by the primary ion and the conversion of
this ion into a negative ion. The cross sections for
these processes are denoted by Одд0.

The experimental determination of the total
ionization cross section (per unit charge) is
usually accomplished by recording the free elec-
trons which appear when an ion beam passes
through a gas. This cross section, which is de-
noted below by cr_, is sometimes called the global28

or apparent cross section.3 Assuming that all the
ionization processes listed above can actually
occur, we can express cr_ in terms of the appro-
priate cross sections in the following manner:

= oj. -- 2(4 2=[3 -

' 4- 2c (1.5)

The importance of the individual terms in Eq. (1.5)
depends on the relative velocity and the structures
of the colliding particles. In the majority of cases
the main contribution to the total ionization cross
section is that of pure one-electron ionization. In
this case

a_~o;.. (1.6)

The total ionization cross section is usually meas-
ured by the condenser technique.9.16.28 i n making
these measurements it is necessary to take care
to avoid spurious effects which introduce distor-
tions in the results. In particular, there is danger
of electrons produced by secondary emission pene-
trating into the measurement volume when the ions
in the beam strike various electrodes. Hence, lon-
gitudinal electric fields which can readily displace
the electrons with the ion beam must be avoided.
It is also possible to have secondary electron
emission from the plates of the measuring con-
denser itself: these electrons are produced when
the plates are struck by secondary ions acceler-
ated by the condenser field. The scattered pri-
mary ions which arise in charge-exchange reac-
tions of metastable atoms on the electrode sur-
faces can also produce secondary electrons. In
some recent work,1 6 '2 2 '2 3 the condenser plates have
been sectionalized to combat masking effects, with
the central section being used as the measuring
electrode and the outer electrodes as guard elec-
trodes. In front of the plates there are usually
shielding grids to constrain the secondary elec-
trons formed on the surfaces of the plates.



528 N. V. F E D O R E N K O

TABLE I. Measurements of the total ionization cross section (cr_ ) carried out between 1950 and 1958

Pair

1Г—H 2

»
»

HJ — H2

H3-H0

He*—H 2

Be*—H2

N*—H.
Ne*—II.,
A+ —H.,

»
Kr*—H 2

II*—He
H*2—He

He*—He
»
)>

Be*—Ho
N*—He

а\те+_Не
At —He

»

Energy range (kev)

0.4—2.5; 4.6—42.0
12.3—36.7

5—180
0.4-2.5

10-177
10—177

0.05—2.5; 5.2—40.0
5—30

2.5-23.0
0.4—2.5; 5.2—29.0
0.1-2,4; 5.2—34.0

2.4—23.0
5—25

0.4—2.5; 5.2—40.0
0.4-2.5; 7.0—40.0

0.05—3.3; 8.4—42.0
5—30

12—175
10—30
5—30

0.4—2,4; 5.2-38.0
0.4—2,4; 5.2—38.0

5-30

Litera-
ture

refer-
ence

28
31
21
28
21
21
28
12
32
28
28
32
32
28
28
28
12
16
12
12
28
28
12

Pair

H*— Ne
H,*—Ne
He*—Ne

»
N ' - Ne

Ne*—Ne
A+ - N e

»
K*—Ne

»
Pb 1 —Ne

11-—л
»

H * 2 — A

»

HJ-A
He*—A

»
»

Be*—A
N*-A

Ne*—A
»
»

Energy range (kev)

0.9—2.5; 5.2—38.0
0.4—2.5; 5.0—38.0
0.1—2,0; 5.0—38.0

12-177
5—30

0.05—2,0; 5.2—40.0
0.9—2.5; 5.0—36.0

5—30
0.15—0.25
0.20—0.90

10—20
0.4—2.5; 5.2—40.0

5—180
0.1—2.4; 5.2—38.0

5—177
15—177

0.025—3.6; 5.2—38.0

5-30
3-175
5—30
5-30

0.05—2.5; 4.5—40.0
5—30

10—178

Litera-
ture

refer-
ence

28
28
28
16
12
28
28
12
33
34
12
28
22
28
22
22
28
12
16
12
12
28
12
16

Pair

Na *— A
A+ - A

>)
»

К*—А

B a * - A
P b * - A
He*—Kr

N*—Kr
A+ — Kr

»
>>

K*—Kr
»

Kr*—Kr
Ba*—Kr
K*-Xe

A+ - N 2

Ba*—N..
II *— air
H* 2 - air

Energy range (kev)

10—20
0.025—2.0; 3.6—39.0

5—25
12—175

0.15—0.25
0.2—0.9

5—25
10—20
3—177
5—30

0.025—2.3; 5.2—40.0
5—30

12-173
0.075—0.250

0.2—0.6
0.15—2.4; 5.2—18.0

10—20
0.1—0.25

0,1—3.6; 3.6—36
5—30
5—180
5—180

Litera-
ture

refer-
ence

12
28
12
16
33
34
12
12
16
12
28
12
16
33
34
28
12
33
28
12
23
23

The measurement condenser is usually located
in a so-called collision chamber where, by means
of narrow slits and differential pumping, it is pos-
sible to maintain the gas pressure somewhat
higher than in the other parts of the system. To
produce conditions favorable for single ionizing
collisions, the pressure in the collision chamber
must be kept low (1 to 3 x Ю"4 mm Hg).

The condenser technique can also be used in
making estimates of the energies of the electrons
that are detached in ionization. According to the
data of references 8 and 9, the majority of elec-
trons have energies not more than a few electron
volts.

2. Experimental Data on the Total Ionization
Cross Section

A rather comprehensive review of the work
carried out up to 1950 on total cross sections for
ionization of atoms by ions is given by Massey
and Burhop.3 It should be noted that the early
data, particularly in the ev region, are highly
inconsistent. The results of the more recent
work, however, are more consistent. A list of
the ion-atom pairs which have been investigated
between 1950 and 1958 is given in Table I.

The available data on total ionization cross
sections refer mainly to four inert gases — helium,

neon, argon and krypton — and two molecular gases
— hydrogen and nitrogen. The greatest number of
measurements has been made with argon and hy-
drogen. The ionizing particles used mostly are
He+, Ne+, A+, Kr+, the hydrogen ions H+, Hj,
H3 , and ions of the alkali metals. The data for
ions of the alkali metals apply primarily to the
ev energy range.

The experimental data accumulated at the pres-
ent time for various ion-atom pairs lead to certain
empirical conclusions as to the influence of such
factors as atomic structure and relative velocities
on the total ionization cross sections.

The effect of atomic structure can be ascer-
tained by studying ionization of different gases by
the same ion. In Fig. 1 is shown the energy de-
pendence of <r_ for He+ ions in four inert gases
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FIG. 1. Total ionization cross section for He ions in he-
lium, neon, argon, and krypton as a function of ion energy.
[Data of Fedorenko, Afrosimov and Kaminker."]
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FIG. 2. Total ionization cross section
for ionization of argon by various ions as
a function of velocity. [G) Gilbody and
Hasted;" I) Afrosimov, II'in and Fedoren-
ko;" A) Fedorenko, Afrosimov and Kamin-
ker;" F) Fedorenko;12 Mz) Mouzon;36 B)
Beek and Mouzon;35 Fr) Frische;3 7 S)
Smith;38 (ionization by electron impact)].

FIG. 3. Total ionization cross section for
hydrogen by various ions as a function of ve-
locity. [ G) Gilbody and Hasted;28 I) Afrosimov,
II'in and Fedorenko;21 K) DeHeer, Huizenga
and Kistemaker;32 B) Bates and Griffing40 (theo-
retical curve); S) Tate and Smith39 (ionization
by electron impact). ]

.1.0

W'lL l.O*109v, cm/sec

as reported in reference 16. It is apparent that
for a given ion energy the cross section increases
with increasing atomic number of the target atom.
The curves in Fig. 1 also give us some idea of the
energy dependence of cr_ in the kev energy range.
As the energy increases, there is initially a rapid
increase in cross section, and then the curve
reaches a flat maximum. For the Ne+-Kr pair
and To = 60 kev, cr_ increases to approximately
1 x 10"15 cm2.

