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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, neoni
reported in®

and argon gas. Data obtained on the equilibrium charge distributions and the results
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?*, Na®*,
and K®*. 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["s].
Measurements in a broad energy range!*® 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 inl*,

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
Fow and F,, and the charge-transfer cross sections
of Li*, Na*, and K* reported earlier(®! 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'®!!!, 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
Foo and F,, in the energy region which we have in-
vestigated. The third component, F,.,, 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 0, of fast atoms for
the entire velocity range from the formulal*?

001 == 610F 100 / Foo-

1)

Similarly, the electron-capture cross sections of Li®”,
Na®*, and K?' in gases can be determined from the
formula
021 == 0128 100 [ Forc. @)

Measurements of the electron-capture cross section
010 were reported in our previous paper!®! 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 ¢4, 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 in'®), 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 paper!'®,

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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Target Sodium Potassium Neon| Argon
- = B S S
T2 ¢ f Q ) 2 R S
Ll ogl s sl s 2]k S S O I
SE | W < & = < & kg < = & & &
Li* ion
0.665
0.78 0.94 0,06 0,06 0.94 0.23 0,77
0.8 0.93 | 0.07 0.08 0.92 0.23 | 077
1 0,16 | 0.84 0.24 | 0,76
1.2 0,64 0.36 0.18 | 0.82 0.225 | 0,775
1.31 9,19 | 0.81 0.215 | 0,785
1.47 0.335 | 0.665 0.195 | 0.8)5 0,205 | 0,795
1.63 0.25 f 0.75 0.2 0.7977| 0.23 0.195 | 0,805 N
1.7 0.192 | 0.8075| 0.045 | 0,205 | 0.7918 [ 0,32 0.185 | 0.8134 | 0.16
1.82 1 0.8786 | 0.135 [ 0.2 0.7948 | 0.0Z 0,17 0.8275 | 0.25
1.89 0.115 | 0,882 0.31 0.2 0,792 0.8 0,165 | 0.8305| 0.43
2 0.11 0.8555 | 0.45 0.2 0,788 1.2 0.158 | 0.8335| 0.35
Na*ion
0.5 0,95 0.65 0.94 | 0,06 0.078 | 0.922
0,6 0.9 0.1 0,92 [ 08 0,085 0.915 0.19 081
0.67 0.83 | 0,17 0.82 | 0.18 0.087 | 0,913 0.2 0.8
0.758 0.80 | 0.2 0.086 | 0.9087| 0,53 0.22 | 0,78
0.82 0,76 | 0.2% 0,77 | 0,23 0.086 | 0,905 | 0.9 0.23 | 0.77
0.895 0.75 0,25 0.093 | 0,892 1,5 0.241. 0,7572| 0.175
0,9, |0.74 | 0.2588| 0.124 | 0.73 | 0,2698| 0.0z | 0,095 | v.8%F | 24 9245 | 0.752 | 0.3
1,02 0.71 0,2896 | .04 0.095 | 0.874 3.1 0.23 | 0.7655| 0.45
1,05 0,725 | 0.2727| 0,23 0,68 | 0,3194] ©.u6 0.095 | 0,865 4.6 0,215 | 0.7785| 0.65
1.12 0.70 | ©.207 0.3 0.6 0,799 0,10 0.095 | 0.838 6.7 0.2 0,789
K*ion
0.96 | 0,04
0.91 0.C9
0.9 0.1 0.08 0,92 0,185 ( 0.815
0.87 | 0.13 0,09 0,91 0.223 | 0.777
0.86 | 0,14 0.091 | 0.393 1.6 0.224 | 0.7605 | 1,55
0.845 | 0,155 0,092 | 0.868 4 0.224 | 0.751 2.5
084 | 0,16 0.0925 | 0.856 | 5,45 | 0.25 | 0.73% | 3.3
0.2 0,81 | 011895 | 0.445 | 0093 | 0.8334 | 7.36 | 023 | 0.725 | 4.5
0.25 | 0,38 | 02175 | 0.25 1 0.003 | 0.831 | 7.6 0.235 | 0.7105 | 5,45
0.5 0770 | 0,2208 | 0.42 0.693 | 0.802 | 10.5 0.23 | 0,699 | 7.05

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 Fyw 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 0,, for collisions with alkali-metal
atoms and inert-gas atoms[gl, 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 Fo« 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.

