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Experiments have been carried out to measure the relative number , (T) ofionsin the
(15252p)*P;,, autoionization state in beams of fast lithium-like particles formed as ions of light
elements, with atomic numbers Z = 4-8, with velocitiesv = (4-12)-10* cm/s, and withv = 1, 2,
and 3 electrons pass through an argon target of thickness 7. The autoionizing particles are
detected from the spontaneous increase in ion charge in the collision chamber. The probabilities
for the formation of metastable ions in the capture of one or two electrons have been determined.
The limiting values of @ for the passage of fast particles through thick targets have also been
determined. The basic aspects of the behavior @, ( T) are discussed. The difference between the
measured average cross sections for the loss and capture of one and two electrons due to the
presence of metastable particles in the ion beams is estimated.

1.INTRODUCTION

A small fraction (0.3-7% ) of the lithium-like particles
in beams of fast ions of light elements which have passed
through a solid target are in the (1s2s2p)*Ps,, long-lived
autoionization state.'™ The excited particles in the beam af-
fect the characteristics of inelastic collision processes and
should be taken into consideration in studies of the passage
of ions through matter. Since the probability for the forma-
tion of excited ions depends on the method by which the
beam is formed,> we have studied the number of metastable
lithium-like particles formed in collisions of hydrogen-like,
helium-like, and lithium-like ions with atomic numbers Z
from 4 to 8 at ion velocities v = 4-10%, 8-10%, and 12-10* cm/
s with argon atoms.

2.EXPERIMENTAL PROCEDURE AND CONDITIONS

Fast ions with various charges were produced by pass-
ing particles extracted from a 72-cm cyclotron through a
thin celluloid film / or by means of charge exchange with the
residual gas as the ions moved from the accelerator to a mag-
netic analyzer 2 (Fig. 1). In some of the experiments, this
magnet directed the particles with chargesi =2 —1,Z — 2,
or Z — 3into a flowing gas target 3 formed in a channel with
a cross-sectional area of 0.5 X 10 mm? and a length of 70 mm.
In other experiments, the magnet directed the particles to a
thin celluloid target 4. The magnetic analyzer £ then selected
lithium-like ions with a charge i = Z — 3 from the ion beam
and sent them into the collision chamber 6. The relative
number ® of lithium-like ions which have lost an electron
through autoionization or in collisions with gas atoms over
the path length r, = 75 cm between the analyzers 5 and 7
was determined by the magnetic analyzer 7 and a system of
proportional counters, 8§ (Refs. 1 and 6).

The relative number a of autoionizing metastable parti-
cles which formed among the lithium-like ions which passed
through the gas or solid target is related to the values of ¢
found at low gas pressures in the collision chamber by

a=[® (¢)—Dt][{C-CB+B[® (t)—Dt]}, @)
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where B and C are the fractions of the metastable ions which
have undergone autoionization on the path from their for-
mation point to analyzer 5 and on path r, respectively, Dt is
the fraction of lithium-like ions which have lost an electron
in collisions with gas atoms, and 7 (atoms per square centi-
meter) is the thickness of the gas layer in region .. Assum-
ing that the @ values are proportional to the number of argon
atoms in channel 3 (T, in atoms per square centimeter) and
to the number of residual gas atoms between analyzers 2 and
5 (T,, in atoms per square centimeter), we have the follow-
ing expression for experiments involving the formation of
metastable ions in the target 3:

2ot [ T, ( r, ) ( rg)
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where T = T, + T, 7 is the lifetime of the metastable ions,
ry =7 cm is the length of channel 3, r, = 33 cm is the dis-
tance between the center of channel 3 and the center of ana-
lyzer 5, and r, = 540 cm is the length of the ion duct between
the analyzers 2 and 5. For T'>3-10"° atoms/cm’® with
T> T,~8-10'* atoms/cm’, the quantity B, depends only
weakly on T and can be described to within 20% by

Bg=1—exp(—-—r-‘). (2a)
vt
For the experiments with solid film 4 we have
B.=1-—exp(—2—), (3)
vt

where r, = 14 c¢m is the distance from the target 4 to the
center of the analyzer 5. (Here and below, the subscript g
corresponds to the gaseous target, and s to the solid target.)
For the other quantities in (1) we have

—1— _Te (4)
Cc=1 exp( vr)’
®(t)—Dt=1im @ (£)=D (0),

D= (1+h)0z-3,2-2,
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h=0 (1) /[0(1—0)—"1"&1— 1.
Oz-3,z—2
whereo, ;. , ando*,_,,_, arethecross sections for the
loss of an electron by an unexcited ion and by a metastable
ion, respectively. In all these experiments, the relations
®(0)<0.15C and | | 0.1 held.