The effect of primary ion structure on the
velocity dependence of ст_ can be ascertained
by an analysis of the data on ionization of argon
and hydrogen by different ions, given in Figs. 2
and 3 respectively. To facilitate a comparison
of ions of greatly unequal mass the total cross
section is given as a function of the logarithm
of the velocity of the ionizing particle. The ve-
locity range 106 — 107 cm/sec corresponds to an
energy range of 0.1 to several kev for ions of un-
equal mass while the range 107 — 108 cm/sec cor-

responds to several times ten kev for light ions
(H+, Щ, and H3 ) and several hundred kev for
heavy ions.* For purposes of comparison, we
have also given curves for ionization by electron
collision at 108 — 1010 cm/sec, published by
Smith.38 The cr_(v) curves are taken from recent
work1 2 '2 2 '2 8 and some well-known earlier work.3 5 '3 6 '3 7

The ion-atom pairs have been chosen in such a way
as to include data for a wide velocity range. An
examination of the curves in Figs. 2 and 3 obtained
by different authors in different velocity ranges
for the same ion (H+, H2

+, He+, Ne+, A+) inci-
cates that the agreement over a wide velocity
range is fairly good.

According to references 21, 22 and 23 ст_
passes through a maximum only for H+, H2 and

*The ion energy can be found from the o_(v) curves in
Figs. 2 and 3 through the relation To = 2.28 x 10~13v2A kev,
where v is the velocity of the ion in cm/sec and A is its
mass in atomic units.
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TABLE II. Data on the maximum values of the total ionization
cross section

Pair

II*—A
Hj—A
Hj—A

о—А
H--H.,
Hi—11.,

ё—Hj
IP-a i r
Ht,-air

6,7x10 1 6

16.0х10т1»
16.2x10-1»
3.7X И)-"
2.6x10"1»
3,8xlO~l»
i.oxio- 1 »
6.3ХЮ-"

12,0x10"'»

Tomax(kev)

- 6 0
— 90

- 1 0 5
0,09
- 5 5

- 105
0,07
- 6 0

- 140

V m - ( C m / s e C >

3/iX I08

2.9X Ю»
2,6x10»
5.6X 10»
3.2x10»
3.2x10»
4.9x10»
3.4x10»
3 . 6 «-10»

v /vT.mtnt' H

-1.5
~1 3
-1.2
-2.6
- 1 . 5
- 1 . 5
- 2 . 3
- 1 . 5
- 1 . 7

Literature
reference

22
22
22
38
21
21
39
23
23

H3 in hydrogen, and for H+ and Hj in argon
and in air. The cross section, velocity, and ion
energy for these cases are shown in Table II. The
ratio v m a x /v j j is given in Column 5 of Table II;
for comparison we also show the corresponding
data for ionization by electron impact.3 8 '3 9 The
maxima on the <J_(V) curves for hydrogen ions
occur at v ~ 1.5 VH- Most of the available cr_(v)
curves for the heavier ions pertain to the velocity
region v < 1.5 vfj. All these curves are increas-
ing functions. If it is assumed that for the heavier
ions the <T-(v) curve passes through a maximum
when v ~ 1.5 VJJ» then the energy corresponding
to the maximum varies from several hundred kev
to several Mev, depending on the ion.

The available data allow us to discuss the effect
of the primary ion structure only in terms of a com-
parison for different ions in the same gas (argon
or hydrogen) in the region before the CT_(V) curve
reaches its maximum. Comparing the data for
atomic ions, we note the following general features:
for a given velocity the cross section increases
with increasing charge of the nucleus of the pri-
mary ion. However, in Figs. 2 and 3 there are,a
number of exceptions to this general rule. Hasted28

has proposed a somewhat different relation. This
author notes that the "symmetric pairs," i.e.,
Ne+-Ne, A+-A, etc., are especially efficient with
respect to ionization. However, it is apparent from
Fig. 2, for example, that ст_ for Ba+-A is larger
than for A+-A. Furthermore, it should be noted
that in the heavy ions the contribution of stripping
to ст_ is always greater.1 2

The effect of the molecular structure of the pri-
mary ion can be understood from a comparison of
the cross sections for hydrogen ions themselves.
From Figs. 2 and 3 it is apparent that the ioniza-
tion jcross sections for the molecular hydrogen
ions H£ and Hj are considerably higher than
for protons. In ionization of molecular hydrogen
the maximum value of <J_ is approximately pro-

portional to the number of protons contained by
the primary ion.

3. Interpretation of the Data on Total Ionization
Cross Sections

In the two simplest cases, namely the pairs
H+-H and H+-He, the ionization cross sections
for hydrogen and helium atoms in the kev energy
region have been computed by Bates and his col-
leages40'41 in the Born approximation. Using the
data for H+-H Bates and Griff ing have obtained
a (T_ (v) curve for the pair H+-H2; this curve
is shown in Fig. 3. The maximum on the theoret-
ical curve corresponds to a lower value of the
velocity than the maximum on the experimental
curve given in reference 21. For v = 1.5 VH
the theoretical and experimental data are in sat-
isfactory agreement. Below for v < 1.5 VH the
theoretical values of the ionization cross section
are higher. This discrepancy is not surprising
since the extrapolation of the Born approximation
results to the velocity region v < VJJ is open to
question.

In interpreting ionization data it is tempting
to use the approach used successfully in the in-
terpretation of one-electron charge exchange, i.e.,
the quasi-adiabatic analysis suggested by Massey.3

According to this analysis, in an elastic process in
which the internal energy changes by an amount ДЕ
(resonance defect), the cross section reaches a
maximum when

I Д Е 1 а

Jw (3.1)

where v is the velocity of the primary particle
and a is a quantity of the order of the gas-kinetic
diameter, which characterizes the dimensions of
the interaction region. The experimental investi-
gations carried out by Hasted*2"45 indicate that in
one-electron charge exchange the quasi-adiabatic
hypothesis explains the increase in velocity corre-
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sponding to the position of the maximum as the
resonance defect increases. However, it is still
impossible to make a systematic survey of the
data on ionization in order to verify (3.1), because
the data on the maxima of the cr_(v) curve are
still inadequate.46

Another result of the quasi-adiabatic hypothesis
is that the cross section for inelastic processes
must be very small compared with the gas-kinetic
cross section when

IA-I« s> i /3 2)
hv \ • f

As has been noted by Hasted,28 ionization apparently
includes a number of inelastic processes in which
(3.2) is not satisfied. One is also convinced of this
fact from the data in Fig. 2 for ionization of argon
by Ne+, K+, A+ and Ba+. Hence, the ionization
data cannot be interpreted exclusively in terms of
the quasi-adiabatic hypothesis.

It was suggested a long time ago47'48 that there
might be a "strong interaction" in atomic colli-
sions at low energies. This suggestion implies that
an ionization collision involves penetration of the
shell and the excitation of many electrons. The
resulting system can be regarded as an excited
quasi-molecule with a lifetime т of 10~15 —10"14

sec , i.e., a lifetime considerably larger than the
oscillation period of the outer electrons in the
atom (10~16 sec). It is assumed that the excita-
tion energy of the quasi-molecule is dissipated
in auto-ionization rather than radiation. This
assumption is based on the fact that the lifetime
of the excited state for a radiative transition
(10"10—10~8 sec) is much larger than т while
the lifetime with respect to auto-ionization is of
the same order as т. The quantum-mechanical
analysis of a quasi-molecule, which is required
in order to determine the ionization cross section,
is a problem of great mathematical difficulty.

Recently, Russek30 has advanced a new sugges-
tion concerning ion-atom collisions in which ioni-
zation occurs; this approach is similar to the
quasi-molecule hypothesis, but semi-classical
ideas are used in the mathematical analysis.
According to Russek the ionization mechanism
is analogous to the evaporation of molecules from
the surface of a heated liquid. The collision is re-
garded as a two-stage process. In the first stage,
part of the kinetic energy of the relative motion
of the particles is converted into excitation en-
ergy by virtue of a kind of "friction." In the sec-
ond stage this energy, which is analogous to ther-
mal energy, is distributed among the electrons,
causing partial "evaporation" of electrons. The
probability of forming different charge states in

the colliding atomic particles is computed as a
function of the collision parameters. The Russek
analysis has been applied in the interpretation of
scattering of ions in which several electrons are
removed. The choice of several of the basic pa-
rameters in the analysis was made on a rather
arbitrary basis in order to obtain best agreement
with the experimental data reported by Everhart.26

Hence, the Russek analysis, as is indicated by its
author, is essentially a phenomenological one.

