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Measurements were made of the cross sections for the loss and capture of one or two electrons by
nitrogen and neon ions with charges from 1 to 7 or 8 as they pass through helium, nitrogen, neon and
argon with velocities v equal to 2.7X10% 4X 10%, and 8 10° cm/sec. At v< 4X 10°® cm/sec a substantial
difference was observed between the cross sections for electron capture in states with different values of
the principal quantum number n at equal binding energies. A nonmonotonic dependence of the

investigated cross section of the charge Z, of the nuclei of the atoms of the medium at v~ 10° cm/sec is

observed and investigated.
PACS numbers: 34.70.4-¢

1. INTRODUCTION

It is known that, in accordance with the periodic varia-
tion of the properties of the outer electron shells of
atoms and ions, the average energy losses and ranges
of charged particles have a nonmonotonic dependence
on the charges Z and Z, of the nuclei of the particle and
atom of the target.!’~3! The relative number of vacan-
cies produced in the inner shells of iodine and chlorine
atoms in collisions with atoms has also been found to be
a nonmonotonic function of Z..!*%! At the same time, a
study of the cross sections for the loss and capture of
electrons by fast ions in helium, nitrogen, argon, and
krypton has shown that they have a nonmonotonic de-
pendence only on the charge of the ion nuclei, and the
electron-loss cross section has been observed to de-
crease with increase of Z, from 18 to 36./®' To examine
the singularities of the cross sections of the losses and
capture of electrons by fast ions as they pass through
different gases, and to verify the assumption that the
cross sections may have a nonmonotonic dependence on
Z., we have measured these cross sections for nitrogen
and neon ions with charges ¢ from 1 to 7 or 8 as they
passed through neon, a gas in which the outer electrons
have the largest average velocities, as well as through
helium, nitrogen, and argon at ion velocities v equal to
2.7x10%, 4x10% and 8x10° cm/sec. Some of the results

were discussed briefly in",

2. DESCRIPTION.OF EXPERIMENT

The electron loss and capture cross section were de-
termined by mass spectroscopy with the apparatus de-
scribed in'). In the present experiment, the ions N*!,
N*3, Ne*2, and Ne*® were extracted from a 72-cm cyclo-
tron. Ions with other charges were produced either by
charge exchange of the ions with the residual gas in the
ion duct, or by passing the accelerated particles through
a celluloid film approximately 2-3 pg/cm? thick, placed
at a distance R =14 cm from the center of the magnetic
separator used to direct ions with a definite charge ¢ into
the collision chamber. For most ions, in addition to the
cross sections for the loss and capture of one electron
03,111, We determined also the cross sections o;, 4,5, for
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the loss and capture of two electrons, and in some cases
also the cross sections oy, ;,3 for the loss and capture of
three electrons. The errors in the estimate of the cross
sections 0y, 4,1, 0y 4.2, and oy, ;.3 do not exceed 15, 25,

and 35%, respectively.

The cross sections 0;,,,,, (m is the number of lost or
captured electrons) for the nitrogen and neon ions with
charges 7 <4 in helium, nitrogen, and argon agreed in
most cases, within the limits of experimental errors,
with the results of our earlier measurements,'®~!! while
the values of 0;, and 0,5 for neon ions in neon at v=2.7
+10% cm/sec agreed with the cross sections given
int%13] Most cross sections obtained for the first time
are shown in Figs. 1 and 2. In all cases, the cross sec-
tions are given per atom of the medium.