Measurements of @, for ion beams which passed
through the solid target 4 were carried out with ¢~ 10"
atoms/cm?. In this case the relation ®, (¢) > Dt holds, so the
values of ®, (0) can be determined accurately by extrapolat-
ing the experimental values of @, (¢) tof = 0 (Ref. 1). From
the values of & (0) found as a result and from the values of 7
from Ref. 1, we find the values of a, from Egs. (1), (3), and
(4). The thickness of the solid target, T, ~ 10'7 atoms/cm?,
was sufficient to give essentially equilibrium values of «,,
i.e., values which were independent of 7, and of the charge
of the ions directed to the target. The values of a, agreed to
within the experimental errors with those found in Ref. 1.
The values of @, for the O°* ions which passed through the
celluloid target at v = 8-10* cm/s according to the present
measurements and according to Ref. 1 are ~20% lower
than the values of a, for the same ions which passed through
a carbon target.? (We determined the latter from the values
of a,®, found in Ref. 2 through the detection of autoioniza-
tion electrons.)

For the ions which passed through the argon target 3,
the valuesofa, (v =2Z — i = 1,2, or 3 is the number of elec-
trons in the ions directed to the target 3) were determined
from the values of @, and Egs. (1), (2), and (4) withh = 0.
Asaresult, a relative error less than 1-2% was introduced in
the values of a, . The statistical error, on the other hand, in
the determination of the values of ®, and a, was ~ 10%,
because the particles of a certain charge were selected from
the ion beams twice (by the analyzers 2 and 5), and the beam
intensity was low in the collision chamber.

Figure 2 shows some typical experimental results: the
values of @, and a, for N** ions at v = 8-10® cm/s as a

function of 7= T, + T,. Also shown here are the results of
some control measurements of ®_ and ¢, with film 4 in the

beam path, for various values of 7. For T'<0.2-10'® atoms/
cm?, the values of @, are low because these lithium-like ions
are formed primarily in collisions of fast particles with resid-
ual gas molecules far from the analyzer 5 when the argon
target, 3, is thin; a significant fraction of these ions undergo
autoionization without reaching the analyzer. For this rea-
son, the values of @,(0) and ,(0) for the extremely thin
argon target were found by extrapolating to 7' = 0 the ex-
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FIG. 1. Experimental layout. 1,4—Solid charge-
exchange targets; 3—flowing gas target; 2,5,7—
magnetic analyzers; 6—collision chamber; 8—sys-
tem of proportional counters; H—diffusion pumps.

perimental T dependence of a,, in the region 7>0.2-10'
atoms/cm’. The error in these values reached 20-30%. The
minimum values of &, found in our experiments were on the
order of (1-3)-1073,

To determine the values of @, and a,, the hydrogen-like
and helium-like ions which were sent to the target 3 were
formed by passing an ion beam through a celluloid film 1
with a thickness T, ~2-3ug/cm?~ 10" atoms/cm?. In this
case, the beams of helium-like ions contained an equilibrium
number [, of metastable particles in (1s2s)' S states. The
value of 3, ranged from 8% to 50%, depending on the
charge and velocity of the ions,” so we have a, = a,(T,8,).
For boron ions at v = 8-10° cm/s, we also determined the
values of a, (T,[3;) in experiments in which helium-like B>+
ions were formed by ionizing B>* ions (with v = 3) extract-
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FIG. 2. T dependenceof (a) ®, and , and (b) @, and a, for N** ions at
v=2810* cm/s. a: @—® ; O—P; A—P,; V—P,. The experimental
points have been connected by solid lines to aid the eye. The dashed line
shows values of Dt. b: ®—a,; O—a,; A—a-; V—a;. The solid lines are
a solution of the system of balance equations in (5).
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ed from the accelerator in collisions with residual gas mole-
cules. In this case, the relative number of metastable parti-
cles (83~12%) was lower by a factor of three than in the
case of formation in a solid target (8,=34%) (Ref. 7). In
the determination of the values of a;(T), the film 1 was not
in the beam path, so there were essentially no metastable
particles in the beams of lithium-like ions which were direct-
ed to target 3 (Ref. 7).