Another attempt at a mathematical development
of the quasi-molecule hypothesis by semi-classical
methods has been made recently by Firsov.29 The
Firsov theory, in contrast with the Russek theory,
allows us to carry out calculations of the ioniza-
tion cross sections without introducing arbitrary
parameters. Firsov starts from the assumption
that the spacing between the levels of the quasi-
molecule are small compared with the total exci-
tation energy and that the adiabaticity condition is
violated even at small velocities. The conversion
of the kinetic energy of the relative motion of the
colliding particles into excitation energy is re-
garded as the result of the transfer of momentum
by electrons from one particle to the other in the
region in which the shells overlap. The magnitude
of the excitation energy depends on the collision
parameters and determines the ionization proba-
bility. Firsov has computed the ionization cross
section as a function of the relative velocity and
nuclear charges of the ion (Z t) and the atom (Z2).
The ionization cross section is expressed in terms
of an approximate universal formula:

o = a:[(v/V.)1/b-l]2. (3.3)

In Eq. (3.3) crz and v z are respectively the char-
acteristic cross section and the velocity for each
pair of colliding particles:

32.7

Xi-'AEiAEi-- JO6 cm/sec .zr'3

(3.4)

(3.5)

In Eq. (3.5) Ej is the first ionization potential of
the gas atom (in ev). In this case Eq. (3.3) should
give the sum of the cross sections for all ionization
processes (with removal of electrons from the
shells of both particles) for which the required
energy is equal to or greater than the energy re-
quired for one-electron ionization of the gas atom.
The total ionization cross section a_ does not
correspond strictly to the cross section determined
from the Firsov formula because in the expression
for <r_ [cf. Eq. (1.5)] the cross sections for the
elementary processes enter with coefficients which
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FIG. 4. Universal velocity dependence
of the total ionization cross section as given
by Firsov" (thick solid curve). The experi-
mental data are as follows: G) reference 28,
F) reference 12, A) reference 16. The ex-
perimental curves for ionization of argon are
given by the continuous curves, for krypton
by the dashed curves. The designations of
the primary ions are given in the figure. The
dotted curves refer to ionization of neon.

are equal to the number of detached electrons.
Figure 4 shows a theoretical curve obtained by

Firsov and the experimental curves for the total
ionization cross section in neon, argon, and kryp-
ton by different ions, normalized in accordance
with Eqs. (3.4) and (3.5). The experimental data
for ст_ are taken from references 12, 16 and 28.
Data are given only for ions whose shells contain
at least five electrons. This supplementary con-
dition, which is introduced in order to justify the
application of statistical ideas, is satisfied by 12
ion-atom pairs which have been investigated in
the work cited. It is apparent from Fig. 4 that
when v/vz changes from 20 to 1.40 the experi-
mental and theoretical data are in agreement to
within approximately a factor of 2. The indicated
variation of v/vz corresponds to a velocity range
of 7 x 106 to 9 x Ю7 cm/sec for different ions.
The single exception is the pair Kr+ —Kr, for
which the value of <J_ measured in reference 28
is very large (at 40 kev <r_ ~ 1.7 x 1O~15 cm 2 ) .
This particular case requires additional verifica-
tion because cr_ undergoes a strange discontinuity
in the interval between the two velocity ranges for
which the measurements have been carried out in
reference 28.

It is interesting to note that the experimental
<r_(v) curves for H+ —A and He+ —A from ref-
erences 16 and 22 [normalized in accordance with
Eqs. (3.4) and (3.5)] are also in agreement with
the Firsov theory within the limits of a factor of

two (these are not shown in Fig. 4). The only
difference is that these curves lie below the Fir-
sov curve while the curves for the other ions are
generally above the Firsov curve. Thus, in the
velocity range 1 x 107 — 1 x 108 cm/sec, the Fir-
sov theory gives the correct order of magnitude
for the total ionization cross section and describes
its variation as a function of velocity. At higher
velocities the statistical ideas may not apply and
hence one does not expect agreement between the-
ory and experiment. For (v/vz) < 20, i.e., in
the low-velocity region, the discrepancy between
theory and experiment is greater than a factor of
two. The origin of this discrepancy is not known.

It is more than likely that the total ionization
cross section depends on other parameters beside
the velocity and charges of the colliding particles.
It is reasonable to assume that the cross section
is affected by the features of the level systems in
the ion and atom.

In order to reveal departures from the univer-
sal dependence proposed by Firsov, and to verify
the theory further, it will be necessary to acquire
a great deal of data for different ion-atom pairs
and to make more accurate measurements. The
accuracy in the measurement of a_ is usually
estimated by experimenters as 10—15%. How-
ever, in point of fact the data of various authors
are almost always divergent by something of the
order of a factor of two. It appears likely that
the origin of these discrepancies lies in the sys-
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tematic errors which have not been taken into
account.

II. IONIZATION WITH THE FORMATION OF
MULTIPLY CHARGED IONS

4. Experimental Determination of the Cross
Sections

In collisions in the MeV energy region, the
atomic shells are highly distorted and multiply-
charged ions are formed. In the last few years
this effect has been studied by the Soviet physi-
cists Nikolaev and Teplova, and others. 4 9 ' 5 0

It has been established that multiply-charged
ions are also formed in the kev energy region.
In investigations of multiply charged ions great
value attaches to the careful control of collision
"multiplicity." The "equilibrium-charge" method53

is not very convenient for these measurements.
A single inelastic collision of atoms or molecules
may be accompanied by several elementary proc-
esses which result in the detachment or capture
of electrons, dissociation, and optical excitation.
The exact description of inelastic collisions must
contain the quantum state of the particles emitted
in the interaction and the particles which are prod-
ucts of the collision. Existing experimental meth-
ods do not allow us to determine the cross sections
for the elementary processes as defined by these
requirements. These methods consist essentially
of a measurement of the cross section for the for-
mation of primary or secondary particles in defi-
nite charge states. The charge state of the other
atomic particle which takes part in the collision
generally remains unclear.

For example, secondary ions with a charge n
may appear in a gas as a result of pure ionization
of the gas atoms or as a result of ionization with
capture of one or two electrons in the shell of the
primary ion (cf. Sec. 1). The corresponding cross
section for the formation of the secondary ions is
expressed as follows:

= of, + of; (4.1)

Fast neutral atoms may, for example, appear in
the primary beam as a result of ordinary one-
electron charge exchange or as a result of proc-
esses involving ionization with the capture of one
electron and the formation of secondary ions with
various charge states. The corresponding cross
section for the formation of fast atoms a^ is
expressed as follows:

о,„ = ait: 4- air 4- air 4- Id. 9.

The cross sections for the transformation of pri-
mary particles are usually determined by a mass-

spectrometer analysis of the primary beam after
it has passed through the gas. In experiments of
this kind it is extremely important to take account
of the scattering that accompanies the inelastic
processes. The output aperture of the collision
chamber must be much larger than the input aper-
ture. The most appropriate object of study is the
angular distribution of particles of a given charge;
this distribution is then integrated to find the total
cross section.14

The cross sections for the formation of sec-
ondary ions can also be determined by mass spec-
trometer methods. In the majority of cases these
ions have small initial velocities. Hence they are
usually extracted from the collision chamber by
an electric field and then are accelerated before
reaching the analyzer. This method was used by
Keene9 and Lindholm51'52 to determine the ratios
of the various secondary ion cross sections. The
use of this method in conjunction with the conden-
ser technique in our work has made it possible to
measure the absolute values of cross sections. 1 7 ' 2 1" 2 3

Investigation of the energy distribution of the sec-
ondary ions (cf. below) has shown that this quan-
tity depends on the charge of the ion and the mass
ratio of the colliding particles. Thus, in many
cases the estimates of the cross sections for the
formation of secondary ions with high charge are
too low.19

5. Formation of Secondary Atomic Ions

A summary of the available data on the forma-
tion of secondary atomic ions (including frag-
ments ) in the kev energy region is given in Table
III. In some cases the cross sections have not

TABLE III. Data on the secondary ions observed in
ionization of atoms and gas molecules by singly

charged ions in the kev energy region.

