
SOVIET PHYSICS JETP VOLUME 31, NUMBER 1 JULY, 1970 

COLLISIONS OF FAST Li, Na, K ATOMS AND IONS WITH ALKALI-METAL AND INERT

GAS ATOMS (20-155 keV) 

L. I. PIVOVAR and L. I. NIKOLAicHUK 

Physicotechnical Institute, Academy of Sciences of the Ukrainian SSR 

Submitted July 28, 1969 

Zh. Eksp. Teor. Fiz. 58, 97-103 (January, 1970) 

Measurements have been carried out of the electron-loss cross sections and the equilibrium charge 
distributions for Li\ Na+, and K+ ion beams passing through sodium and potassium vapor and 
helium, neonl and argon gas. Data obtained on the equilibrium charge distributions and the results 
reported inr 9 have been used to determine the electron-loss cross sections of Li, Na, and K atoms. 
Estimates are reported of the electron-capture cross sections of the doubly charged ions Li 2 +, Na2 +, 
and K2 +. The largest ionization cross sections of fast atoms were observed for collisions between 
identical alkali-metal atoms. 

1. INTRODUCTION 

THERE are few papers on the stripping of fast alkali
metal atoms and ions during interaction with gas atoms 
and molecules. Studied in this field have been largely 
confined to the region of relatively low energies[l-sJ. 
Measurements in a broad energy ranger4- 81 have been 
carried out only for Li ions and atoms. Determina
tions of the electron-loss cross section of Na+ in air 
at intermediate energies have also been reported in[4l. 

The stripping of fast alkali atoms and ions on alkali
metal atoms has not been investigated at all. In this 
research we have measured the electron-loss cross 
sections of Li+, Na+, and K+ ions and the equilibrium 
charge fractions in beams of these particles after pas
sage through helium, neon, and argon gas, and sodium 
and potassium vapor. The measured charge fractions 
Fooo and F1"" and the charge-transfer cross sections 
of Li+, Na+, and K+ reported earlier[9 l for the above 
targets have enabled us to determine the electron-loss 
cross sections of fast Li, Na, and K atoms. 

The results reported here are of interest both from 
the practical and the purely scientific points of view. 
For example, data on the equilibrium charge distribu
tions may be very useful in various branches of tech
nology in the development of ion engines, electrostatic 
charged-particle accelerators, shaping of fast neutral
particle beams, and so on. In addition, the results can 
be used to estimate the effect of the structure of the 
outer electron shells of target atoms by comparing the 
data for inert-gas atoms with those for the adjacent 
alkali atoms. 

2. APPARATUS AND EXPERIMENTAL METHOD 

The present investigation was carried out with the 
apparatus used earlier and described with the various 
modifications and additions in[9-uJ. The intensities of 
the particle-beam components were determined as de
scribed in these papers. 

To determine the equilibrium charge distributions 
in ion beams, entrance and exit channels 50 mm long 
and 1 mm in diameter were introduced into the colli
sion chamber. A check was made on whether the 
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steady-state charge distribution in the beam had been 
reached at each ion energy. This was done by investi
gating the charge distribution as a function of vapor or 
gas density in the collision chamber near the equili
brium state. In most cases, it may be supposed that 
the particle beam consisted of only the two components 
F 0oo and F1 00 in the energy region which we have in
vestigated. The third component, F 200 , becomes ap
preciable as the ion velocity increases. However, even 
in this case we can neglect processes involving the 
loss and capture of two or more electrons without in
troducing any substantial errors, and then determine 
the electron-loss cross section a 01 of fast atoms for 
the entire velocity range from the formula[1 2l 

(1) 

Similarly, the electron-capture cross sections of Li2 +, 
Na2 +, and K2 + in gases can be determined from the 
formula 

(2) 

Measurements of the electron-capture cross section 
a 10 were reported in our previous paper[ 91 together 
with an estimate of the possible effect of metastable 
states on the cross sections. Analysis showed that the 
contribution to the cross section due to metastable 
atoms did not exceed 10-15%. The total error in the 
electron-loss, cross section a 01 was therefore 20-25%. 
The electron-loss cross sections of the singly,:charged 
ions Li+, Na+, and K+ were measured by a mass
spectroscopic method. The target-atom density in the 
collision chamber was determined as described previ
ously inr 9 l. The total error associated with measure
ments of the atom density, charge fractions, and ion 
energies was about 15-20%. We note that the method 
used to release the alkali metals from the sealed cells 
by remote control under vacuum was described in a 
separate paperr131 . 