3.EXPERIMENTAL RESULTS

In all the cases we studied, the relations
a,(T)Za,(T,B,) >a;(T) held. The values of a, and a,
were less than 10-12%. As T increased from 10" to 10'®
atoms/cm?, they decreased by respective factors of 1.2-1.5
and 1.3-5. The values of a, was less than 0.1% at 710"
atoms/cm? they increased to 0.3-2% at 7% 10'® atoms/
cm?. It can thus be assumed that the equilibrium values
a,=a,(x) (i.e., the values which do not depend onvor T)
lie between the values of @, and a; corresponding to the
maximum thickness 7" (Fig. 2).

The values of ,(0), @,(0,3), and also a, and a, are
shown in Fig. 3. The largest relative numbers of autoionizing
particles in the *P,, state were observed at v = 8-10% cm/s
in beams of lithium-like ions formed through the capture of
two electrons by hydrogen-like particles in single collisions
with argon atoms: a,(0) = 6-12%.

The values of @,(0,3, ) depend only weakly on v; as Z is
increased from 4 to 8, they decrease from ~ 10% to2%. The
decrease by a factor ~ 3 in the relative number of metastable
helium-like particles in the beam of B>* ions leads to essen-
tially the same decrease in the values of @, (0,5) [Fig. 3(a)].
A similar result was found in Ref. 8, where metastable lith-
ium-like ions N** were detected by virtue of their vacuum-
UV spectrum in a beam of helium-like N** ions with a veloc-
ity v = 1.4-10® cm/s which passed through a gas. Lines of
autoionizing N** particles were observed only when the ini-
tial helium-like N°* ions were formed through the capture
of an electron by hydrogen-like N®* ions in a thin gas target.
Consequently, the formation of a significant number of au-
toionizing N** ions in a beam of helium-like ions requires
the presence of particles in metastable states, and the great-
est number of such particles forms in the case of one-electron

capture.® In the charge exchange of unexcited helium-like
ions, the formation of autoionizing N*™* particles is unlikely
since it would require the excitation of one of the K electrons
and a flip of its spin.

At v = 8-10% cm/s, the values of @, decrease with in-
creasing Z, from ~3% to ~0.8%; at v = 4-10® cm/s their
values are lower by a factor of 2—4. The values of a_, in con-
trast, depend only weakly on v; as Z is reduced, they decrease
from ~7% to 1%. The ratios a,/a,, a,(0,8,)/a, and
a,(0)/a, are determined to a large extent by the reduced ion
velocity V, = v/Zv,, withv, = 2.19-10® cm/s (Table I). As
V, increases, the values of a found for the lithium-like ions
by the various methods become more nearly the same.

4.DISCUSSION OF RESULTS

1. In view of these experimental results, one might sug-
gest that lithium-like ions form in significant numbers in the
quartet state *Ps, in collisions of fast ions with argon atoms
only in processes which conserve the electron spin orienta-
tion. The values of @, (T') are determined by the processes by
which the various ions are formed and destroyed as fast par-
ticles pass through a target. These processes can be described
by the balance equations for the relative numbers N, and N,
ofions with v electrons of which respectively one and two are
in the K shell:

dN3
dT

= —Nyo" +E Nuo“v(i—Aw—Hu;)-FE o (1—Aw—Rz),

n¥=v n

dNn, " _
717- = —N\.Ov +2 Ow‘l"z‘ NﬁcuV+ ZNMO“V(A“;‘*‘R‘;;)
= i e

+ N (At B, )
m

Vi

Here o
tion,

Gv —_ 2 (ovu+0vi)
M

is the total cross section for a change in the charge of ions
with v electrons, 4,; and R, are the relative numbers of
excited ions formed in the process u — ¥ which undergo auto-

is the cross section for the v— u collisional transi-
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. FIG. 3. Z dependence of 2,.(0), @,, and a, . The points
are experimental values of a for v = 4-10® cm/s (trian-
92 - gles), v = 8-10% cm/s (circles), and v = 12-10* cm/s
(squares). a: Thin target. O, O—«a,(0); A, @,
ar o —a,(0,3,); ® — a,(0,5;). The lines show values
E of a,(0,3) for v = 8-10* cm/s according to (8) with
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TABLE I. Values of a/a,, pi;, and p,;.