Pair

H * - H e
Ht,—He

He*"—He
He*—Ne
A+ —Ne
H*—A
H*—A
H J - A

He*—A
Ne*—A
A+ —A
He*-Kr
A+ — Kr
H * - H o

I l | — J ' -
He-—И.,

H*—No"
H t — N »
H * — O j
Щ-О=

Secondary ions

(He*)
( H e * )
l ie* , H e 2 *
Ne*, N e - \ i4

(!\e-), ( N o 2 *
A+, A J + , A 3 +

A+, A s+, A3+
A+, A 2+, A3+
A+, Aa+, A3 +
A+ A 2 + A 3 +

Д+ Д2+ /ДЗ-

e3*
, (Ne 3 *)

A4+
A4+
A4+
A 4 + , A 5 +

A 4 + , A 5 +

), (A 4 + ) , ( A 5 + ) , (A 6 + )
Kr'*, Ki'2*, Kr3*, Kr4*, Ki-5*
Kr*, Ki-2*,. Kr3*, Kr 1 *

и;, н
HJ, IP
n:,, и*
(H.T)
N.4,, :\*, N 2 *
N ; , IV, N 2 *
OS, O + , O 2 *
о;, о*, о2*

( O 1
(О")

Literature
reference

9
9

17
17
18
22
22
22
17
17
17,18
17
17
21
21
21

9
24
23
_ . ' • }

23
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FIG. 5. Formation of secondary argon ions with charge 1,
2, 3, 4 and 5 in ionization of argon by He ions according to
Fedorenko and Afrosimov17 (solid curves) and argon ions with
charge 1, 2, 3 in electron impact according to Bleakney"
(dashed curves). The cross section in units of 10~" cm2 is
plotted along the vertical axis and the velocity of the ionizing
particles in cm/sec is plotted along the horizontal axis.

been measured or only lower limits are known:
these ions are given in parentheses.

The cross sections for the formation of ions
with different charge in electron-atom collisions
have been measured by Bleakney.5* A comparison
of the data on analogous cross sections for the
formation of secondary ions using the same veloc-
ity for ions and electrons indicates a qualitative
difference. Figure 5 shows a o n (v) in argon for
ionization by He+ ions and electrons. The for-
mation of argon ions with charge ranging from 2
to 5 in ionization by He+ ions is observed in ve-
locity regions which are far below the velocity
threshold for ionization by electron impact (ap-
proximately 2.4 x 108 cm/sec). Furthermore,
the maximum cross sections for the formation
of doubly-charged ions are approximately ten
times (for triply-charged ions, approximately
one hundred times) greater than for electron
impact. In general the cross sections a04 and
<705 could not be measured reliably by Bleakney.

The features noted are in qualitative agree-
ment with the picture of a strong interaction in
atomic collisions in the velocity region v < VJJ.

According to the classical theory of impact
ionization given by Thomson2 the threshold and
maximum for ionization in ion-atom collisions
should be lower than for electron impact. How-
ever, the differences observed in the experiments
are much greater than those predicted by this
theory.

According to Eq. (4.1), each cron(v) curve for
the formation of secondary ions with charge n
represents the superposition of the curves:

cr 0 1 xl0"(cm J

78

w

/г

(?

Б

4

г
о

HP*

f

V

"V,

i

He*

///

e ̂

t

• - -

5- 10"cm/sec, v

FIG. 6. The cross section for the formation of singly-
charged secondary argon ions as a function of the velocity of
the primary H+, H,+, H3

+, He+ and Ne+ ions (data of Afrosimov,
Il'in and Fedorenko17'") and electrons (data of Bleakney54).
The designations of the primary ions are given in the figure.

o^n(v) and crj^v) (since the contribution due
to ionization with two-electron capture is rela-
tively small 5 5 ' 5 6). For example, cr01 is the sum
of the cross sections for one-electron charge
exchange crjc and one-electron ionization crjj.
In this case the maximum in aul(v) is apparently
related to the maximum in the cross section for
one-electron charge exchange. This interpretation
is verified by the data of reference 16, in which the
total capture cross section was measured. The
maxima for o-02(v) and cro3(v) in Fig. 5 lie
in the velocity range v < VJJ, and in analogy with
the preceding case, may be attributed to maxima
in OQC(V) and ООЗ(У). The maxima in the curves
for pure ionization ^ ( v ) and OQ3(V) probably
occur at higher velocities, as is the case for
stripping processes (cf. below, Sec. 7).

Certain conclusions as to the effect of the
structure of the primary ions on the cross sec-
tions can be obtained from an analysis of the
curves in Figs. 6 and 7; these curves show
the functions C7oi(v) and a ^ v ) for ionization
of argon by H+, Щ, Щ, He+ and Ne+ from
the data of references 17 and 22. It is apparent
from Fig. 7 that for a given velocity ст0з increases
with increasing charge of the primary ion if it is
atomic (H+, He+, Ne+), or with increasing atomic
number if it is molecular. The same behavior, but
not as well defined, is observed in the total ioniza-
tion cross section (Sec. 2). This behavior seems
to be a feature of all processes characterized by
relatively high energy requirements.

On the other hand, this behavior is not observed
for CT01 (cf. Fig. 6). Apparently this is due to the
fact that the basic contribution to ст01 is due to
one-electron charge exchange, which is a sensitive
function of the structure of the outer levels.
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o-03xl017(cmJ)

W
o-H+xl0"(cm2)
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FIG. 7. The cross section for the formation of triply-
charged secondary ions of argon as a function of the ve-
locity of the primary H+, H2

+, H3

+, He+ and Ne+ ions (data
of Afrosimov, Il'in and Fedorenko17'22) and electrons (data
of Bleakney"). The designations of the primary particles he
are indicated on the curves.

6. Formation of Fragment Secondary Ions

The secondary ions that are formed as a result
of dissociation of gas molecules in ion-molecule
collisions are called fragment ions. The dissoci-
ation of molecules by electrons and fast atomic
particles takes place as a result of a molecular
transition to an unstable electronic state and the
operation of the Franek-Condon principle. For a
secondary ion to be formed, this state must be an
ionized state. The removal of electrons from the
molecular shell in electron impact is possible only
by pure ionization. In ion-molecule collisions dis-
sociation can also take place as a result of capture
of electrons from the shell of the molecule by the
primary ion.

Electron capture in the dissociation of mole-
cules with the formation of fragment ions has been
studied by Lindholm.51'52 Lindholm has shown that
the probability for the formation of fragment sec-
ondary ions as a result of dissociation capture,
like the probability for usual one-electron charge
exchange in ions and atoms, depends on the mag-
nitude of the resonance defect [cf. Eq. (3.1)]. The
magnitude of the resonance defect in the present
case must be taken as the difference in the recom-
bination energy of the primary ion and the so-called
"vertical energy" of dissociation. The vertical dis-
sociation energy is the energy required for a
Franek-Condon transition from the ground elec-
tronic state to the excited state in which dissoci-
ation is possible.3 In the experiments carried out
by Lindholm the primary ion energy was of the
order of 500 ev. Lindholm assumes that in the ev
region the dissociation energy is a function of elec-
tron capture only.

On the other hand, in a theoretical paper by

О

j

6 _

5-10'cm/sec, v

FIG. 8. The cross section for the formation of secondary
H2

+ ions in molecular hydrogen as a function of the velocity of
the primary H+, H,+ and H3

+ ions (data of Il'in, Afrosimov and
Fedorenko21) and electrons (data of Newhall"). The designa-
tions of the primary particles are given in the figure.

Salpeter67 it has been shown that in the Mev en-
ergy region dissociation in collisions between
molecular ions and atoms depends chiefly on the
electron detachment. Apparently these and other
processes can occur in the kev energy region.

Afrosimov et al.21 measured the cross sections
for the formation of the secondary ions Hj and
H+ in the passage of hydrogen ions H+, H£ and
H3 with energies ranging from 5 to 180 kev through
molecular hydrogen. Figures 8 and 9 show the
cross sections оц+ and сщ+ as functions of the
velocity of the primary ions and the analogous
cross sections for electron impact according to
the data of reference 57. It is apparent that
^Ho^) anc^ °H+(v) have maxima below the
thresholds for the formation of the same ions in
electron impact. According to the data of refer-
ence 57, the cross section for the formation of
fragment protons reaches a maximum of approxi-
mately 4 x 10"19 cm2; in ionization of molecular

a-H +xl0"(cm a)

s

5/uicm/sec, v

FIG. 9. The cross section for the formation of secondary
fragment protons in molecular hydrogen as a function of the
velocity of the primary H+, H2

+ and H3

+ ions (data of Il'in,
Afrosimov and Fedorenko21) and electrons (data of Newhall57).
The designations of the primary particles are given in the
figure.
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hydrogen by H+ and Hj the cross section is two
orders of magnitude higher (approximately 5
x 10~17 cm 2 ) . These experimental results indi-
cate that there is also a strong interaction in
ion-molecular collisions.