It follows from the experiments described in**! and
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FIG. 1. Cross sections for the capture of one (g, ;.;) and two
(04, 4=2) electrons by nitrogen ions (dark points and solid lines)
and neon ions (light points and dashed lines) in helium (¢),
nitrogen (o) and neon (e, 0) as functions of the ion charge i at
ion velocities v equal to 2.7x10% (a), 4x108 (b) and 8x 108 (c)
cm/sec. A bar under the symbol denotes a cross section
determined by interpolation of the cross sections for other
velocities from®~11); v, v—cross sections from!!®],
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FIG. 2. Cross sections for the capture of one (o ,.;) and two
(04, 4-2) electrons by nitrogen and neon ions as functions of the
ion charge. The notation is the same as in Fig. 1. *—cross
sections for unexcited N* ions, and m—for ions N* that have
passed through a solid film. 4, a and ¥, v—cross sections
fromt1%:121,

from the results of*'s? that all the obtained cross sec-
tions oy, ;. Wwith the only exceptions of the cross sec-
tions for electron loss by N*5 ions at v=8+10% cm/sec,
pertain to unexcited particles. The beam of N*.5 ions was
produced by passing the ions through a celluloid film,
and contained (13 +2)% metastable particles.!3? The
cross section for electron loss by the unexcited N** ions
were obtained from the obtained values of o4 by the
method described in"%,

3. RESULTS OF INVESTIGATION OF ELECTRON-
CAPTURE CROSS SECTIONS

1. Relations between the cross sections for the capture
of one electron by different ions

In all the investigated media, the cross sections oy,
for the nitrogen and neon ions having equal charges i are
practically equal at large values of i. At v=8-10% cm/
sec this equality of the cross section is observed at ¢ > 6.
With decreasing v, the value of i starting with which the
cross section o, ;. is determined only by the ion charge
decreases and depends on the medium. An analysis of
the results shows that this equality of the cross section
occurs when the condition I;_; > =%1,+3I, is satisfied,
where I;_; is the binding energy of the outer electrons in
the atoms of the medium, and I, =% pv? is the transport
energy of the electron.

As indicated previously,““ a qualitatively similar

result follows also from the simplest quantum-mechani-
cal Brinkman-Kramers formula'®!% for the cross sec-
tion of the capture of an atomic electron by nuclei with
charge Z, provided that the quantity Z/z in this formula
is replaced in the case of fast ions with N=Z -i>0 elec-
trons by the quantity [1(n)/I ]!/, while 2r2 is replaced by
the number p(n) of the unoccupied states with principal
quantum number n. We then have
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I - p(n)[I(n) 1" 1
Oii—y = 5 ana, Io Ian ”:Z"' (I,’+2L~[I(n)+Ic]+[1(n)—Ic]’)’ ( )

where I,=13.6 eV and a¢4=5.3%x10"® cm. It follows there-
fore that at I(ng) > 31, +I,, where I(ny) is the average
binding energy of the electron in the vacant states of the
unfilled electron shell closes to the nucleus and with
principal quantum number n=n,;, the electron is captured
predominantly in excited states with »>#n, and therefore
the cross section o0y,;., is practically independent of the
number N of the electrons contained in the ion, and is

the determined by the ion charge 7 and velocity v.

At small i, when I(ng)<3l,+I,, the electron capture,
according to (1), is predominantly into states with n=n,,
so that the cross sections o0 ;., for the nitrogen ions are
always larger than for neon ions having the same charge
7, and the ratios of these cross sections in different me-
dia differ by not more than 25%. The plots of the cross
sections 0;,;.; divided by the number of vacancies p,(r,)
in the unfilled electron shell closest to the nucleus, i.e.,
of the quantities S; =0y, ;.; /p;(ny) for the neon and nitrogen
ions with electron numbers N from 2 to 9, as functions
of I;.;, are in accordance with (1) practically identical
curves close to the I(n,) curves (Fig. 3). The previously
considered"® values of S, for ions of other light ele-
ments with 2 and 3 electrons also fall onthe same curves,
as well as the experimental cross sections for electron
capture in states 2s and 2p by helium nuclei, determined
on the basis of''®* for v=2.710® cm/sec (Fig. 3).