v,

Ion 10% em/s Vz | aa@/eg | oa(0,Bg)/ag oglog P Pag
Be+ 4 0.46 - 1.6+0.5 0,1=0,1 1.2+0,6
B2+ 4 0.37 - 0.9+0,3 0,16+0.06 - 1,0£0.7
Be* 8 091 | 1,3+0.5 - 0,6+0.2 0.27+0,10 -
B+ 8 0.73 | 4.5+0,5 1.2+0.3 0,2+0.2 0.4+0.2 0,8+0,3
3+ 8 0.61 | 3.5+1.0 1,4£0,5 0,4+0,2 0,6+0,3 1,1+0.5
Né+ 8 0.52 6+2 1,3+0,3 0,7+0,4 0.35+0,10 0,6+0,2
0%+ 8 0.46 -~ 1.5+0,5 0,5+0.5 - 1,0+0.5
Ni+ 12 0,78 | 20+05 1.2£0,2 0,4+0.4 0.15+0,05 0.5+0.3

ionization and which decay in a subsequent collision of the
ion with a target atom, respectively. For Z<8, according to
Ref. 9, radiative transitions can be ignored in comparison
with autoionization transitions for metastable ions with a K
vacancy and with v>>3, so one can set R, = Ofor u# 1. The
quantity Ry; does not exceed the statistical weight of the
doublet states formed in the process 1-2, ie., 1/4.

In a gaseous target, nonmetastable lithium-like ions
with a K vacancy which are in doublet states undergo auto-
ionization over the time between collisions, 7~ 10~%~10"5s.
For ions with Z>7, the metastable ions in *P, ,, ;,, states do
the same, to a large extent. (The lifetimes of these states, 7, ,,
and 7;,,, which were calculated in Refs. 10 and 11 are given
in Ref. 1.) Over times close to 7, ,, and 7,,,, the electrons of
lithium-like ions in states with principal quantum numbers
n =3 and 4 generally are able to undergo transitions to
states with n = 2, so the excitation of these ions to these
states can be ignored in a first approximation.

It follows from statistical considerations that among
the lithium-like ions which are formed in the most important
processes, 1-2-3, 1-3, 3-2-3, and 343, half the
particles arein doublet states, a quarterarein *P, , ; , states,
and another quarter are in the *P;,, state. For ions with
Z = 4 we thus have 453 ~A4,3 ~A7;, =1/2, while for Z>7 we
have As3 =A,; =Ai; =3/4. For the less important pro-
cesses, 3—4 and 4- 3, we find 43; ~3/8 and Az =0 for
Z =4 and A5; =0.65 and 433 = 1/4 for Z>7.

It follows that the quantities ™" * ' and o™ **'in (5)
are the cross sections for the capture of an electron to all
states with principal quantum numbers n>2,0™" ! are the
cross sections for the capture of an electron to 1s states,
o ¥~ ! are the cross sections for the loss of a K electron, and
o~ ' and o "~ " are the cross sections for the loss of an L
electron by unexcited and metastable ions.

Since the change in NV, due to the autoionization of ions
with ¥ = 4 can be ignored in the cases of interest here,' we
have the following expression for the relative number a of
particles in the *P;,, state:'

a=Ns/[ Ns+4(1—Az3) N, . (6)
2. For the cases in which ions pass through thin gas

targets, we find from (5) and (6) the following expressions
fora, (0) =lim;_, a,(T) forv=1and 2 and for a,(7T):

1 oBs 1 o3
_ - 7
51 (O) 4 aia /[1 + A 0;3 :lv ( )
1 o 1— o2 1 o5
2Oh=73n /[ sﬁ e +T%]’ ®)

)]

oy (T) = % (0%26% 1 034g43) T2,
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where 5 = N5/(N;5 + N,)is the relative number of metasta-
ble particles in (1s2s) S states among the helium-like jons.
The values of @,(0,53) and @, (0) are the probabilities for the
formation of lithium-like particles in the *P;,, state in the
capture of respectively one and two electrons in single colli-
sions of ions with argon atoms, and a5(T) is the population
of these states in the beam of lithium-like particles as a result
of the multistep processes 3—»2—3 and 34— 3.