A suggestion has been made in reference 21
that the maximum in сгц+ (v) is due to ordinary
one-electron charge exchange, whereas the maxi-
mum in the (JH+(v) curve is due to dissociative
capture. Beyond the maximum in the cross sec-
tion for formation of the secondary ions HJ and
H+ the one-electron ionization process becomes
important. It has also been established experi-
mentally that most of the fragment protons have
energies below 7 ev. The energy of the second-
ary Hj ions is lower than this.

Il'in et al.2 3 investigated the formation of the
fragment ions O+, O2+, N+ and N2+ in the
passage of the hydrogen ions H+ and Hj
through air. It is important to note that in this
case the yield of atomic fragment ions O+ and
N+, as compared with the undissociated second-
ary ions Oj and Щ may reach approximately
50%.

7. Stripping of Primary Ions

Mass spectra frequently exhibit lines that cor-
respond to non-integral mass numbers. This ef-
fect, which is due to stripping of the primary ions
in the residual gas, was first explained by
Mattauch.58 The first data on the cross section
a|2 for various ions (energies of 10 and 20 kev)
were reported in reference 10. For the heavy ions
Ba+, Bi+ and I+, this cross section was found
to be several times 10"17 cm2 at 20 kev. With a
further increase in energy there is stripping with
the removal of several electrons; 1 3 ' 1 4 ' 5 9 the strip-
ping cross section increases rapidly. Table IV
lists data from reference 14 for the stripping of
the A+ ion with an energy of 75 kev in argon. It
is apparent from the table that the cross section
falls off as the number of detached electrons in-
creases. The cross section falls off by a factor
of 4 or 5 for each successive electron removed.

Korsunskii et al.5 9 observed a maximum in a 1 2

in only one case: N+ —* N2+ at approximately
900 kev. It is probable that in stripping proc-
esses in which several electrons are removed
the maximum occurs at a higher energy of the
primary ions.

The dependence of the stripping cross section
on the structure of the target atom is still not
well understood. Apparently the ionic stripping
cross sections increase with increasing charge

TABLE IV.
Cross section for

stripping of A+

ions in argon
according to the

data of Kaminker
and Fedorenko14

Transition

A+-> AJ +

A+ - A3+

A+ -> A4+

A+ -> A 5 +

1.4x10-"

2.5x10-"

6 . 0 x 1 0 " "

1.8x10-"

of the nucleus in the same way as the cross sec-
tions for the formation of multiply-charged ions
increase with increasing charge of the nucleus of
the primary ion.13

Information on stripping of hydrogen and helium
atoms over a wide energy range is given in a
recently-published survey by Allison.68

If the primary ion is a molecular ion the disso-
ciation of this ion can result in the formation of
fragment primary ions. The dissociation of mo-
lecular Hj ions in the energy range 100 — 200
kev has been investigated in reference 60; the
same effect has been studied between 5 and 180
kev in reference 61. The dissociation of H3 and
N2 ions with energies between 5 and 30 kev has
been studied in reference 10.

III. SCATTERING IN IONIZATION COLLISIONS

8. General Remarks

The investigation of scattering of atomic par-
ticles is of two-fold interest. First, an analysis
of the data on the angular distributions allows us
to determine the potential energy of the interac-
tion of the particles as a function of the distance
U (r) between their nuclei. Secondly, it is pos-
sible to obtain information on the conditions for
which various inelastic processes can take place;
for example, the depth of penetration of the shell
and inelastic energy loss.

The analysis of data on elastic scattering of
primary ions on gas atoms is based on classical
mechanics. Classical ideas can be used because
even in the ev energy range the de-Broglie wave-
length of the ion is small compared with the.di-
mensions of the atom: quantum-mechanical diffrac-
tion effects are important only at very small angles
(less than 1°).62 In the ev region elastic scattering
predominates; hence it is relatively simple to set
up an experiment and to analyze the data. Many
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investigations have been carried out in the ev re-
gion with the purpose of determining the form of
the function U (r) for various ion-atom pairs.
This work has shown that at distances of 2 — 3
x 1O~8 cm the attractive polarization forces pre-
dominate while at smaller distance the Coulomb
repulsive forces due to the nuclei (shielded by
electrons) predominate. The results of this work
are considered in detail by Massey and Burhop.3

Significant scattering of atomic particles with
energies in the kev region can result only from
repulsive forces, which are much larger than the
attractive forces. However, an analysis of the
experimental data for the kev region is compli-
cated by the fact that the contribution of inelastic
scattering (in particular, scattering with stripping
of the primary ions ) increases sharply as the de-
flection angle is decreased. This experimental
result was first established in the work of the
author and was subsequently verified by other
investigators.1 4 '1 5 '2 6 Nonetheless, as Firsov has
shown,62 classical ideas can also be used to ana-
lyze inelastic scattering of primary ions with en-
ergies in the kev region if the inelastic energy
loss is small compared with the kinetic energy of
particles. In these cases the kinematics of ine-
lastic scattering is the same as the kinematics
of elastic scattering.

Starting from this result, Everhart and his
colleagues,24""27 in analyzing the data obtained
from scattering of He + , Ne+ and A+ in argon,
found that the interaction of atomic particles in
the kev energy region can be represented by a
shielded Coulomb potential:

U(r)='^^-p.-^, (8.1)

where Zx and Z2 are the charges of the nuclei in
the colliding particles and a is the shielding radius.
In this case

where a0 is the radius of the first Bohr orbit.
Firsov6 3 has made a theoretical calculation of

the function U ( r ) for distances r < 1 x 10"8 cm.
According to this calculation

;/. + z'/sj
s/3-i), (8.3)

where x is the Fermi-Thomas shielding function.
All calculations of U ( r ) are usually carried

out for a coordinate system fixed in the center of
mass. The determination of the differential cross
sections in the center-of-mass system using the
data on scattering of the primary particles is
simple when mj < m2 (mj is the mass of the pri-
mary ion and m2 is the mass of the atom). When

ni] > m2, there is a limiting scattering angle
(Лпах) in the laboratory system for the particle
of mass nij, and the relation between the deflec-
tion angle and the velocity is not unique.6 In this
case, the use of the center-of-mass system be-
comes highly complicated. In the present paper
we consider only cases for which mj < m2, so
that no ambiguity of this kind exists.

The collisions of the primary ions with the gas
atoms are characterized by a change in the direc-
tion and magnitude of the velocities of bofli collid-
ing particles. For this reason we actually observe
not only scattering of the primary particles, but
scattering of the recoil atoms or secondary ions
as well. Inelastic scattering of the secondary f
ions does not give unambiguous results in the
laboratory system. The ambiguity, like the am-
biguity in scattering of the primary particles, de-
pends on the mass ratio and follows from the con-
servation of energy and momentum. From the
conservation of energy and momentum we can ob-
tain a relation between eight quantities: mj, m2,
vo> vi> V2> >̂ 9 a n c l E> where v0 is the initial
velocity of the primary particle (or relative ve-
locity if the second particle, the gas atom, can be
regarded as immobile before the collision), v t

and S- are the velocity and deflection angles of
the primary particle after the collision, v2 and
<p are the velocity and emission angles of the
second particle, and E is the inelastic energy
loss. Figure 10 shows a velocity diagram for in-
elastic scattering of particles with the same mass
(m t = m 2 ) .

In an inelastic collision the relative velocity
(v0) is reduced. Hence the deflection of the sec-
ond particle is characterized by a limiting emis-
sion angle

(8.2) (To is the initial kinetic energy of the primary

FIG. 10. Ve-
locity diagram for
inelastic colli-
sions between-two
particles with the
same mass.
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particle). It is apparent from Fig. 10 that the
limiting emission angle corresponds to only one
value of the velocity of the second particle. For
all other angles cp < <pmax. however, a given
value of cp corresponds to two values of the
velocity of the second particle, v£ and v£,
each of which corresponds to a definite velocity
(v{ and vf) and deflection angle (У and <?")
of the primary particle. Below we will use the
designation "soft" scattering to denote the case
in which the velocity of the second particle is the
smaller value (v'2> v{, У) and "hard" scattering
to denote the case in which the velocity is the
higher value (V2, v", »?").