At all v, the values of S; for ions with N=2-9, for
which ny=2, turn out to be smaller than the values of S;
obtained from the results of*®2%22 for nuclei and hydro-
genlike ions with N equal to 0 or 1, for which ny=1 (at
the same values of I;_;). The small relative difference
between the values of S; for ions with n, equal to 1 and 2
(i. e., for ions that capture electrons predominantly in
the K and L shells), is observed in the region of small
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FIG. 3. Values of S; and S{? as functions of /,.; and I} for
nitrogen (@) and neon (0) ions, for atomic nuclei (4), and for
hydrogenlike ions (a) in nitrogen: a) v=2.7X 108, b) v =4x108,
and c¢) v =8x10% cm/sec. The values of S; for nuclei and
hydrogenlike ions were taken from, 20-22] while the values
for the nuclei were taken from{11:2%211, (g) are the cross sec-
tions for the capture of an electron in states 2s and 2p for
helium nuclei in nitrogen. 1819
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FIG. 4. Cross sections for the capture of one (o,' ¢1) and two
(04, 4-2) electrons by nitrogen ions (solid lines and dark points)
and neon (dashed lines and light points) in various media with
Z,=2,17,10, 18, and 36 at a) v=4x10% and b) v = 8x10® cm/sec.
The numbers indicate the charges i of the ions.

values of v and I;_, (Fig. 3). It should be noted that at
v>2.7-10° cm/sec the hydrogen and helium nuclei, as
follows from the experimental cross sections for their
capture of an electron in different states,'!%19:23=251 cqp_
ture the electron in the 1s state in no less than in 80%
of the cases. The dependence of S; on I;_; for different
I, and v corresponds qualitatively to formula (1), but the
dependence of S; on the principal quantum number 7,
which we have observed, does not follow from (1).

2. Dependence of the cross sections for the capture of
one electron on the charge Z of the nuclei of the atoms
of the medium

With increasing Z,, the values of o;,;., for the nitro-
gen and neon ions with charges i from 2 to 5 at v=2.7
+10% and v =410 cm/sec increase on the average, al-
though the cross sections in ion, compared with the
cross sections in nitrogen and argon, are slightly lower
for ions with large charges and slightly higher for singly
charged ions. At v=8°10% cm/sec, however, the depen-
dence of 0;,;., on Z, becomes essentially nonmonotonic.
For ions with i =1 and 2 the values of 0;, ;. in neon are
approximately 3-4 times larger than in nitrogen and
argon (Fig. 4). For ions with i =5-8 the excess of 0;,;.;
in neon over that in nitrogen and argon decreases to a
factor 1,.5-2. The latter is due to the fact that the de-
pendences of the cross sections o;,;., on ¢ and of the val-
ues of S; on I;_; in neon are almost the same as in helium
and are weaker than in nitrogen and argon. With further
increase of Z, on going from argon to krypton, as shown
by experiments with nitrogen ions,m the cross sections
0y,:-1 again increase. A nonmonotonic dependence of
0,41 On Z, for nitrogen and neon ions with 7 =2-7 is ob-
served also at v =10° cm/sec.'2?®! However, at ¥=3+10°
cm/sec, as follows from the experimental values of
0y,4-1 for carbon and nitrogen nuclei in nitrogen, neon,
and argon, 271 the values of 0y4,3-1 again increase mono-
tonically with increasing Z,. Thus the anomalous in-
crease of the electron-capture cross sections in neon
takes place only in a relatively small region of velocities
v~10° cm/sec.
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In the analysis of these results it is necessary, of
course to recognize that nitrogen, unlike the other em-
plpyed media, is a molecular gas, so that the considered
electron capture cross sections per atom of the medium
differ in general from the cross sections in the case of
collision of the same particles with nitrogen atoms.
There are no grounds, however, to expect an appreciable
difference between these cross sections in the region
v>3-10% cm/sec, since the proton charge exchange
cross sections in atomic hydrogen are merely 20%
smaller than in molecular hydrogen, 2%2*1 and the cross
sections for the capture of an electron by the ions N* and
O* in atomic oxygen are 40-50% larger than in molecu-
lar oxygen.''?? Thus, when molecular nitrogen is re-
placed by atomic nitrogen, the general character of the
dependences of the electron capture cross sections per
atom on Z, remains essentially the same.