Expressions (7)—(9) allow us to use the experimental
values of a, (T) at 7<0.4-10' atoms/cm’ to determine the
cross-section ratios p;; = o'*/0'* and p,; = 0**/0** and the
average cross sections for the loss of a X electron for ions
with v = 3 and 4:

(o P+ )
(0-23 + 0-34)

For the ratio py, of the cross sections o' for the capture
of two electrons by hydrogen-like ions to states with n>2 to
the cross sections o' for the capture of two electrons by
these ions, with an obligatory capture of one of these elec-
trons *2 the 1s state, we have, according to (7),

pif[ ]

The ratios py, in these cases are 0.15-0.6, or smaller by a
factor of 2—4 than the ratios

o2 _ B

Uiz o 1——ﬁ1—Ri§

of the cross sections for the capture of an electron by hydro-
gen-like ions to states with #n>2 and to the 1s state. Here 3, is
the relative number of metastable helium-like ions produced
as a result of the capture of an electron by hydrogen-like
ions.™'> The values of p;, are smaller than p;, perhaps be-
cause the charge-exchange probability decreases with in-
creasing impact parameter.'> The cross sections for the cap-
ture of one and two electrons are related by

o138 =W 02, 013 = W,012,

(10)

P3 =

(11)

where W, and W, are the average probabilities for the cap-
ture of an electron to states with n>>2 at those values of the
impact parameters p, and p, which dominate the cross sec-
tion for the capture of one electron to states with » = 1 and
n>2, respectively. Since p, < p, holds, we have W, > W, and
thus py;/p1, = Wo/W, < 1.

For the ratios of the cross sections for the capture of an
electron to states with n>2 by metastable and unexcited heli-

um-like ions, p,; = 0*'/0**, we find from (8)
_ 4(1-p) [ 1 4

==/ P

where p5; = 0%%/0”* are the ratios of the cross section for the

(12)

Dmitriev et al. 620




capture of an electron by excited helium-like ions to states
with n>2 and to the 1sstate, which were found in Ref. 1 from
experimental values of a,. The values of p,; found from
a,(0,3,) and a,(0,3;) and the experimental values of B
from Ref. 7 and of p3; from Ref. 1 depend only weakly on p5,
and have values of 0.8 + 0.2, i.e., close to 7/8, the ratio of the
numbers of vacancies in the L shell of these ions (Table I).

For given values of p,; and ps,, the values of a,(0,5)
depend on the relative number of metastable particles, B, in
the beam of helium-like ions, according to (8). The mini-
mum values of B are observed in the beams of these ions
which are formed through the ionization of lithium-like par-
ticles (8 =/3;) or which emerge from a thick gas target
(B = B,). The maximum values are observed when these
ions are formed through the successive capture of two elec-
trons by hydrogen-like ions (8 = 3,).>""?

Figure 3 shows values of a,(0,3) calculated for
v =8-10% cm/s for B = fB;, B, and B3, and also for = 1.
The values of a,(0,8,) should be roughly the same as
a,(0) ~0.1, i.e., roughly the same as in the case in which
these ions are formed through the capture of two electrons in
asingle collision. The values of @, (0,1) for B = 1 increase by
afactor of 4 as Z is increased from 4 to 8 (in accordance with
the increase in the ratio ps,, while the values of @, (0,5, ) and
a, decrease by approximately the same factor due to the
reduction caused in the values of 3, by the decrease in the
ratio of the cross sections for the loss of K and L electrons.
Consequently, the differences among the values of
a,(0,83,),a,(0,3,) and a,(0,1) increase rapidly with in-
creasing Z.