Thus, one expects the angular distribution of
the secondary ions in inelastic collisions to ex-
hibit two energy groups. The difference in energy
for these groups should increase with decreasing
emission angle cp and should vanish altogether
when cp •— (ртаях- The ambiguity described here,
as will be made clear below, facilitates the obser-
vation of an angular correlation in inelastic proc-
esses when one measures scattering in the labora-
tory coordinate system.

9. Experimental Investigation of the Angular
Distribution

The determination of the absolute differential
scattering cross sections per unit solid angle rep-
resents a fairly difficult experiment; this meas-
urement requires good angular resolution and a
careful analysis of the geometry of the experi-
ment. The geometrical conditions required to
study scattering on a gas target were first con-
sidered by Jordan and Brode64 and have been con-
sidered in greater detail in references 14 and 65.
In elastic scattering of primary particles at small
angles, in practice it is essentially impossible to
distinguish between the scattered and unscattered

FIG. 11. Schematic diagram of the apparatus used
to investigate the scattering of primary and secondary
ions by Fedorenko, Afrosimov and Kaminker.11'14'"'19

[I) ion source, E) extraction electrode, T) acceler-
ating tube, C,) first collision chamber, A,) secondary-
ion analyzer, C2) second collision chamber, A2) pri-
mary-ion analyzer, P l f P a , P 3 , P 4 , P5) pumps. ]

particles. In those cases in which they experience
a change in e/m (i.e., charge or mass ) as a re-
sult of an inelastic collision, the primary ions can
be distinguished from the primary beam by deflec-
tion in a magnetic field. This technique makes it
possible to study scattering with a change of e/m
at very small angles.14 In the kev energy region
the primary particles are scattered within a few
degrees of the initial direction while the secondary
ions are more or less scattered at 90° to the pri-
mary beam. This situation makes the problem of
separating the primary and secondary ions some-
what easier.

The differential scattering cross sections (for
primary and secondary atoms) are determined
from the general formula

i2 (») l
dw,,

S (&)cm2/steradian (9.1)

where ij is the primary ion current, i2(i?) is
the current due to particles which are scattered
at an angle d- and extracted by the collimator,
n is the density of atoms in the gas target, and
S (S-) is a geometric factor that takes account of
the change in the effective dimensions of the scat-
tering volume and the solid angle defined by the
apertures in the collimator when its axis makes
an angle £ with the primary beam. All the ex-
perimental data on angular distributions for pr i -
mary and secondary ions in the present paper are
given in the laboratory coordinate system.

Figure 11 is a schematic diagram of the appa-
ratus used in most of the work reported here on
the scattering of primary and secondary ions. The
monochromator (M) provides a primary beam
with a known energy distribution and small diver-
gence angle (±0.25°). The first collision chamber
and the fixed analyzer which is attached to it are
used for investigations of secondary ion scattering.
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The collimation of a beam of secondary ions char-
acterized by an emission angle (p with respect to
the direction of the primary beam occurs inside
the equipotential volume of the collision chamber.
Then the secondary ions pass through a system of
grids; the energy distribution of the ions in this
system is determined by retarding-field techniques.
The secondary ions which pass through the grids
are then accelerated and charge analyzed in a mag-
netic analyzer. The ions are detected in an open
electron multiplier, the output of which is fed to
an electrometer amplifier. The sensitivity of the
detection system is 5 x 10~18 amp/div. The con-
struction of this device makes it possible to study
values of cp ranging from 77° to 92°. The resolu-
tion of the system is A(p ~ ± 1.25°. A detailed de-
scription of the apparatus used for studying the
angular and energy distributions of secondary ions
has been given in reference 18.

The second collision chamber and analyzer
are used for studies of primary ion scattering
and provision is made for analysis of charge
states.

The analyzer (A2) can be rotated about the
center of the collision chamber through an angle
i? = ±17° with respect to the primary beam. The
resolving power of the system is At? ~ ±0.5°.
The ions are detected by a Faraday cage or by an
electron multiplier connected to a vacuum-tube
electrometer. A detailed description of the pr i -
mary-ion analyzer has been given in reference 14.

In the work reported here the primary ion cur-
rent varied between 0.1 and 1.0 x 10~6 amp. The
pressure of the gas being studied in the chamber
was 1 — 1.5 x 10~4 mm Hg. The pressure in the
other parts of the apparatus was maintained at
better than 5 x 10 "6 mm Hg by means of a system
of differential pumping.

10. Scattering of Primary Ions with a Change
of e/m

The first information concerning scattering of
primary ions with a change of e/m (as a result
of ion stripping, electron capture by doubly charged
primary ions, or dissociation of molecular ions)
was reported by us in references 10 and 11. An
investigation15 of the negative-ion scattering ac-
companied by a change in charge, carried out at
5—30 kev, indicated that ionization-exchange
processes were intimately related with scattering
and that the scattering features were peculiar to
each inelastic process. Subsequently a more de-
tailed investigation was carried out by us to study
scattering of A+ ions in the energy range 50 —150

kev.14 Everhart and his coworkers26'27 studied
scattering of He+, Ne+ and A+ involving transi-
tions to various charge states; this work was car-
ried out in the same energy region but covered a
wider angular range (±40°), with the exception
of the region between 0 and ±4°. The results of
the works cited above were found to be in agree-
ment with each other.

The curves of Fig. 12 taken from reference 14,
show the angular distributions for scattering of
A+ ions in charge states 0, 1, 2, 3, 4 and 5. The
fast argon atoms produced as a result of electron
capture by the primary A+ ion beam are scattered
with charge 0. Because a "symmetric" pair is in-
volved (A+-A), the formation of fast argon ions
must be attributed primarily to resonance charge
exchange. The charge state designated by 1 refers
to the scattering of primary A+ ions which experi-

IZ 10

FIG. 12. Scattering of A+ ions in charge states 0 ,1 , 2, 3,
4 and 5. The initial energy of the primary ions To = 75 kev.
The collision chamber is filled with argon at a pressure of
approximately 2x 10~* mm Hg. The absolute value of the
differential scattering cross section (logarithmic scale) is
plotted in units of cmVsteradian and the angle (t?) is plotted
in degrees along the horizontal axis. The experimental
points are denoted by the numbers corresponding to the
charge of the primary particle after the collision. [ Data
of Kaminker and Fedorenko.14 ]
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ence elastic collisions (or ionization collisions
with gas atoms). The charge states denoted by
2 , 3 , 4 and 5 refer to the scattered primary ions
that experience electron stripping. From an anal-
ysis of Fig. 12 one is easily convinced that as the
charge increases the angular distribution of the
particles becomes more and more "diffuse." It
is natural to assume that the inelastic energy
losses increase as the charge of the incoming
particles increases. Whence it follows that at
larger deflection angles of the primary ions there
is an increase in the relative probability for proc-
esses which require a higher excitation energy.
This basic feature of inelastic scattering has been
indicated above (Sec. 8).

Another noteworthy feature is the peculiar
shape of the angular distribution curves for the
most highly ionized states, 4 and 5. These curves
exhibit three peaks: a central peak at S- — 0° and
two symmetrically located side peaks. An angular
distribution of this type was first reported by us
in reference 14 and was called "irregular," in con-
trast with the "regular" angular distribution, which
exhibits a single central peak (as, for example, in
scattering for charge 0 or 2).

In order to give some idea of the change in the
shape of the angular distribution curves for scat-
tering with stripping as a function of increasing
kinetic energy, Fig. 13 shows curves for the tran-
sition A+ —• A4+ for three values of the energy of
the A+ ion. It is apparent that as the energy in-
creases all the maxima increase and the side
maxima appear at smaller angles. Thus, as the
energy increases the angular distribution becomes
narrower and more "regular."

It has already been indicated (Sec. 3) that
Russek30 has proposed a phenomenological theory
for the interpretation of the data on scattering ac -
companied by stripping. The theoretical curves

FIG. 13. Modifica-
tion of the angular
distribution for scat-
tering with stripping
of the primary ions
(A+-»A4+) as the en-
ergy is increased from
49 to 75 and 96 kev.
[ Data of Kam inker and
Fedorenko.14]

-5 70°

obtained by Russek exhibit the same general fea-
tures as the angular distrigution curves obtained
by Everhart27 which are similar to the curves in
Figs% 12 and 13.

