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Cross sections for single and double ionization o" and o', the single and double electron capture
to the ground state o" and o', and the ionization with electron capture to the ground state a" in
collisions of H+, He +, and Li'+ nuclei with He atoms at nuclei energies from 0.025 to 4 MeV/amu
are calculated. The independent-electron approximation is used with probabilities that are unitar-
ized at the lower energies. Two kinds of calculations are performed: (i) The cross sections for all
charge-changing processes are calculated including both the ionization and capture channels; (ii) the
ionization cross sections o" and o' are calculated with neglect of the capture channel, the capture
cross sections o" and o' are calculated with neglect of the ionization channel, and the cross sec-
tions o" for ionizati. on with capture are calculated with the single-electron transition probabilities
obtained separately for ionization and capture. The direct-ionization calculations are based on the
semiclassical Coulomb approximation, and electron capture is calculated with use of the approxima-
tion of Bassel and Gerjuoy [Phys. Rev. 113, 749 l1960)]. The calculation results show that in single
and double ionization the capture to the ground state strongly affects the value of o" and o' only in
collisions of He atoms with the He + nuclei whereas the ionization channel leads to a marked de-
crease of the cross sections o" and o" in collisions with the He + and Li + nuclei.

INTRODUCTION

It is sensible to study the few-body problem in atomic
physics in a systematic way. The two-body problem in
atomic physics is well understood. And in some cases, the
three-body problem is fairly well understood. For exam-
ple, at high collision velocities, ionization and electron
capture in a one-electron target, e.g., p+ H, is fairly well
understood. Consequently it is possible to consider single
and double ionization and capture, as well as simultaneous
ionization and capture in collisions of charged particles
with two-electron targets.

In this paper we evaluate cross sections for various
charge-changing collisions for protons, alpha particles,
and lithium nuclei on helium, a two-electron target that is
experimentally accessible. We work at moderately high
velocities, 25 to —1000 keV/amu, for systems symmetric
and nearly symmetric in the projectile and target charges.
In this region it has been established' that single ioniza-
tion and capture may be fairly well described, respective-
ly, by first-order perturbation theory and by two-state
coupled-channel or Bassel-Gerjuoy (Bates-Born) calcula-
tions. Double ionization and capture and ionization with
capture in this region are expected to be describable in
terms of the independent-electron approximation' to the
extent that electron correlation may be ignored or approx-
imated. Since the two electrons are opposite spin, we do
not expect Pauli exclusion effects" to be significant here.
It is our purpose to seek the limits of this approach, espe-

cially at the lower velocities where the cross sections are
largest and where experimental data is readily available.
For this purpose a unitarization of ionization and capture
probabilities is used. This unitarization is found from
coupled equations describing the electron vacancy produc-
tion into capture and ionization channels.

In the paper we calculate cross sections for all possible
five charge-changing processes: the single and double ion-
ization, one- and two-electron capture, and ionization
with capture in collisions of the H+, He +, and Li + nu-
clei with the He atoms at a collision energy of 0.025 to 4
MeV/amu in the independent-electron approximation.
The calculations simultaneously take into account the ion-
ization and electron capture to the ground states of fast
nuclei. Here we also calculate the cross sections for the
single and double ionization with the neglect of capture,
for the one- and two-electron capture with the neglect of
ionization and, also, the cross sections for ionization with
capture to the ground state when the single-electron tran-
sition probabilities are determined separately for each pro-
cess. The comparison of different variants of the calcula-
tions enable us to estimate the effect of unitarization of
the single-electron transition probabilities upon the total
cross section of all five processes in question and also the
influence of the capture to the ground state upon the
single- and double-ionization cross sections and the ioni-
zation influence upon the cross sections for the one- and
two-electron capture to the ground state. Our calculations
are compared with the available experimental data.
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DESCRIPTION OF THE CALCULATIONS

P' '(b) =2w'~ (1—w2 —
w2 ),

P (b)=wiw2

P''(b) =2w &(1—w2 —w2),
P' (b)=w&wz,

P"(b)= 2w'& w z .

(2)

Here P'"(b), P'"(b), and P"(b) (n = 1 and 2) are the prob-
abilities of the n-fold ionization, n-fold electron capture,
and ionization with the simultaneous electron capture,
respectively: w' and w' are the transition probabilities of
one electron to the continuum of the He atom and to the
bound state of an incident nucleus.