For the average cross sections for the loss of a K elec-
tron by ions with v = 3 and 4, we find from (9)

0% 5. =8a, (T) /T (p20°*+06*). (13)

The values of (0"~ ') found from the values of a;(T) for
T<0.5-10'® atoms/cm?, from the experimental electron-
capture cross sections o> and o”* (Refs. 6 and 14), and from
D3 = 1/8 are smaller by a factor of 10-50 than the cross
sections{c” " '), for the loss of an L electron by unexcited
jons.'#!3
3. To see whether the T dependence found for the a,
values agrees with the balance equations (5) and with the
experimental results on the cross sections for the loss and
capture of electrons by fast.ions,'®"'® we calculated values of
a, (T) through a numerical solution of Eqgs. (5). In these
calculations, transitions accompanied by a unit change in
the ion charge were taken into account; the two-electron
transitions 1 — 3 and 1 — 3 were also taken into account in the
calculation of &, (T). The electron-capture cross sections re-
quired for these calculations were found from the experi-
mental cross sections 0, ,, ;=0"+0", 0, ,7_,
=0?+0%ando, ., ., , =0 for v>2 (Ref. 6),
from the ratios p;; and p,; found in the present study, from
the ratios p;, from Refs. 3 and 12, and from ps; from Ref. 1.
The electron-loss cross sections were determined from the
behavior established previously'*~'” on the basis of the ex-
perimental values of 0, _,,_ , =0"' and 0, ,z .,
=o' 40" 'forv>3 (Refs. 14and 15). The details of
the calculations and the expressions for the cross sections
o™ are given in the Appendix.
For all target thicknesses 7, the calculated values of .
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(T) generally agree with the experimental values within the
experimental errors. The agreement of the theoretical and
experimental values of @;(7T") means that one can ignore the
formation of metastable particles through the collisional
transition (1s°2s)'S,,, — (1s2s2p)*Ps,, with electron spin
flip at 7>>0.5-10'® atoms/cm?.

4. The appearance of metastable particles in a beam of
lithium-like ions gives rise to a change in the measured aver-
age cross sections for the loss and capture of electrons, o

=(l—a)o; +ao}, bya relative amount

,
80,=(6:—04) [0;=adoi, (14)

where S0} = 0¥/0,; — 1,0,5and o} are the cross sections for
the loss or capture of electrons by lithium-like ions in the
1s?2s and 1s2s2p states, respectively (here and below,
i=Z-13).

Since the L electrons double in number, and their bind-
ing energy increases somewhat, as we go from unexcited par-
ticles to metastable particles, we have the result 6o , ,

= 0.5-0.8 for the cross sections for the loss of one electron

with ¥, ~0.5-1 [according to (A2)]. For the cross sections
for the loss of two electrons we have 60% ., ~2 at V,~1
according to estimates based on the results of Ref. 20. At
V, 0.5, the values of 0% , , increaseto ~40asaresult of a
sharply strengthened dependence of the cross sections on the
electron binding energy. The capture of an electron by meta-
stable ions for ¥, R 1 occurs predominantly to the L shell, so
we have 8o _, = 0.4-0.7, while for ¥, <0.5, in which case
the electrons are captured primarily to rapidly autoionizing
excited states, the values of 60 _ | are close to — 1 (Ref.
12).

Since the maximum values of @ do not exceed 15%, we
thus find from (14)

80, 144<04, 80: 1+2<6; |80, 1| <0.15.

5.CONCLUSION

This study has shown that metastable ions in the quar-
tet state (1s2s2p)*P 5,7 form in fast ion-atom collisions in
significant numbers only in processes involving the capture
of an electron and the conservation of the spin directions of
the electrons in the ion, so that in one-electron charge ex-
change these ions form from helium-like metastable parti-
cles in the (1s2s)3S state. The largest relative number of
autoionizing particles is detected in beams of lithium-like
ions formed as a result of the simultaneous capture of two
electrons by fast hydrogen-like ions: a,(0) = 6-12%. The
charge exchange of helium-like ions which have passed
through the celluloid film leads to values of a,(0,53, ) which
are equal to or smaller than &, (0). The relations between the
values of a found for the various methods for forming the
lithium-like particles depend to a large extent on the reduced
ion velocity V, = v/Zv,. As V; increases from 0.4 to 0.9
(primarily because of the decrease in the difference between
the cross sections for the loss of K and L electrons), the
difference between these quantities decreases rapidly.