11. Scattering of Secondary Ions

Up to the present time it has generally been
assumed that the secondary ions which are formed
in a gas in ion-atom collisions are slow, i.e., it is
assumed that the velocities of these ions are essen-
tially thermal. The results of recent work reported
by us18'19 indicate that this assumption does not ap-
ply to all secondary ions. Some of the secondary
ions, especially multiply-charged ones, have en-
ergies of several tens and even hundreds of elec-
tron volts. The angle and energy distributions of
the secondary ions and the angular distribution of
the primary ions are extremely peculiar. In refer-
ence 19 an investigation was made of the angular
distributions of secondary argon ions (charge
ranging from 1 to 5) produced in the ionization
of argon by Ne+ and A+ ions; the angular distri-
butions of the secondary neon ions (charge rang-
ing from 1 to 3) produced in the ionization of neon
by A+ ions was also studied. The initial energy
of the primary ions was varied between 10 and
150 kev. The energy distributions were obtained
by studying the angular distributions of the sec -
ondary ions measured at different " retardation
levels" (the energy setting in the discriminator).
This yielded angular distributions of secondary
ions with initial energies greater than the retarda-
tion level.

The angular distributions for the secondary
argon ions with charges 1, 2, 3, 4 and 5 obtained
in this work are shown in Fig. 14. The primary
beam also contained A+ ions with an energy of
75 kev. Along the vertical axis is plotted the dif-
ferential cross section in relative units (I<p);
the emission angle cp is plotted along the hori-
zontal axis. In all cases the value of lq> at maxi-
mum is taken as 100%. It is difficult to make
quantitative measurements of the energy distri-
butions of the secondary ions in this work19 since
a considerable fraction of the ions with energies
of the order of 1 ev do not reach the detector be-
cause there are weak fringing magnetic fields,
which cannot be completely eliminated. There is
also a distortion in the angular distribution for
ions with energies up to 10 ev. This distortion
is indicated by the spreading of the angular dis -
tribution in the region <p > 90°. In spite of these
effects, an examination of Fig. 14 allows us to dis-
tinguish two basic features of the secondary-ion



IONIZATION IN COLLISIONS BETWEEN IONS AND ATOMS 541

700

ЯП

во

40

го

п

'г

1

/

А
г

1

с

\

/J

U

\

1

г^
К
—
У:

X

,1

'?
4

-

А

92 SO S8 86 84 82 SO 78 <p

700

SO

so

40

го

0

j * .

4-

L
s, .

/

y[

1 1
|

/
/

/ _

\>

\
\

i

4

92 90 88 SB 84 82 80 78 cp

80

SO

'П

' "

/7

j

/

J
1

t

\

\\
r
V

i

Vл~̂~\
у

у

\1

-

у

7

ft
Г

У 7

A
'4

1

w+

>-

W j

en

pn

0 -

2Z~X

/
7 ~t

1
1\

J -J

J /

Ум

\L
{

\
Vг

Ir

+

-

Г

SO

so

40

20

О

1,2.3.4 -

I/
\

Ii/•
У11

N
\

A5+

s
\ E

92 90 88 SB S4 S2 SO 76 tp

FIG. 14. Angular distribu-
tions for the secondary ions
A+, A2+, A3+, A4+, A5+. The
retardation levels are 1) 0 ev,
2) 10 ev, 3) 50 ev, 4) 200 ev.
[ Data of Afrosimov and Fedo-
renko.18]

32 90 88 SB 84 82 80 78

angular distribution curves. With an increase in
the charge of the secondary ion the maxima in the
angular distribution curve are shifted towards
smaller emission angles (i.e., in the direction of
the primary ion beam); at the same time there is
an increase in the mean energy of the secondary
ions. For example, the angular distributions for
the ions with charges 4 and 5 contain for the most
part ions with energies greater than 200 ev. An
analysis of the experimental data of references
18 and 19 indicates that the slow secondary ions
are due primarily to soft scattering while the ions
with higher energies arise as a result of hard
scattering.

An idea of the change in the secondary-ion
angular distribution with increasing primary-ion
energy can be obtained from Fig. 15, which shows
the angular distributions for the secondary A4+

ions measured in reference 19 for two values of
the primary-ion energy. It is apparent that with
an increase in the energy of the primary ions the
maxima in the angular distribution appear at larger
emission angles and the number of secondary ions

FIG. 15. Angular distri-
bution for secondary A4+ ions,
measured at the same retar-
dation level for two energies
of the primary ion —75 and
154 kev. The retardation
levels are 1) 0, 2) 50, 3)
200 ev. [ Data of Afrosimov
and Fedorenko." ]

with small energies increases, i.e., hard scatter-
ing becomes less important.

It has also been shown in reference 19 that for
singly charged secondary ions the mean energy
falls off as the ratio n^/mj increases.

12. Close Approach of Nuclei and Inelastic
Processes

A comparison of scattering of primary and sec-
ondary ions yields a qualitative explanation of the
peculiar features in the angular distribution curves.
We proceed by studying essentially equivalent col-
lision processes for atomic particles that are simi-
lar in structure, for example, stripping of the A+

ion and ionization of the argon atom with the r e -
moval of the same number of electrons. A com-
parison of the corresponding angular distributions
for primary and secondary ions obtained in refer-
ences 14 and 19 reveals certain similarities. The
most characteristic similarity is found in processes
which require relatively high excitation energies
and in which 3, 4, or 5 electrons are detached.
In these processes the angular distribution of the
secondary ions is dominated by the ions which ex-
perience hard scattering. The primary-ion angu-
lar distribution is irregular and is characterized
by large side peaks. It is apparent that the side
peaks also are due to hard scattering. In refer-
ence 19 it has been established that for equivalent
ionization and stripping processes the experimen-
tal values of q> (corresponding to the peak in the
secondary-ion angular distribution) and ^ (cor-
responding to the side peak in the primary-ion
angular distribution) are what one would expect
on the basis of conservation of charge and mo-
mentum. Similarly, the positions of the minima
in the irregular angular distributions are found
to be in agreement with the limiting emission
angle for the secondary ion (<pmax)-

In processes of the other kind, which require
less energy (for example, one-electron charge
exchange), the angular distribution of the second-
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FIG. 16. Graphic representation of the angular distribution
of equivalent ionization processes in the shells of colliding
atomic particles. The vertical axis denotes the direction of
the primary beam. The designations of the angles are the
same as Fig. 10. Soft scattering of the secondary ion is
shown by Curve 1 and of the primary ion by Curve 3. Hard
scattering of the secondary ion is shown by Curve 2 and of
the primary ions by Curve 4.

ary ions is dominated by those ions which experi-
ence soft scattering; on the other hand, the angu-
lar distribution of the fast neutral atoms is regular.

In the general case, an inelastic collision that
involves equivalent ionization processes in the
shells of both particles can be characterized by
a combination of soft and hard scattering. The
general case is illustrated by the polar plot of
Fig. 16.

According to classical mechanics, if the scat-
tering, is due to repulsive forces only an increase
in the deflection angle of the primary particles
must correspond to a reduction in the impact pa-
rameter and the distance to which the nuclei of
the colliding particles approach. We conclude
therefore that in a given inelastic process hard
scattering always corresponds to a closer ap-
proach of the nuclei.

In estimating the distance of closest approach
(To) for small deflection angles (t? < 15°) it may
be assumed that

ra~p0, (12.1)

where p0 is the impact parameter corresponding
to deflection through an angle S-. A determination
of the absolute magnitude of the impact parameter
p0 can be made from the experimental data on the
angular distribution of scattered primary particles
by means of the relation:

n f do .
P' = 2 \ 3— sin (12.2)

In Eq. (12.2)
do-

is the total differential cross

section, obtained by summing the differential scat-
tering cross sections for all charge states with the
same deflection angle.

This procedure (based on the considerations

given in Sec. 8) has been carried out in references
11, 14 and 26. Under these conditions the total an-
gular distribution

da
• = / ( » ) , (12.3)

obtained by superposing angular distributions of
different shapes (regular and irregular), is found
to fall off monotonically with increasing values of
S-, as is to be expected for true elastic scattering.62

The estimates of r0 carried out this way in ref-
ferences 11, 14 and 26 show that all primary-ion
stripping processes take place when the distances
between the nuclei become smaller than atomic
dimensions (r0 < 1 x 10~8 cm). Processes that
require a relatively large energy (for example,
stripping with the removal of several electrons)
come into play with strong overlapping of the shells
(distances of 1 — 5 x 10~9 cm).