Since the Born ionization probabilities can be higher
than unity the present calculations employed, along with
the Born ionization and capture probabilities 8'z and
8'~, the unitarized ionization and capture probabilities
8'„' and 8'„':

8'g
W„' =, , I 1 —exp[ —( Wg + Ws ) ]I,8'g+ 8'g

8"W„'=,. , I 1 —exp[ —(W~+ W~)]I .
8'g+ 8'g

(7)

(8)

In the collisions of atomic nuclei with the He atoms
there are five possible elementary charge-exchange pro-
cesses: the single and double ionization of helium, the
one- and two-electron capture by nuclei and, also, the ion-
ization of He atoms with the simultaneous electron cap-
ture by a bombarding nucleus. In the impact-parameter
method, the cross section for each of the noted processes
1s

o =2m f P(b)b db .

The probabilities P(b) of the above processes in the
independent-electron approximation area determined by
the relations'

continuum of the He atom, and by capture channel we
mean the bound single-electron states of a bombarding nu-
cleus.

Solving (9) for g'(b, t) and g'(b, t) at t~ oo gives

g '(b, + co ) =ag (b, + m& ),
g'(b, + ~ ) =(1 a—)g (b, + ~ ),

(10a)

(10b)

Rg
8'g + 8'g

(13)

Introducing the symbols W„' =g'(b, + oo )

W„'=g'(b, + oo ) we arrive at (7) and (8).
In the calculations of the single and double ionization

with the neglect of capture and the one- and two-electron
capture with the neglect of ionization the corresponding
probabilities will have the form

P ' (b) =2W'i(1 —W2), (14)

where

g (b, + ~ ) =1—expI —[g~(b, + ~ )+g~(b, + ~ )] I . (11)

The coefficient a is positive and does not exceed unity.
The quantities g~(b, + co ) and gt't(b, + oo ) have the form

g~(b, +~)= f A, (b, t),dt, (12a)

g~(b, + ~ ) = f A,,(b, t)dt, (12b)

and are the populations of states of the continuum of the
/

He atom and the bound states of a bombarding nucleus on
the assumption that gp(b, t) =1 on the right-hand sides of
Eqs. (9a) and (9b) which corresponds to the Born approxi-
mation for ionization and electron capture, i.e.,
Wg g~(b, +——oo ) and W~ =g~(b, + co ). The present cal-
culations employ capture probabilities obtained in the
Bassel-Gerjuoy approximation. The Bassel and Gerjuoy
approximation is the high-velocity limit of the two-state
atoms expansion approximation which has been establish-
ed to be valid for symmetric systems at moderately high
velocities. For a we now have

The-expressions (7) and (8) are the solutions of the dif-
ferential equations of balance for population g'(b, t) of
states of the continuum of He atoms, the population
g'(b, t) of bound states of a bombarding nucleus, and the
population g p(b, t) of the ground state of the He atoms:

P ' (b) = W', W 2,
P "(b)=2W i(1 —W2), .

P "(b)=W', W', .

(15)

(16)

(17)

r.

dt
g'(b, t) =A,;(b, t)g p(b, t),

d
dt

g'(b, t) =A,,(b, t)gp(b, t),

gp(b, t)= —[&;(b,t)+&,(b, t)]gp(b, t) .
d
dt

(9a)

(9b)

(9c)

As may be seen, this set of equations corresponds to the
decay model of the electron initial state over two indepen-
dent channels: ionization and electron capture. Vfe note
that our equations couple probabilities, whereas in more
complete quantum coupled state calculations, it is proba-
bility amplitudes that are coupled. By ionization channel
we mean'the complete set of single-electron states of the

W '„=1 —exp( —Ws ),
W';=1 —exp( —W&) .