3. Cross sections for the capture of two electrons

In all media, at v <4-10% cm/sec, the cross sections
0y,4-1 for the capture of two electrons are always larger
for the nitrogen ions than for neon ions having the same
charges i, whereas at v=8+10° cm/sec these values
come closer together. At all ion velocities v, the ratio
of the cross sections o0;,,, for nitrogen ions to the cross
sections for neon ions having the same charges i are al-
ways smaller in neon than in nitrogen and argon (by a
factor of two on the avera,ge_). Since in most cases the
relation I{) = (I, *1,,)*/2 <I is satisfied, it follows that
the electron is capture, in accord with the foregoing,
predominantly in vacant states of the unfilled electron
shell closest to the nucleus. The larger values of 0y, ;_,
for the nitrogen ions than for the neon ions correspond
in this case to the larger number of vacancies p; in the
unfilled electron shell closest to the nucleus in the ni-
trogen atoms. The two-electron capture cross sections
referred to a single pair of such vacancies, i.e., the
quantities S {# =20;,;., /p;(p; —1) for the nitrogen and
neon atoms, fall on a common plot of S {2 against 12},
although in a number of cases the scatter of the individu-
al points exceeds the limits of the measurement errors
(Fig. 3). The values of S {¥ for neon ions in nitrogen
and argon are on the average somewhat lower, and in
neon somewhat higher, than for nitrogen ions. At v
<4-10% cm/sec, the dependence of S {2 on I &} is close
to the dependence of S; on I, ;, and at v =8%10% cm it
becomes somewhat stronger. The values of S ¢’ for
nitrogen and neon ions that capture electrons predomi-
nantly in vacant states of the L shell (n,=2) are substan-
tially smaller, at all v, than the values S 2’ obtained
from the results of!12%21] for atomic nuclei that capture
electrons principally in vacant states of the K shell (n,
=1), and when v decreases from 8x10® to 2.7x10° cm/
sec, the difference between these quantities increases
from 3 to 10 times (Fig. 3).

The dependence of the cross sections 0y,;., on Z,
agrees qualitatively with the corresponding dependence
of the cross sections 0y,;.;, but at v=8+10® cm/sec,
particularly for neon ions, it is stronger (Fig. 4). The
ratios

(2) 2 G-
Niea =8 /Si=— )
Pn—’. Oi i~

Dmitriev et al. 886



which are proportional to the average probability of
electron capture in one of the vacant states, with n =n,,
of ions with charge i —1 amount to (0.1 -6)x1072, At
v=8+10% cm/sec they depend little on Z,, except for a
few cases: for neon ions in neon they are larger than in
other gases and are close to ~0.05, while for nitrogen
and neon ions in helium they are smaller by a factor 4—-6
than in neon. For helium nuclei, the values of n;_; are
larger than for nitrogen and neon ions with the same val-
ues of I;_,, by an amount that increases from 2 to 10 in
nitrogen and from 5 to 20 in helium when v is decreased
from 8x108 to 2.7x10% cm/sec.

4. Explanation of singularities in the cross sections for
electron capture by fast ions in neon

Simple approximate theoretical formulas for the elec-
tron capture cross sections in collisions of complex
atomic systems®®®3!! were obtained by using the statis-
tical model of atoms and had therefore led only to a
monotonic dependence of 04, ;., on Z.. In particular, ac-
cording to Bohr and Lindhard, %! we have

Gi.im1=11a,"Z, 42 (v,/1) 2)

where v3=2.19+10% cm/sec.

