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Ionization of H2, N2, He, Ne, Ar, and Kr gases by 10-180 keV fast hydrogen atoms and pro
tons was studied. The ionization cross section, "stripping" cross section for fast hydrogen 
atoms, and cross section for formation of slow ions with various e/m ratios were measured. 
The cross sections for "stripping" of hydrogen atoms and for ionization of atoms and mole
cules by protons are compared with theoretical data obtained using the Born approximation. 
Factors that influence the ratios of various ionization cross sections and the positions of the 
maxima in the energy dependences of the cross sections are discussed. 

INTRODUCTION 

THE present paper reports the results of system
atic measurements of cross sections for "strip
ping" of fast hydrogen atoms and cross sections 
for ionization of several gases by hydrogen atoms 
and by 10-180 keV protons, as well as cross sec
tions of formation of slow ions with various e/m 
ratios. Ionization processes occurring on collision 
of protons and fast hydrogen atoms with various 
gas atoms and molecules have been studied by 
many workers. [1- 15] Nevertheless further system
a tic work under identical and well-defined experi
mental conditions is useful for verification of 
earlier results and for filling in some important 
gaps. Among such gaps is the ionization of inert 
gases, nitrogen, and molecular hydrogen by fast 
hydrogen atoms; the availabl-e data on ionization 
of H2 by H atoms cover only the energy range 
below 60 kev.C5•6J 

As in earlier work,C1-4] we used the well-known 
capacitor method, supplemented by mass analysis 
of slow ions. 

The 10-180 keV energy range is of special im
portance because in it the cross sections for var
ious ionization processes reach their maximum 
values. [1-4] Information on cross sections in a 
wide range of energies is also of interest for 
plasma work. The present paper contains, there
fore, some published data on "stripping" of 
atoms [tt, 12] and ionization by protons, [?-S] which, 
together with our results, cover the whole keV 
range (1 keV to 1 MeV). Theoretical curves are 
also given for the few cases where experimental 
data are available and cross sections can be cal
culated using the Born approximation.C16 - 18] 

1. EXPERIMENTAL TECHNIQUE 

The apparatus has been described earlier. [19- 21] 

It is shown schematically in Fig. 1. A beam of 
fast atoms was obtained by charge exchange from 
a monoenergetic proton beam in a gas-filled cham
ber B. After leaving B the atomic beam was 
passed through the field of a capacitor C where 
charged particles were removed. The beam then 
entered a scattering chamber S. The chamber S 
was filled with the gas under investigation at a 
pressure of (2-4) x 10-4 mm Hg, which was suf
ficiently low to obtain single collisions. The pres
sure outside B and S was kept low (at a level of 
5 x 10-6 mm Hg) by differential pumping. In the 
scattering chamber S there was a capacitor M 
which collected the slow ions and electrons formed 
in the gas. The saturation currents of these parti
cles gave the total cross section for formation of 
free electrons, a_, and the total cross section for 

C B 

FIG. 1. Experimental setup: B is the chamber where an atomic 
beam is formed by charge exchange; C is the capacitor where 
charged particles are removed from the atomic beam; S is the 
scattering chamber; M is the measuring capacitor; T is the recei
ver of fast particles; A is the analyzer of slow ions; P ,, P 2 , P ,, 
are pumps. 
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formation of slow ions, a+' Stray effects were 
avoided by suitable construction of the measuring 
capacitor M and by control tests described ear
lier. [19, 20•22] Cross sections for formation of slow 
ions were measured with an analyzer A. 

The intensity of the fast atomic beam was de
duced from its heating effect by means of a special 
receiver T using thermistors. The atomic beam 
represented a current of 5 x 10-7-2 x 10-8 A. 
The current flowing to the measuring electrodes 
of the capacitor M amounted to 10-10-10-8 A. 
The measured cross sections a+ and a_ are given 
by: 

Ci_ = Cij +Cit, 

Ci+ =a,+ Cic. 

(1) 
(2) 

The measured "stripping" cross section az rep
resents several inelastic processes leading to 
"stripping" of fast atoms, and the cross section 
CJi represents several processes leading to the 
ionization of molecules. In the case of fast atoms 
ac represents the cross section for electron cap
ture in the process H- H-; Fogel' et al[ta] have 
shown that ac « CJi, and therefore a+ ::::: CJi and 
az =a_ - a+. In the case of fast protons az = 0 
and therefore a_ = CJi and CJc =a+ - a_. 

Random errors in measurement of cross sec
tions did not exceed ::1:15%, except in the case of 
CJH+ and aN2 + (Fig. 5) for which errors reached 
±30%. 

2. RESULTS 

The results are shown in Figs. 2-7. All cross 
sections are given in cm2 per gas molecule. 