3. RESULTS AND DISCUSSION 

In our measurements we have used Li+, Na+, and 
K+ ion beams and chemically pure sodium and potas
sium in the form of vapor, and gaseous helium, neon, 
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and argon with impurities not exceeding 0.1%. The re
sults of measurements of the equilibrium charge com
position of Li, Na, and K beams after passage through 
the target are shown in the Table. It is clear that the 
fractions F0oo for the above ions in alkali-metal vapor 
are substantially greater than the corresponding frac
tions for gas targets throughout the energy range which 
we have investigated. This is a direct consequence of 
the enormous differences between the electron-capture 
cross sections a 1o for collisions with alkali-metal 
atoms and inert-gas atoms [91, since the cross sections 
for the competing electron-loss process involving fast 
atoms are also greater in vapors of alkali elements 
than in gases (Fig. 1). The character of the dependence 
of the fractions F 0oo on the ion velocity is also differ
ent in the alkali and gas targets. Broad flat maxima 
are observed in the case of neon and argon targets. 
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FIG. I. Electron-loss cross sections of Li, Na, and K atoms as func
tions of velocity: ll-in sodium vapor, 0-in potassium vapor, e-in 
argon, •-in neon, thick curve-in helium; broken curves I and 2-data 
from [ 6 ) for nitrogen and helium, respectively. 
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For sodium and potassium targets, on the other hand, 
the fractions F 0 oo fall monotonically with increasing 
velocity. This is again connected with the difference 
between the velocity dependence of the charge-transfer 
cross sections a 10 in the case of collisions with inert
gas and alkali-metal atoms. In the former case, the 
cross sections increase, whereas in the second case they 
decrease with increasing ion ~elocity in the energy 
range under consideration[ 9 l. The very large relative 
fractions Fooo of fast neutral particles in the maxima, 
which approach unity in the case of interaction of ions 
with Na and K atoms, are particularly noticeable. As 
already noted, this is a consequence of the dominating 
effect of the capture of the weakly bound electron at 
small energy defect D.E. 

The electron-loss cross sections of fast Li, Na, 
and K atoms, determined from Eq. (1), are shown in 
Fig. 1. The data obtained by Allison et al.[ 6l for Li 
atoms are given for comparison. Our data are in 
agreement, to within experimental error, with the data 
in(eJ for the chosen control gas (helium). It is clear 
from the graphs that the electron-loss cross sections 
in gases increase with increasing energy, and the 
maxima of a01 as a function of velocity are reached 
relatively early. Thus, for example, in the case of 
fast Li atoms, the velocities corresponding to the 
maxima of a01 are close to the orbital velocity of the 
electron lost by the incident atom. In the case of ioni
zation of fast Na and K atoms in gases, the maxima 
of the a 01 (v) curves have not been reached at the 
maximum velocities which we have investigated, but 
the slope of the curves is then quite small, indicating 
that the maxima cannot be far off. 

A different picture is characteristic for the interac
tion between fast alkali atoms, on the one hand, and 
alkali-atom targets on the other. Here, the velocity 
dependence of the electron-loss cross section ao1 is 
steeper, and the cross sections at some velocities are 
substantially greater than in gases. Judging by the 
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nature of the a o1 ( v) curves we may conclude that their 
maxima should appear at velocities appreciably greater 
than in the case of interaction with gases. 