(18)

(19)

Here 8" and 8" are the transition probabilities of an
electron to the continuum of a He atom and the bound
states of an incident nucleus, respectively, that are
separately calculated for each of the two reaction channels
under consideration here, namely direct Coulomb ioniza-
tion (simply called ionization in this paper) and electron
capture. The unitarization of the single-electron transi-
tion probabilities in the analysis of ionization and also
capture with the neglect of the second channel leads to the
following expressions for the corresponding unitarized
probabilities
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The tilde above the probabilities for ionization and cap-
ture processes means that the corresponding processes are
calculated with the neglect of the second channel. For the
ionization with capture process the tilde above P "(b) will
mean that this quantity was calculated using the probabil-
ities 8" and W', i.e.,

P "(b)=2W')Wp . (20)

The Born ionization probabilities 8'~ were calculated
by the formulas for ionization probabilities of hydrogen-
like systems. ' In this case the effective charges in the
Coulomb matrix elements were. determined from the bind-
ing energy of the removed electrons. Strictly speaking,
the formulas (2)—(6) can be obtained only if the effective
charge for each of the two electrons of the He atom is the
same. However, the choice of the effective nuclear charge
of the He atom from the binding energy corresponds to
the best agreement of the cross sections calculated by the
formulas (1) and (14) with experiment. '" In the calcula-
tions of the double-ionization probabilities P' (b) the
binding energy was assumed to be the same for each of
the helium electrons. And so in the matrix elements of
the ionization transition probabilities Z1 ——1.345 and
Zq ——2 for P"(b).

For capture probabilities we have simply used

Z~ ——Z~ =1.6875 for P' (b), Zq ——2 for P''(b), and

Z~ = 1.6875 for P"(b). Here we have used the initial po-
tential Ut in our Bassel-Gerjuoy (BG) calculations. This
differs by up to 20% from calculations using Uf for the

nonsymmetric systems considered here. The capture
probabilities were also calculated using the hydrogenic
wave functions. The effective nuclear charge Z* for the
atomic nucleus of He was assumed to be 1.6875 and that
for the ion produced via the electron capture by a bom-
barding nucleus, to the nuclear charge.

As it follows from (7) and (8), when Wz and Wz are
much less than unity, the probabilities W„' and 8'„' are
actually equal to 8'z and 8'~ and the cross sections cal-
culated with the unitarized and nonunitarized probabili-
ties should be the same. In this case the ionization should
not markedly affect the electron capture cross sections
and vice versa. Also, if one of the probabilities 8'~ or
8'z is much greater than the other, the lower-probability
process does not exert strong influence over the cross sec-
tion of the other process. The ionization and electron-
capture probabilities 8'z and 8'z strongly decrease as the
collision energy increases starting from the value corre-
sponding to the maximum cross sections. As the energy
decreases starting from the noted value, the ionization
probability also strongly decreases. In this connection the
collision energy region, when the ionization effect on the
capture probabilities and cross sections is essential, should
have upper and lower bounds, and the energy region
where the capture infiuence on the ionization probabilities
and cross sections is important should have an upper
bound. The lower boundary of the collision energy re-
gion, where the ionization and excitation processes sub-
stantially affect the capture cross section, has previously
been given in Ref. 2. Inasmuch as we consider the cap-
ture to the ground state only, the collision energies at
which the electron capture substantially affects the ioniza-

tion probabilities and cross sections can have a lower

bound as well.

CALCULATION RESULTS AND DISCUSSION

The results of numerical calculations of the single-
electron transition probabilities and the cross sections for
all five charge-exchange processes as shown in Figs. 1—7
along with the experimental' data. In Figs. 1 and 2
the probabilities 8'g, 8'„', JF'„, 8'g, 8'„', and 8"„plot-
ted against the impact parameter b for two nuclei energies
E=50 and 110 keV/amu. In Figs. 3—7 we present the
single-electron ionization cross sections crz, o z', o'„, and
o'„, the cross sections for single-electron capture to the
ground state o.~', o. &', a'„, and o'„, the double-electron
ionization cross sections crz, o'„, and o'„, the cross sec-
tions for two-electron capture to the ground state o.~, o'„,
and o'„, and the cross sections for the ionization with
capture to the ground state o.z, o'„', and o. '„', for collisions
of He atoms with the H+, He +, and Li + nuclei at ener-
gies from 0.025 to 4 MeV/amu. The cross sections o~',
cr~, oz', oz, and o~ were calculated by formulas (1)—(6),
and o z' and o z' by (1), (14), and (16) with the Born ioni-
zation probabilities 8'~ and the Bassel-Gerjuoy capture
probabilities 8'~. The cross sections o'„', o'„, o'„', o'„,
and o'„' were calculated by formulas (1)—(6) with the
single-electron transition probabilities (7) and (8), and the
cross sections o '„', o '„, o'„', o'„, and o '„' by (1),
(14)—(17), and (20) with the single-electron transition
probabilities (18) and (19).