A. Cross Sections for Ionization of Gases by 
Protons, CJi ( H+ ). Figure 2a gives the energy de-

pendence of the cross sections for the ionization 
of molecular hydrogen and nitrogen by protons, 
and Fig. 2b gives the data for proton ionization of 
inert gases. 

Similar measurements were carried out earlier 
by Gilbody and Hasted [9] (molecular hydrogen and 
inert gases; protons of 0.4-40 keV energy), Fogel' 
et al [to] (molecular hydrogen, 12-37 keV), 
Keene [t4J (helium and molecular hydrogen, 2-35 
keV), Schwirzke [6] (molecular hydrogen, 9-60 keV), 
Hooper et al [7•8] (molecular hydrogen and nitrogen, 
inert gases; 150-1100 keV), and by members of 
our laboratory at energies of 5-180 keV (molecu
lar hydrogen, [tJ air, [a] inert gases [4]). All these 
results do not differ greatly from those given here. 
All the published curves lie slightly below or 
above our curves and the differences are within 
the experimental error, except for the cross sec-
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FIG. 2. Cross sections of ionization by protons: a) molecular 
hydrogen and nitrogen; b) inert gases. The continuous curves 
represent our results; HM are the data of Hooper et al.; [7 ••] G 
are the data of Gilbody and Hasted;[•] BG is the theoretical 
curve of Bates and Griffing[16] for ionization of molecular hy
drogen by protons; M is the calculated curve of Mapleton[u] for 
ionization of helium by protons. 

tions obtained by Keene [t4J for molecular hydrogen 
and helium, which were considerably lower than 
those of all the other workers. 

Figure 2 gives curves obtained by Gilbody and 
Halsted [9] and by Hooper et al.[7•8J These curves 
give information on cross sections outside the 
energy range studied by us. 

B. Cross Sections for Ionization of Gases by Fast 
Hydrogen Atoms, CJi (H). Figure 3a gives our en
ergy dependences for cross sections of ionization 
of molecular hydrogen and nitrogen by fast hydro-. 
gen atoms. Figure 3b gives the corresponding 
data for inert gases. Published data are available 
only for ionization of molecular hydrogen; they 
were obtained by Schwirzke [6] (hydrogen atom en
ergies of 9-60 keV) and by Curran and Donahue [5] 

(4-36 keV). Their curves are shown in Fig. 3a 
and agree with our data within the experimental 
error. The fine structure found by Curran and 
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FIG. 3. Cross sections for the ionization by fast 
hydrogen atoms of: a) molecular hydrogen and nitro
gen; b) inert gases. Continuous curves are our data; 
S represents Schwirzke's results; [•] D gives Curran 
and Donahue's results. [•] 

FIG. 4, Cross sections for "stripping" 
of fast ·hydrogen atoms iii: a) molecular hy
drogen and nitrogen; b) inert gases. Con
tinuous curves are out data; chain curves 
represent the results of Stier, Barnett and 
Reynolds; [11 •12 ] Bare the results of Bates 
and Williams's calculation [17 ] for helium 
atoms with allowance for excitation; B' is 
the Bates and Williams calculation for he
lium atoms which neglects excitation. 
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FIG. 5. Cross sections for formation of slow ions in: a) 
molecular hydrogen (the upper pair of curves represents forma
tion of H!, the lower pair- formation of H+); b) molecular 
nitrogen (the upper pair of curves represents formation of N;, 
the middle pair- formation of N+, and the lower pair- forma
tion of N2+). The continuous curves give cross sections for in
cident hydrogen atoms, dashed curves represent the effect of 
protons. 

Donahue and shown as a series of maxima on the 
ai ( H) curve was· not observed because our exper-
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imental errors were greater than the heights of 
these maxima. 

C. Cross Sections of "Stripping" of Fast 
Hydrogen Atoms, az. Figure 4a shows energy de
pendences of the cross sections for "stripping" of 
fast hydrogen atoms in molecular hydrogen and 
nitrogen. Figure 4b gives corresponding data for 
"stripping" in inert gaBes. The cross sections of 
"stripping" of fast hydrogen atoms have also been 
measured by Curran and Donahue [5] (molecular 
hydrogen; hydrogen atom energies ·of 4-36 keV), 
Fogel' et al [ta] (molecular hydrogen and nitrogen, 
inert gases; 5-40 keV), Schwirzke [G] (molecular 
hydrogen; 10-60 keV), Stier, Barnett and 
Reynolds [tt, 12] (molecular hydrogen and nitrogen, 
inert gases; 4-1000 keV). The curves obtained by 
Stier, Barnett and Reynolds are given in Fig. 4. 
For molecular hydrogen bombarded with 10-180 
keV hydrogen atoms all the published data agree 
satisfactorily among themselves and with our re
sults. For molecular nitro~en and inert gases the 
data of Stier and Barnett [H are also in satisfac
tory agreement with our cross section. Fogel' et 
al [ta] have reported "stripping" cross sections 
in nitrogen and inert gases which were 20-30% 
smaller than our results and those of Stier and 
Barnett.CHJ For krypton the cross sections ob
tained by Fogel' are nearly 50% lower than our 
cross sections and those of Stier and Barnett. 
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FIG. 6. Cross sections for the formation of slow ions in in
ert gases. Continuous curves represent formation by hydrogen 
atoms; dashed curves give the effect of protons. 