Since the inner electron shells of alkali atoms are 
similar to those of the adjacent inert-gas atoms, the 
above substantial difference between the nature and 
value of the electron-loss cross sections of fast alkali 
atoms must be ascribed to the interaction between the 
outer electrons of the colliding alkali atoms. Because 
of the large size of these shells, and the low binding 
energies, the main contribution to the electron-loss 
cross section a 01 should be provided by distant colli
sions, and this corresponds to large a01 • The minor 
importance of the inner shells of alkali atoms in the 
process is well illustrated by the very large difference 
between the electron-loss cross section a01 for colli
sions of alkali atoms with each other and collisions of 
alkali atoms with inert-gas atoms. 

The shift of the maxima of the a 01 (v) curves toward 
higher energies in the case of interactions between 
alkali atoms can be explained by the high losses of 
inelastic energy through the removal of electrons with 
similar electron binding energies from the incident and 
target atoms. On the other hand, in the case of the in
teraction qf a fast alkali atom with a gas atom, an elec
tron is lost only by the incident atom. As a rule, the 
electron-loss cross section of fast atoms increases 
systematically with increasing atomic number of the 
target particlesr8 ' 141 , at least up to argon. Some devia
tions from this rule toward higher values of a01 have 
been observed for alkali atom-inert atom neighboring 
pairs at lower energies [31. 

A very much greater violation of the above rule has 
been found in the present investigation above certain 
velocities in the case of interaction of alkali atoms 
with each other. As an illustration, Fig. 2 shows the 
electron-loss cross section a 01 as a function of the 
atomic number of the target particles for fast Li 
atoms and v = 2 x 10 8 em/sec. It is clear from the 
figure that in sodium and potassium vapor the cross 
sections ao1 are substantially greater than in neon and 
argon gas. The same situation is observed for ionizing 
collisions of fast Na and K atoms with Na and K 
atoms and, correspondingly, with Ne and Ar atoms. 
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FIG. 2. Electron-loss cross section of Li atoms as a function of the 
atomic number Z0 of target atoms for v = 2 X I 08 em/sec. 

FIG. 3. Electron-loss cross sections of u+, Na +,and K+ as functions 
of velocity: 6-in neon, 0-in argon, D-in helium, broken curve-in 
argon, taken from [ 16]. 
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It is clear from Fig. 1 that the cross sections a 01 of 
fast Na and K atoms on Na and K atoms, respectively, 
are appreciably greater than in the case of collisions 
between different alkali atoms (Na0 + K, K0 + Na). 

Similar results at lower energies were reported 
inr151 , which was concerned with the stripping of inert
gas atoms. It follows from the above facts that there 
are substantial deviations in the character of the de
pendence of ao1 on the charge of the target nucleus in 
the case of pairs of alkali-metal atoms. This is prob
ably also due to the fact that the main contribution to 
the stripping process is due to distant collisions which 
involve practically exclusively the outer shells of the 
colliding alkali-metal atoms. 

Figure 3 shows the measured electron-loss cross 
sections of the singly charged ions Li+, Na+, and K+ in 
helium, neon, and argon gas. For comparison, the 
figure also shows the data taken from[ 161 • It is clear 
that the velocity dependence of the electron-loss cross 
section a12 can be represented by a = Avm (where 
m ~5-6). For the stripping cross sections a 12 of Li+ 
in helium and K+ in argon we have a satisfactory 
agreement with the data reported int 6 ' 16l, Heavier ions 
have larger cross sections a12 which differ by more 
than an order of magnitude at equal velocities. It is 
interesting to note that the cross sections a 12 decrease 
with increasing atomic number of the target in the 
velocity ranges which we are discussing. However, 
further increase in the ion velocity will probably lead 
to a directly opposite relation, which is indicated by 
the example of Li+ ions[ 6 l. 

The reduction in the cross section a12 with increas
ing atomic number of the target was reported for some 
inert-gas ions in[ 171 where it was explained in terms 
of the possible competing processes of the stripping of 
the incident ion and the ionization of the target atom. 
This approach will also, in some measure, explain the 
stripping cross sections a 12 of Li+, Na+, and K+ ions 
on Na and K atoms, which we have found to be much 
lower than in the above gases. However, the reduction 
in the cross sections may be due to the screening ef
fect of the outer shell of the alkali atom which is de
formed by the field of the incident ion. We do not re
port these cross sections in the present paper because 
the low intensities of the ion beams led to considerable 
errors in the resulting values. The fact that the cross 
sections a 12 are relatively low in the case of interac
tion with Na and K atoms is indicated indirectly by 
the Table. 