The experimental cross sections for the single and dou-
ble ionization o-"=o.zz and o' =o.zz, the one- and two-

ec«on caPture o' =oz, z —1 and o' =oz,z —2, and the
ionization with caPture o."=o.z z 1 obtained in the exPer-
iments with the coincidence-mode detection of the
charged fast and slow particles are known for the H+ and
He + nuclei at the energies E (50 keV/amu. ' ' The su-
perscripts in o.z z, denote the charges of He atoms and
slow ions before and after collisions; the subscripts denote
the similar charges of fast nuclei. At higher energies
there are experimental data on the cross sections for free-
electron Production o.,=ozz+o.z z 1+2o.z z, the cross01 - 02 02

sections for production of singly and doubly charged slow
01 31 +2 02=ozz+z, z —1 and o =ozz

+ o z z ~+ o z z q, the total cross section of ion produc-
tion o.+ =o.+ +o.+, and the cross sections for+' +& +2

single- and double-electron caPture o.z z 1
——oz'z

+ oz,z —1 and oz, z —2=oz, z —2
' At high energies02 02 13, 16—35 ~

E the values of the single-ionization cross sections oz'z
prove to lie within a narrow band between o.,

,z —2) ozz +ozz and o 2(o oz,z —2)
01 02 +2

=o zz —oz z 1. The exPerimental values of o,01 0

—1.5(o+' —o~, ~)+0.5(o+' —o&, i) o+' oz,z-i
o-zz 2, and o.zz 1 are Presented in Figs. 3—7.

If we use the calculated cross section cr" (see Fig. 7) for
correction of the experimental data, we substantially de-
crease the cross section values for the single and double
ionization and the single-electron capture. The maximum
decreases are observed for He + nuclei at energies near
100 keV/amu and can reach 10%, 40%, and 20% of the
cross-section values for the single and double ionization
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and single-electron capture, respectively. In the energy re-
gion where the electron capture to excited states is essen-
tial, the results of the present calculations omitting excit-
ed state capture can strongly differ from experiment.

IO+I

CAPTURE PROBAlLITY
E=50 keV/arnu

IO'O—

Single-electron probabilities

The results in Figs. 1 and 2 show that in collisions of
He atoms with the He + and Li + nuclei at E=50 and
110 keV/amu the unitarization leads to a substantial de-
crease of the ionization probability at the impact parame-
ter ranging from 0 to 7&10 cm where the probabilities

IO '

~y ~ ~ t t~~ ~ ~ ~ ~

IO|

I I

IONIZAT ION PROBABILITY
E=50 keV/aralu

IO-"
IO

b (IO cm)

I

20

IOO =. ~ L
IO+)

-IO-I CAPTURE PROBABILITY
E=l I 0 4 eV/amu

IPO

IO

IO'

IO 2

IO-4
0

I

IO

b (IO ~cm)

I

20

IO"
I

IONIZATION PROBABILITY

Q

IO 4

0 10
b (10 cm)

I

20

IO-I
FIG. 2. Same as Fig. 1.

IO

IO-4—
E = IIO keV/amu

IO

b(IO gcm}

I

20

FIG. 1. Single-electron transition probabilities S" and 8'
against the impact parameter b. , W„' and W„', , 8"„
and 8"„;———,8'~ and 8'~. The effective nuclear charge
of the He atom is 1.345 and 1.6875 for ionization and electron
capture, respectively.

Wz & 0.4 i.e., are still sufficiently high. But in the
proton-induced ionization of helium the unitarization pro-
duces a weaker effect on W' because the probabilities W~
are a factor of 4 and 9 lower than the corresponding ioni-
zation probabilities for He + and Li + nuclei.