At v =8x10% cm/sec the values of o, ;., calculated by
formula (2) for nitrogen and neon atoms with >4 in he-
lium, nitrogen, and argon differ from the experimental
values by a factor of more than 1.5, and in neon the dif-
ference reaches a factor of 2,5, The explanation of the
observed anomalous dependence of the cross sections
0y,i-1 On Z, should be sought in the singularities of the
shell structures of the atoms of the medium. It should
be noted in this connection that the dependence of the
cross sections oy,;.n0n Z., obtained in our paper,
agrees qualitatively with the Z.-dependence obtained for
the proton charge-exchange cross sections o,y from cal-
culations in‘!™ on the basis of the Brinkman-Kramers
approximation.m] The nonmonotonic dependence of these
values on Z, is connected with the fact that the charge-
exchange cross section is determined by the capture,
from the atoms of the medium, of electrons having or-
bital velocities v, close to the ion velocity, and the elec-
trons are captured from the atoms of the media in ques-
tion mainly from the outer shell at v < 10° cm/sec but
from a deeper shell at v> 2°10° cm/sec.''” The aver-
age orbital velocities 7, of the electrons in the inner
shells of the atoms of helium, nitrogen, neon, and argon
are close, in units of v, t0 1.7, 2.0, 2.8, and 2.7, re-
spectively, if use is made of the Hartree-Fock wave
functions,™? and to 1.7, 2.0, 2.9, and 2.3 if Slater
functions are used.!** Since the value of v, for the neon
atoms turns out to be the largest, the number of elec-
trons with orbital velocities v,~10° ecm/sec in these
atoms, and consequently also the electron-capture
cross sections at v~10° cm/sec turn out to be larger
in neon than in the other considered media. The incom-
plete occupation of the outer M shell in argon atoms, due
to the absence of 3d electrons, leads to an additional de-
crease of the number of electrons with orbital velocities
v.%(0.7=1.5)7, and to a corresponding additional lower-
ing of the cross sections of electron capture in argon at
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»~10° cm/sec.!'”

With increasing ion charge, as follows from (1), the
capture of electrons from the inner shells of the atoms
should assume a larger role, and consequently the de-
gree of the increase of the electron capture cross sec-
tions in neon should decrease, as is indeed observed in
experiment. At v>2°10° cm/sec, owing to the in-
creased role of electron capture from the inner shells,
the dependence of 0;,;.; on Z, again becomes monoton-
ic.!2271 Thys, the appreciable excess of the electron
capture cross sections in neon over those in argon and
nitrogen at v~ 10° cm/sec can be attributed to the indi-
cated singularities in the structure of the atoms.

4. RESULTS OF INVESTIGATION OF THE
ELECTRON-LOSS CROSS SECTIONS

1. Relations between the cross sections for the loss of
one electron by different atoms

In all the investigated media, the relations between
the values of o, ;,, for different ions are qualitatively
the same, With increasing ion charge i the cross sec-
tions oy, ;, for the nitrogen ions decrease more rapidly
than for the neon ions, and at i >3 these cross sections
are always smaller than for the neon ions with the same
charge i, but at i =1 the relation is reversed (see Fig. 2).
This difference between the cross sections o, ;,, is due
mainly to the difference between the number of the elec-
trons g; in the outer shells of the ions, and to the differ-
ence between their binding energies I;., All this follows
from an examination of the cross sections o; for the
loss of an individual electron, which are expressed in
terms of the experimentally measured cross sections
0y, 1om a8 follows!!1d:

0,-=—Z MmO i im. 3)

With increasing I;, the cross sections o; decrease in
all media, but not quite in like fashion. At v=2,7- 10®
cm/sec the dependence of ¢; on I; (in the I; range from
30 to 100-150 eV) becomes weaker with increasing Z,
but at v=8+10° cm/sec the dependence of o; on I; in neon
and argon turns out to be stronger than in helium and in
nitrogen (Fig. 5). Consequently at v=8" 10° cm/ sec,
for ions with I; ~100-250 eV, the dependence of g; on Z,
becomes nonmonotonic,