The data given in the Table and in Fig. 3 can be 
used to estimate the electron-capture cross sections 
of the doubly~charged ions Li2 +, Na2 +, and K2 + in Ne 
and Ar gases with the aid of Eq. (2 ). The correspond-
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ing data are given in Fig. 4, from which it is clear that 
the cross sections a 21 increase rapidly with increasing 
velocity, and larger cross sections correspond to 
smaller energy defects AE. 

1 Yu. F. Bydin and A.M. Bukhteev, Zh. Tekh. Fiz. 
30, 546 (1960) [Soviet Phys. Tech. Phys. 5, 512 (1960)]. 

2 V. M. Dukel'ski'l, Yu. F. Bydin, and A.M. Bukhteev, 
Proc. IV Int. Conf. on Ioniz. Phenomena in Gases, 
Uppsala, 1959, 1, Amsterdam, 1960, p. 65. 

3 B. I. Kikiani, G. N. Ogurtsov, N. V. Fedorenko, 
and I. P. Flaks, Zh. Eksp. Teor. Fiz. 49, 379 (1965) 
[Sov. Phys.-JETP 22, 264 (1966)]. 

4 Kh. L. Leviant, M. I. Korsunskii, L. I. Pivovar, and 
I. M. Podgorny'i:, Dokl. Akad. Nauk SSSR 103, 403 (1955). 

5 1. van Eck and J. Kistemaker, Physica 26, 629 
(1960). 

6 S. K. Allison, J. Guevas and M. Garsia-Munoz, 
Phys. Rev. 120, 1266 (1960). 

7 1. S. Dmitriev, V. S. Nikolaev, L. N. Fateeva and 
Ya. A. Teplova, Zh. Eksp. Teor. Fiz. 42, 16 (1962) 
[Sov. Phys.-JETP 15, 11 (1962)]. 

8 1. S. Dmitriev, V. S. Nikolaev, L. N. Fateeva, and 
Ya. A. Teplova, Zh. Eksp. Teor. Fiz. 43, 361 (1962) 
[Sov. Phys.-JETP 16, 259 (1963)]. 

9 L. I. Pivovar, L. I. Nikola'lchuk, and A. N. 
Grigor'ev, Zh. Eksp. Teor. Fiz. 57, 432 (1969) [Sov. 
Phys.-JETP 30, 236 (1970)]. 

10 L. I. Pivovar, L. I. Nikolaichuk and V. M. Gurov, 
Zh. Eksp. Teor. Fiz. 49, 1072 (1965) [Sov. Phys.-JETP 
22, 746 (1966)]. 

11 L. I. Pivovar, L. I. Nikola'lchuk, and V. M. Rashko
van, Zh. Eksp. Teor. Fiz. 47, 1221 (1964) [Sov. Phys.
JETP 20, 825 (1965)]. 

12 S. K. Allison, Rev. Mod. Phys. 30, 1137 (1958). 
13 L. I. Pivovar and L. I. Nikola'lchuk, PTE (1970) 

(in press). 
14 L. I. Pivovar, V. M. Tubaev and M. T. Novikov, 

Zh. Eksp. Teor. Fiz. 41,26 (1961) [Sov. Phys.-JETP 
14, 20 (1962)]. 

15 1. P. Flaks, Zh. Tekh. Fiz. 31, 367 (1961) [Sov. 
Phys.-Tech. Phys. 31, 263 (1961)]. 

16 R. T. Brackmann, Hsi-Hu Lo, and W. L. Fite, 
V. Intern. Conf. Physics of Electronic and Atomic 
Collisions, Abstracts, 1967, p. 422. 

17 N. V. Fedorenko, Zh. Tekh. Fiz. 24, 769 (1954). 

Translated by S. Chomet 
14 