Atomic ionization processes must take place
under the same conditions as those which obtain
for stripping of primary ions. This conclusion is
supported by the similarities in the angular dis-
tributions of the primary and secondary ions de-
scribed above.

Elastic processes that involve a small inelastic
energy loss (for example, one-electron charge
exchange) predominate at distances greater than
atomic dimensions. Hence, in one-electron charge
exchange or in optical excitation the cross section
and its velocity dependence are determined basic-
ally by the individual features of the energy levels
of the outer electrons3 (cf. Fig. 6).

Ionization processes that occur in overlapping
of the shells must undoubtedly involve the excita-
tion of many electrons, as is assumed in the quasi-
molecule hypothesis. It is reasonable to expect
that in this case the ionization cross section is af-
fected by the more general features of the colliding
particles: the nuclear charges, the number of nu-
clei (in molecular ions), the dimensions of the
particles and so on. As indicated above (Sees. 2,
5, 6, and 7), the available experimental data for
total ionization cross sections and the cross sec-
tions for the formation of multiply charged ions
exhibit a general tendency toward increasing
cross section with increasing charge of the
nuclei of the colliding particles. This result
also follows from the analysis given by Firsov.29

The change in the shape of the angular distri-
bution curves which occurs as the velocity is in-
creased allows us to ascertain the conditions
favorable for stripping and ionization collisions.
Using elementary ideas it can be shown that the
cross section for ionization processes is propor-
tional to the product of two quantities: the area of
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a circle of radius equal to the maximum impact
parameter for which the required depth of pene -
tration is possible and the mean probability of the
process within the circle. Hence, these processes
appear first in central (head-on) collisions be-
cause the maximum depth of penetration for a
given velocity obtains for a central collision.
This result is verified by the fact that at small
energies stripping is characterized by a sharply
defined irregular angular distribution in which
only the side peaks appear. Apparently the effec-
tive impact parameter increases when the veloc-
ity increases; on the other hand, the probability
is larger for smaller values of this parameter.
This behavior is indicated by the increase in the
side peaks as they appear at smaller and smaller
angles, the appearance of the central peak due to
soft scattering, and, finally, the fact that the irreg-
ular distribution becomes regular (cf. Figs. 13
and 15). Apparently the ionization processes
come into play in a regular sequence as the ve-
locity is increased, and following the growth of
the inelastic energy losses required for them to
occur. Under these conditions the low-energy
processes and elastic scattering are no longer
features of strong overlapping but are to be as -
sociated with a remote interaction.11

13. Inelastic Energy Losses

A direct experimental determination of ine-
lastic energy losses has been carried out in ref-
erence 18 in collisions of A+ and Ne+ ions with
argon atoms, which lead to the formation of sec-
ondary argon ions with charges ranging from 1 to
6. The initial energy of the primary ions (To)
was 75 kev. In reference 18 the following expres-
sion is given for the relation between the inelastic
energy loss (E), the kinetic energy (T2) and the
emission angle {cp ) of the secondary ions:

-•(?) = 2 ^T2-T0j cos ? - ^ ^ T 2 . (13.1)

It is apparent from Eq. (13.1) that in order to de-
termine E (cp ) it is sufficient to measure T2 (cp )
because the remaining quantities (m^ m2, T, cp)
can be found from the experimental conditions.

The energy of the secondary ions is determined
by the retarding-field method. So-called "retarda-
tion" curves are taken for ions of a given charge
at different emission angles. Figure 17 shows re-
tardation curves obtained for the secondary A3+

ions formed in the ionization of argon by Ne+ ions
with an energy of 75 kev. Along the vertical axis
is plotted the ratio of the secondary current (i2)
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FIG. 17. Typical retardation curves.

which passes through the collimator and retarding
grids to the primary current ( i 4 ); the retardation
level in electron volts is plotted along the horizon-
tal axis. In order to allow a more graphic com-
parison of the energy distribution of the secondary
ions at different emission angles all curves are
drawn from the point at which there is no retarda-
tion. It is apparent from Fig. 17 that at large
emission angles (86°, 88°) the retarding curve
falls off monotonically. As the emission angle is
reduced a well defined "step," which separates
the hard and soft scattering, is observed. The av-
erage kinetic energy of the hard component of the
secondary ions at a given emission angle T2 {cp)
is taken as the retardation level corresponding to
"half-height" of the step in the corresponding r e -
tardation curve. In addition, using Eq. (13.1) it
is possible to determine the mean inelastic energy
loss E {cp).

The experimental data of reference 18 indicates
that E {cp) increases as the angle cp is reduced,
i.e., as the distance of closest approach becomes
smaller.

Firsov2 9 has carried out calculations of the in-
elastic energy loss as a function of the emission
angle {cp ) for the same ion-atom pairs (A+-A
and Ne+-A). The theoretical values of E^(cp)
obtained by Firsov and the experimental data for
E (cp ) from reference 18 (in ev) are given in
Table V. It is apparent from an examination of
this table that the theoretical values of Щ{ср )
increase as cp becomes smaller but that this r e -
duction is slower than that of the experimental
values. At cp = 78° the theoretical and experi-
mental data differ by approximately a factor of 2.
However, the agreement may be considered satis-
factory because of the approximate nature of the
theory. On the other hand, it is also required that
the accuracy in the experimental determinations
of E(cp) be increased.
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TABLE V. Inelastic energy losses. Theoretical data
of Firsov2 9 and experimental data of Afrosimov and

Fedorenko18

Я((<Р)

A+ - A

84°

340

380

82"

400

640

80°

440

890

78°

510

990

Ne+ - A

84°

350

490

82°

410

560

80°

450

750

78°

510

940

It is interesting to note that in reference 18
no significant difference was found in the values
of E determined for secondary ions with differ-
ent charge but for the same emission angle (<p
= const). The value of E(<p) over the entire
range of measured emission angles was found
to be much greater than twice the ionization en-
ergy computed from the ionization potential for
the secondary ion with the highest charge (A5+ ).
(In the present case it is assumed that there is
simultaneous stripping of the primary A+ ion,
which requires approximately the same ioniza-
tion energy.) These experimental facts indicate
the validity of the statistical considerations de-
veloped by Firsov29 and Russek.30 Apparently a
given distance of closest approach (r 0 ) corre-
sponds to a definite excitation energy; this energy
is always larger than the minimum ionization en-
ergy required for the removal of a certain mean
number (the most probable) of electrons from
the shells of both colliding particles. In this case
n = n a + щ, where n a and nj are respectively
the mean numbers of electrons removed from the
atom and the ion. There are obviously also colli-
sions in which the values of n, n a and щ differ
from the most probable values.

It is then natural to ask how the excess exci-
tation energy is dissipated. It has been indicated
above (Sec. 3) that the excitation energy is dissi-
pated in auto-ionization, which leads to the forma-
tion of multiply-charged primary and secondary
ions. It is probable that the excess inelastic en-
ergy is partially converted into kinetic energy of
the detached electrons; in this case this kinetic
energy may be rather large. Blauth has reported66

that a small fraction of the electrons which arise
in ionization of gas atoms by 50-kev protons have
energies of several hundred electron volts. In
work carried out by Мое and Petsch 3 4 an investi-
gation was made of the energy spectrum of elec-
trons which are detached in the ionization of neon,
argon, and krypton by K+ ions with energies from
200 to 900 ev. It was found that this spectrum is
characterized by several maxima and minima.

The positions of the maxima depend on the gas
atom and the height depends on the energy of the
K+ ion. The mean energy of the electrons asso-
ciated with the primary maximum is about 25 ev
in neon, about 12 ev in argon, and about 8 ev in
krypton. However, it has been pointed out in ref-
erence 34 that this angular distribution is charac -
teristic only for an electron emission direction
perpendicular to the primary ion beam.

In our opinion, new experimental data on ioni-
zation in collisions of ions with atoms will give
us a better understanding of the mechanisms in-
volved in the interaction of atomic particles and
will thus help to further the development of the
theory of atomic collision. Evidence of this trend
is found in the theoretical work of Firsov and
Russek, who have made use of recent experimen-
tal results in formulating new theories.
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