2. Dependence of the electron-loss cross sections on the
charge C, of the nuclei of the atoms of the medium

The dependences of the cross sections oy, 4, and o; on
Z_ changes strongly with changing ion charge i and with
changing ion velocity v. At v <4-°10® cm/sec these
cross sections increase as a rule when Z, increases
from 2 to 18, and with further increase of Z, from 18 to
36, as follows from"'?”, they decrease (Fig. 6). Atwv
=8+10° cm/sec, the increase of the cross sections with
increasing Z_ from 2 to 18 remains monotonic only for
ions with charges i=1 and 2, for which I;<0,411,, where
I,=3 pv®=180 eV. On the other hand for ions with I,
=(0.6-1.4)1,, on the other hand, the cross sections in
neon become smaller than in nitrogen and argon, by a
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FIG. 5. Values of oy, 0f?, and 0,,y as a function of the elec-
tron binding energy for nitrogen ions (dark points) and neon
(light points) in helium (a, 4, solid lines), nitrogen (v, v,
dashes), neon (w, 0, dash-dot lines) and argone (e,0, dash and
three dots) at an ion velocity v = 8 x10% cm/sec. The segments
of the straight lines in the left-hand side of the figure were
calculated from formula (5), dotted curve—cross section of
electron losses for hydrogen-like ions in helium. B36:371

factor 1.4-1.6 for the ions Ne*® and Ne*” with I, =200—
250 eV. At the same time, for the N*® ions with I, =31,
the dependence of the cross sections on Z, remains
monotonic. At v=10° cm/sec, as follows from!"2¢1, the
decrease of the electron-loss cross sections in neon is
somewhat greater for all ions, and is observed also for
singly and doubly charged neon and nitrogen ions and
for N*° ions. For the N*° ions at v=(2.6-3.8)+10° cm/
sec, when I;<0,31,, the cross sections 054 again in-
crease monotonically with increasing Z, .en

An examination of the experimental cross sections
0;, 441 for negative ions and atoms of hydrogen‘®! and
lithium atoms'®*! has shown that at v~ (1-4) - 10® cm/sec
the values of oy, for these particles in neon is smaller
than in nitrogen and argon. In this region of v, the indi-
cated cross sections are close to the maximal value.
Thus, lowering the electron-loss cross section in neon
is observed for many ions in a relatively narrow velocity
region v ~u,; =(2I; /p)*/?, where these cross sections
reach a maximum,

To estimate the change of the electron-loss cross sec-
tion because of the joining of the nitrogen atoms into a
molecule, we can use the following information: at v
>3:10° cm/sec the cross section for electron loss by
hydrogen atoms is 20% higher in atomic hydrogen than
in molecular hydrogen,’*’ and the cross sections for
electron loss by singly charged nitrogen and oxygen ions
are 40% larger in atomic oxygen than in molecular oxy-
gen.!3! For ions with high electron binding energy the
difference between these cross sections should appar-
ently be smaller, so that when the molecular nitrogen
is replaced by atomic nitrogen the rate of decrease of
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the electron-loss cross sections when Z, decreases
from 7 to 10 should not decrease.

3. Cross sections for the loss of two electrons

In all media, the cross sections o, ,,, decrease with
increasing i more rapidly than oy ;. For singly charge
nitrogen and neon ions, the values of o3 are equal within
the limits of measurement accuracy, and at i >2 the
cross sections o, ;,, for neon ions are always larger than
for nitrogen ions having the same charge i (Fig. 2). The
causes of this relation between the values of o, ;,, are
the same as for 0y,;,, as can be ascertained by exam-
ining the cross sections for the loss of an electron pair
o & 11 the main contribution to which is made by the
quantities oy, 4 :

1
)
0:!;“::—-0«—z E Cm204,14me (4)

m>3

In all cases the dependence of ¢{® on I =(I,1,,,)*/?
is stronger than the dependence of o; on I;. However,
just as for oy, at v=2,7-10° cm/sec the strongest de-
pendence of o; on J; in the investigated region of I{¥
from 40 to 130 eV is observed in helium, and at v=8
+10% cm/sec it is observed in argon (Fig. 5). As a re-
sult, the values of 0y, ;,; and 0 {¥ change with changing
Z, approximately in the same way as 0;,;,; and 6;. In
particular, at v=8°10° cm/sec, when Z, increases
from 2 to 18, a general increase of the cross sections
0y, 442 and 0¥ is observed, but the cross sections in
neon turns out to be practically the same as the cross
sections in nitrogen, this being lower by a factor 1.4
than the value expected from their average monotonic
dependence on Z, (Fig. 6).