The experimental dependence of the values of a on the
thickness of the gas target in which the metastable ions are
formed is reproduced by the solutions of a system of differen-
tial equations incorporating autoionizing transitions and the
main collisional transitions involving a change in the ion
charge.
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The appearance of a metastable component in a beam of
lithium-like ions results in an increase in the measured aver-
age cross sections for the loss of one and two electrons, by
~10% and a factor of 6, respectively. The average cross
sections for the capture of one electron increase or decrease
(depending on the velocity ¥, ) by up to 15%. The presence
of particles in the *P,s,, state in the ion beam can be detected
easily on the basis of the spontaneous increase in their charge
over a distance of about a meter from the point at which they
form.

APPENDIX

The cross sections for the capture of electrons to the 1s
shell and to states with n>2 have been determined from the
experimental total cross sections for the charge exchange of
unexcited ions, o, _,, _jando,_,,_._, forv>1(Ref 6),
from the experimental ratios p;; and p,; found in the present
study, and from the ratios py, and p5, from Refs. 1, 3, and 12.
In the calculations, the average values p;, = 0.4V, % and
Py =0.42V 7 *° were used. The ratios p,.,.,, =0" """/
o™ *! for v>3 were determined in accordance with the
number of L vacancies in these ions, from the relation

8(9—v)
7(10—v)

Pvve1=Pa3

The ratios p;,,., , =0o"""'/a™ """ for v>3 were assumed
equal to the ratio ps,. As a result we found

013 = pig (1 ++ Pis) 1 021, 2-0,00% = (1 + pis) 024, 2.5,
o2=0,4VZ(1 + 0,4VZ) 1021, 7-0

02 = (1 + 0,4V 071, z-0s

el » 8(9—v) .
23 7(10_\) Z-v,2—v—1y
- 2,7 (9—\7) 3.6
ov,v-rl —_ - V;:‘ Oz—v z—v— ,
P23 (10—v) Z—v,Z—v—1
0" “*'=0,_y, z—v—1, where v>2. (A1)
The cross sections for the loss of a 1s electron, o™ "~ !, and
the cross sections for the loss of L electrons, ¢""~ ' and
o™~ 'for v>3 were determined from the experimental cross

sections for the loss of an electron by unexcited ions,
O, _,;_v41,forv>2 (Refs. 14and 15), and from the depen-
dence of the average loss of individual n/ electrons on their
binding energy 7,, (Ref. 18). In accordance with the experi-
mental results of Refs. 14 and 18, we assumed that the cross
sections for the loss of an individual electron by the various
ions were essentially the same at identical values of 7, and v.

Theratios 7, = o™ >~ /o™ ~ !, of the cross sections for
the loss of L electrons by metastable and unexcited ions, are
smaller than the ratio of the numbers of L electrons in these
ions, 7, =1.8+0.1 and 7,=1.35+4+ 0.1, by only 10%,
since their binding energies are approximately the same. The
ratios of the cross sections for the loss of K and L electrons by
unexcited ions, £, = 0" "~ /0"~ 'at v>3, depend primar-
ily on the number of L electrons, which is v — 2, and on the
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reduced ion velocity V.

Since beams of helium-like ions are always a mixture of
particles in the (1s7)'S ground state and the (ls25)'*S
metastable states,>’ the cross sections o2 and ¢ for ions of
atomic number Z were determined from the experimental
cross sections o, _, ', for the loss of an electron by hydro-
gen-like ions with an atomic number Z — 1, and the cross
sections 03, ,, for the loss by lithium-like ions with an atom-
ic number Z + 1, respectively. As a result we found

0% =0,6 (ZV )5 2, o

7—0,2 32 R _ 4 -
=Vz" 0z oV V1= (1 + Tv) Oz-v, Z-vi1s.

Gv’Ti-_'gv( 1+§v)_’02—v, z—v+10:' .\_1-1=7]v(1+§v) _loz—v, Z—v+1iy
(A2)

for v>3,6, =04V, £, =02V 3% 7, =18, and 7, = 1.35.
The values of 4. for Z = 5 and 6 were taken to be the same as

v

for Z = 4 and 7, respectively, and we used Ry; = 0.125.
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