These differences exceed the experimental error 
and they may be due to relatively strong scatter
ing of protons produced by "stripping" of hydro
gen atoms. 

D. Cross Sections for Formation of Slow Ions 
with Various Charges. Figure 5 gives our cross 
sections for the formation of slow H2 and H+ ions 
in molecular hydrogen and of N2, N+, N2+ ions in 
molecular nitrogen. Figure 6 gives cross sections 
for the formation of ions in helium (He+, H2+), in 
neon ( Ne +, Ne2 +, Ne3+ ), in argon ( Ar +, Ar2 +, Ar3+) 
and in krypton ( Kr+, Kr2+, Kr3+, Kr4+ ). 

The cross sections for the formation of slow 
ions by protons are not due to mere ionization: 
each should be regarded as the sum of ionization 
and electron-capture cross sections; for molecular 
ions they are the sum of dissociative ionization 
and dissociative charge-exchange cross sections. 
In collisions of atoms with atoms there is practic
ally no electron capture and the cross sections 
represent pure ionization. This complex nature of 
formation cross sections explains why they are 
somewhat larger for protons than for fast atoms 
when v :::: v0, where v0 = e2/ti = 2.2 x 108 em/sec 

is the velocity of an electron in a Bohr atom. 
An inspection of Fig. 5a indicates that in molec

ular hydrogen the number of slow protons does not 
exceed 2-4% of the total number of slow ions. In 
molecular nitrogen the proportion of atomic ions 
is somewhat higher. In helium the doubly-charged 
slow ions account for no more than 1.5% of the 
singly-charged ions (Fig. 6). In inert gases the 
cross sections for formation of slow ions with n 
missing electrons are approximately an order of 
magnitude greater than the cross section for for
mation .of ions with ( n + 1) missing electrons; 
this is true both for proton-atom and atom-atom 
collisions. 

3. DISCUSSION 

A direct comparison of experimental data with 
theory is possible only for a limited number of 
cases. For example, Bates and Griffing [16] calcu
lated the cross section for the ionization of hydro
gen atoms by protons using the Born approxima
tion. They also reported an approximate method 
of calculating the ionization cross section for hy
drogen molecules. The theoretical curve of Bates 
and Griffing is shown in Fig. 2a; it agrees satis
factorily with experimental results at energies 
above 60 keV. Mapleton [t8J calculated the cross 
section for ionization of helium by protons, again 
using the Born method. Figure 2b indicates that 
the Mapleton curve agrees with our experimental 
results and, at higher energies, with those of 
Hooper et al. [8] 

Bates and Williams [17] calculated the cross 
section for "stripping" of hydrogen atoms in hel
ium using the Born approximation. They considered 
two cases; first, when a helium atom remains in 
its ground state after a collision, and second, when 
a helium atom suffers a transition to an excited 
state. Both theoretical curves are given in Fig. 4b. 
The curve which allows for excitation gives cross 
sections whose absolute values are close to experi
mental ones above 100 keV. At lower energies both 
these theoretical curves lie considerably below the 
experimental one and the discrepancy increases 
with energy decrease. 

The relationship between the cross sections for 
ionization by protons and hydrogen atoms is of 
interest. Figure 7 shows typical ionization curves 
for helium. Calculations of ionization cross sec
tions based on the Born approximation usually give 
larger values for protons than for fast hydrogen 
atoms. [ts] An analysis of our experimental results 
confirms this relationship for all gases, but only 
at high velocities when v > ~o· At low velocities 
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FIG. 7. Cross sections for the .ionization of helium hy hy
drogen atoms, ai(H), and by protons, ai(H+), and the cross 
section for "stripping" of hydrogen atoms, al. 

( v < v0 ) the cross section for the ionization by 
fast hydrogen atoms was always slightly higher 
than the cross section for protons; this indicates 
that the Born approximation is not valid at low 
velocities. 

Another general characteristic of our results is 
the increase of cross sections of given processes 
with increase of the atomic number Z of the target 
atom; this can be easily seen in Figs. 2b, 3b, 4b, 6. 