The ratios ¢;,; =0{%/0,, whichyieldthe average proba-
bility of loss of the second electron by the ion, referred to
one electron of the outer shell of the ion, !’ change qual-
itatively with changing I;,; and v in the same manner as
the cross sections o;, but in contrast to the latter they
are practically equal for all media except helium. The
values of ¢;,; in helium are smaller than in the heavier

6. :
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FIG. 6. Cross sections 0, ;4 and oy ,, for the loss of one

and two electrons, respectively, by nitrogen (e) and neon (0)
ions as functions of Z, at v =4 x10% (a) and v = 8x108 (b) cm/sec.
The numbers on the curve indicate the ion charges i.
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media by factors from 1.6 to 5. The relations between
the values of ;. in helium and in the heavier media
hardly differ from the relations between the cross sec-
tions o; in helium and in argon.

4. Explanation of the singularities in the cross sections
for electron loss by fast ions in neon

The values of o; for nitrogen and neon ions in helium
are close to cross sections, calculated in the Born ap-
proximation, of electron loss by hydrogen-like atoms
having the same binding energies I;."*®%" The depen-
dence of o; on I; and Z_ for ions with small charges ¢ in
all media agree qualitatively with the dependence that
follows from the Bohr formula'®® derived in the classi-
cal analysis of electron scattering in the strongly screen
field of the atoms:

o.znao’Z:"(vo’/u;v) . (5)

For ions with large charges, on the other hand, the de-
pendence of o; on I; is stronger than the one that follows
from (5), while the dependence of ¢; on Z, does not al-
ways agree, even qualitatively, with the Bohr formula
derived with the aid of the statistical model of the atom,

The lower electron-loss cross sections in neon com-
pared with nitrogen, as well as the higher cross sections
for electron capture in neon, can be attributed to the
larger average velocity v, of the electrons in the outer
shell of the neon atom. From a theoretical analysis of
the electron loss by hydrogen-like ions in hydrogen, he-
lium, and nitrogen'®=%) jt follows that at low binding
energies I, of the lost electron, when u;= (21;/u)/?
<27,, intheregion v >u%/27, the electron-loss cross
sections 0;, ;, are substantially lowered by the screen-
ing of the coulomb field of the nuclei of the atoms of the
medium by the atomic electrons. The greatest decrease
of the cross sections takes place at an ion velocity v~u;,
when the cross sections are close to the maximal ones,
and the role of the collisions accompanied by ionization

or by excitation of the atoms of the medium is still small.

In connection with the last circumstance, at an ion veloc-
ity v <u; the dependence of the cross sections 0; ;,; on

Z, is determined in the first Born approximation by the
function

R.(Q)={ZN[1-F;(Q)]}*
]

in the region @ > Q,,, =u%/2v, where N, is the number
of electrons in the j-th shell of the atoms of the medium
(so that 3 ;N;=2,), and F;(Q) is the form factor of this
shell, which depends on the momentum @ transferred
to the removed electron (the quantities o;,;,, are pro-
portional to the integral of R.(Q)).