For sodium and potassium targets, on the other hand,
the fractions Foo fall monotonically with increasing
velocity. This is again connected with the difference
between the velocity dependence of the charge-transfer
cross sections 0, 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 velocity in the energy
range under consideration!®). The very large relative
fractions Fo 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 AE.

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.[®) for Li
atoms are given for comparison. Our data are in

Gy’ cm?/atom E,keV sil g . .
n___4 100 160 agreement, to within experimental error, with the data
. N P E, keV in'®! for the chosen control gas (helium). It is clear
2 4| emitom a0 jz0 160 from the graphs that the electron-loss cross sections
el ) 21N /A/fr in gases increase with increasing energy, and the
: 07 G s maxima of 0o, as a function of velocity are reached
dr 5F // %-”"’ : relatively early. Thus, for example, in the case of
2 I‘\{Z/ 21 / will fast Li atoms, the velocities corresponding to the
A Y 75 08 1 72 maxima of 0y, are close to the orbital velocity of the
1078, cmisec 078y, cm/sec electron lost by the incident atom. In the case of ioni-
Gy, ' cm?/atom 4080 160 £, kev zation of fast Na and K atoms in gases, the maxima
2 o /(.o of the 04,(v) curves have not been reached at the
09— // o maximum velocities which we have investigated, but
s {/ P s aa the slope of the curves is then quite small, indicating
2L that the maxima cannot be far off.

74 0,6 48 7
078, cmjsec
FIG. 1. Electron-loss cross sections of Li, Na, and K atoms as func-
tions of velocity: A—in sodium vapor, O—in potassium vapor, ®—in
argon, A—in neon, thick curve—in helium; broken curves 1 and 2—data
from [¢] for nitrogen and helium, respectively.

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 0y, 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 0y,(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 0y, should be provided by distant colli-
sions, and this corresponds to large 0;. 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 g4, 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 0,(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 of 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 particles'®!?)) at least up to argon. Some devia-
tions from this rule toward higher values of 0, have
been observed for alkali atom-inert atom neighboring
pairs at lower energies!®),

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 0, as a function of the
atomic number of the target particles for fast Li
atoms and v = 2 x 10% cm/sec. It is clear from the
figure that in sodium and potassium vapor the cross
sections 0, 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 Z, of target atoms for v=2 X 10® c¢m/sec.

FIG. 3. Electron-loss cross sections of Li*, Na*, and K* as functions
of velocity: A—in neon, O—in argon, [J—in helium, broken curve—in
argon, taken from [1].

0 'ﬁﬁz, , cm?/atom
. ——

FIG. 4. Electron-capture cross section
of Li?*, Na%*, and K?* as functions of veloc-
ity: A—in neon, O—in argon.

-7
/0" v, ecm/sec

It is clear from Fig. 1 that the cross sections ¢, 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 (Na° + K, K° + Na).

Similar results at lower energies were reported
in!**1 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 0,; 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*®', It is clear
that the velocity dependence of the electron-loss cross
section 01, can be represented by ¢ = Av'™ (where
m =~ 5—6). For the stripping cross sections ¢,, of Li*
in helium and K' in argon we have a satisfactory
agreement with the data reported in!®'®], Heavier ions
have larger cross sections ¢,, which differ by more
than an order of magnitude at equal velocities. It is
interesting to note that the cross sections 0,, 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'®).

The reduction in the cross section 0,, with increas-
ing atomic number of the target was reported for some
inert-gas ions inl'") 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 0,, 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 0,, 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 Li?**, Na®* and K?®' 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 0, increase rapidly with increasing
velocity, and larger cross sections correspond to
smaller energy defects AE.
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