Let us consider the maxima on the "stripping" 
curves ( az) and the curves representing forma
tion of singly charged inert-gas ions ( a01 ) in the 
case of ionization by hydrogen atoms. The cross 
sections az and a01 represent purely a loss of one 
electron by a fast incident atom or an atom of gas. 
Figures 4b and 6 indicate that the az and a01 

curves usually have a maximum at v <::: v 0• How
ever, the cross section for "stripping" of fast 
atoms in helium and the cross section for the for
mation of singly charged argon and krypton ions 
increase continuously with incident atom velocity; 
their maxima may lie at v < 1.5 x 108 em/sec (for 
az in helium the maximum lies at v Ri 1.3 
x 108 em/sec [10). 

Until recently it has been assumed that for 
atomic particles with ionization potential close to 
that of the hydrogen atom, the ionization cross 
sections possess a maximum at v <::: v0.[23J Maxima 
discovered at lower velocities can be accounted 
for qualitatively as follows. Ionization of atomic 
particles occurs by spatial intersection of atomic 
shells, as established by experiments on scatter
ing accompanied by "stripping" .C2:il At velocities 
v < v0 the colliding pair can be regarded as a 
quasi-molecule. The ionization potential of such 
a quasi-molecule is smaller for a collision of hy
drogen atoms and inert gases than for the atoms 
considered in [2:il. In the latter case we can assume 
that the quasi-molecular ionization potential ap
proaches the ionization potential of the appropriate 

alkali atom. A strong reduction of the ionization 
potential may displace the ionization cross section 
maximum of the quasi-molecule into the region 
where v < v0• 

The same reasoning can be applied to explain 
the position of the maximum on the "stripping" 
curve of a fast hydrogen atom or the curve repre
senting ionization of a gas. A quasi-molecule con
sisting of a proton and an inert-gas atom may be 
slightly more difficult to ionize than a quasi
molecule consisting of an atom of hydrogen and an 
inert-gas atom. Therefore, at velocities v < v0 we 
have a( H)/a( H+) > 1. 

The probability of ionization of one or the other 
atomic particle after dissociation of the quasi
molecule depends on two factors. First is the 
energy factor, i.e., the binding of an electron in a 
given atom. The second is the statistical factor, 
i.e., the ratio of statistical weights of possible 
charged states. For example the statistical weight 
of the Ar+ + H state is much greater than that of 
the Ar + H+ state. The effect of these two factors 
may produce competition between ionization proc
esses which affects the position of a maximum of 
ionization cross sections for the two colliding 
particles. 

Figures 4b and 6 show that the maximum on the 
curves representing formation of singly charged 
inert-gas ions on bombardment with fast hydrogen 
ions is displaced with increase of Z toward lower 
velocities while the maximum of the "stripping" 
curve is shifted toward higher velocities. In the 
case of "stripping" of hydrogen atoms this indi
cates that the ionization potential of these atoms 
is not the only parameter which affects the posi
tion of the maximum on the az ( v) curve. 

The position of the maximum on the curve show
ing the ionization cross section of a gas by hydro
gen atoms, O"i ( H), or by protons, ai ( H+), pre
sents a fairly complex problem because each of 
these cross sections is the sum of several partial 
cross sections representing losses of different 
numbers of electrons. Our results indicate that 
maxima on these curves lie at v Ri ( 1-1.5) v0• 

Let us consider the curves representing the 
cross sections of formation of slow argon and 
krypton ions by fast hydrogen atoms (Fig. 6). 
These cross sections represent pure ionization. 
For argon the maxima on the curves representing 
loss of two and three electrons, a02 ( v) and a03 ( v ), 
occur at approximately the same velocity vmax 
Ri v0• An analogous situation is found for ioniza
tion of krypton. Similar maxima for ionization by 
electron impact are always widely separated along 
the relative velocity axis. This difference between 
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ionization by atoms and by electrons can be ac
counted for qualitatively. In electron-atom colli
sions loss of an electron by the atoms is the result 
of an interaction between the incident electron and 
the atomic electrons. In this interaction the trans
ferred momentum is large compared with the 
initial momentum of atomic electrons and to re
move each subsequent electron a considerably in
crease of the incident velocity is required. In 
atom-atom collisions the atomic "core" (nucleus) 
interacts with electrons of the second particle with 
hardly any change in its intrinsic momentum. The 
position of a maximum on the formation cross 
section curve is now governed by the ratio of the 
internal velocity of electrons of the second parti
cle and the velocity of relative motion. Since 
inert-gas atoms lose mainly the outer p-electrons 
which all have similar velocities, the maxima on 
the aon curves therefore occur at approximately 
the same velocities of relative motion; this is true 
when only a small number of electrons is lost on 
ionization. 

The authors thank V. M. Dukel' ski'i and 0. B. 
Firsov for discussing the results and giving valu
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