At small and large values of @, the quantities [1

- F,(Q)] approach respectively [@/%;7,]* and unity, where
kys=1.41, k,;=0.89, and ky, =0.76. For the 1s, 2s, and
2p electrons of the nitrogen atom, according to'®%, the
quantities 7, /v, are equal respectively to 6.7, 2.25, and
1.18, while for the neon atoms their values are 9.7, 3.4,
and 2.6, i.e., approximately 1.5 times larger. Conse-
quently at @ <2, we have Ry.(Q)/Ry(Q)<1, and at @ Sv,

\
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the ratio Ry,(Q)/Ry(Q) is close to the absolute minimum
value 0. 58 for the region @ <7;, It follows therefore
that for the ions with u; <4v,, which corresponds to I;
<220 eV, in the region (x; /2)%/v,<v <u, the cross sec-
tions o0y, ;,; in neon should be somewhat lower than in
nitrogen. Actually lower values of oy, ;,; in neon than in
nitrogen are observed for nitrogen and neon ions with
I;~130-250 eV, i.e,, with u;~(3-4)v,at v~3.6v,.

A similar result follows also from estimates of the
ratio oy, ;. (Ne)/0;, ;1 (N) of the cross sections in neon and
nitrogen, obtained by directly using the cross sections,
calculated in the Born approximation, for electron loss

by hydrogen-like ions in hydrogen and helium.’! Since

the binding energies of the outer electrons in the nitro-
gen and neon atoms are close respectively to the binding
energies of the electrons in the atoms of hydrogen and
helium, while theratio of the mean velocities of these
electrons is close to the ratio of the mean velocities of
the electrons in the hydrogen and helium atoms, it fol-
lows that when account is taken of the difference be-
tween the number of the outer electrons in these atoms
we obtain by way of estimate

Gi,l‘+l(Ne) _ ﬁ [Gt‘.th (He) +‘/40-‘:y+1(H9) ]
Gi,i+l(N) 25 [in (H)+l/:oﬂ,y_,.+, (H)]

®)

it

where 0}, ;,1(A) is the cross section for electron loss in
collisions between the ions and the atoms A, as a result
of which the state of the latter remains unchanged, while
a’,",‘},, is the cross section for electron loss in collisions
accompanied by excitation or ionization of the atoms A.
For ions with binding energy I; <20 eV at v =u; this ratio
turns out to be less than unity and amounts to 0. 73 for
;=15 eV at v=u;.

It follows from the foregoing analysis that the relation
0;,:+1(Ne) <0y, ;.1 (N) should be observed in the region v~
for all ions with I; <200 eV. Besides nitrogen and neon,
such a relation, as already noted, is observed also for

atoms and negative ions of hydrogen and atoms of lithi-
um.[zz.au

5. CONCLUSION

Our results show that small differences in the quali-
tatively similar behavior of the cross sections for the
change of nitrogen and neon ion charges in different me-
dia lead to a nonmonotonic dependence of the cross sec-
tions on the charge Z, of the nuclei of the atoms of the
medium at ion velocities »~10° cm/sec. These anom-
alies at Z, =10 in the electron loss and capture cross
sections are of opposite sign and substantially different
in magnitudes, although their causes are the same. In
the cross sections for the simultaneous loss or capture
of two electrons these anomalies turn out to be approxi-
mately the same as the cross sections for the loss or
capture of one electron, so that the anomalies are almost
nonexistent in the ratios of these cross sections, and
these ratios are quite close to one another for all media
other than helium. Exceptions are the values of 0;,;.,
for the neon ions, for which the anomalies in the neon as
in the medium is more strongly pronounced than in the
values of 0y,;.;, and the ratios o;,;., /04,41 in neon are
increased.
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At lower velocities there is a substantial difference
between the cross sections for electron capture in states
with different values of the principal quantum number 7,
(at identical I;_;). In contrast to the anomalous depen-
dence of the cross sections on Z, in two electron transi-
tions this difference is, roughly speaking, twice as large
as in single-electron transition, as a result of which it
turns out to be approximately the same in the cross-
section ratio oy, ;_, /o,, i1 as in the cross sections o;,;_;
themselves. While the cause of the nonmonotonic depen-
dence of the cross sections on Z, is in the main known,
only more or less general assumptions can be made so
far concerning the actual causes of the difference be-
tween the cross sections for the capture of an electron in
states with different 7n,.
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