Taking into account the electron capture to the ground
state of a bombarding nucleus in the unitarization of 8"
actually has no effect upon the ionization probability
W„' = W'„ in view of the probabilities Wz being much less
than Wz over the entire region of the impact parameter b

The largest difference between 8'„' and 8"'„, of all those
shown in Figs. 1 and 2, that is observed in the ionization
of He by the He + nuclei with an energy of 50 keV/amu
is not higher than 10% of the probability value. This is
due to the fact that electron capture to the ground state is
large only in the symmetrical charge-transfer process and
so the probabilities 8'z are in this case closer to 8'~ than
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in collisions with the protons and Li + nuclei.
In the case of electron capture the unitarization without

ionization reduces the value of W~ by less than 20%%uo since
the maximum value of W~ is not large, being not higher
than -0.3 for all cases considered. At the same time, the
simultaneous consideration of the two reaction channels
leads to a substantial decrease, by a factor of 2 and more,
of the probability within the (0—6) &&10 -cm impact pa-
rameters in collisions of He atoms with the He + and
Li + nuclei for the two nuclei energy values considered.
But in collisions of He atoms with the protons the unitari-
zation including both the reaction channels leads to a
small reduction in 8" since 8~ and 8'z are small as
compared with unity.

Single-ionization cross sections

The cross sections for the single-electron ionization of
He by the H+, He +, and Li + nuclei as functions of nu-
clei energy are given in Fig. 3. As seen from Fig. 3, the
unitarization leads to a decrease of these cross sections at
E & 200 keV in the proton ionization and E& 500
keV/amu in the ionization induced by the He + and Li +

Pg (b) =2W')g(1 —Wpg —Wpg )

=2W', ~(1—Wzg ) =P ~ (b) . (22)

As a result, in the calculations with the nonunitarized
probabilities we have

i1 —i1
CTg 0 g (23)

nuclei. So, at E=25 keV/amu the Born cross sections o.z'

are 1.15, 1.3, and 1.4 times as large as the unitarized cross
sections o'„' in the ionization of He by the protons and
He + and Li + nuclei, respectively. As follows from the
calculations, the electron capture to the ground state of a
bombarding nucleus strongly affects the Born ionization
cross section o.~ only in the ionization of He by the He +
nuclei at E~ 500 keV/amu (Fig. 3). The explanation im-
mediately follows from the consideration of the single-
electron transition probabilities. As seen from the results
presented in Figs. 1 and 2, in the cases of collisions with
protons and Li + nuclei at all impact parameters we have

Wg/Wg) 10. (21)

It follows that

IP-I 5

SINGLE IONIZATION

for the protons and Li + nuclei. The calculation results
show that the relation (23) is satisfied to within 10%%uo. In
collisions of helium with the He + nuclei the inequality
(21), at the impact parameter ranging from 0 to 5)&10
cm, as seen from Figs. 1 and 2, does not hold so strongly
( Wz/Wz &4.0) as in collisions of He with the protons
and Li + nuclei. Instead of (22), we shall therefore have
in this impact-parameter interval

Ip- I 6
ij ~~

Q +o
~~+

IP-14
CV

E
O

z',
O
I-
UJ

IO '5
CO
CO
C3

C3

P ~'(b) &Pg'(b) (24)

and, hence, in the ionization of He by the He + nuclei f«
the noted nuclei energies

—j1 i1
CTg )Og

Actually, the calculations show that o z'/oz —1.3 and 1 2
at energies E=50 and 110keV/amu, respectively.

According to (7), (8), (18), and (19), for the unitarized
single-electron transition probabilities 8'„ for the protons
and Li + nuclei at all impact parameters we have

(26)

and

IP- I T
W„'/W„') 9 . (27)

I

Ioo IOOO
E (keVlamu)

FIG. 3. Cross sections for the single-electron ionization of He
by the H+, He +, and Li + nuclei vs nuclei energy. Theoretical

i 1. —i?. i1. —i1curves:, o.„; . , o „;———,o.g,' —.——,cr g. In
the ionization of He atom by the protons and Li + nuclei the
cross sections o g coincide to within 5% and 10% with o.&' and
are not given in the figure. Experiment. H+: + (Ref. 16); o,
at E&200 keV (Ref. 17) and at E~1 MeV (Ref. 19); ~ (Ref.
18). He +: g {Ref.35). Li +: 0 (Ref. 20). Short-dashed curve
for He + is a fit to data.

Hence, in the ionization helium by the protons and Li +

nuclei

and

P„"(b)=P '„'(b)

—i1
Ou =Ou

(28)

The calculations shown that the relation (29) is valid «
within 5—7%%uo. In the ionization of helium by the He
nuclei at E ranging from 25 to 200 keV/amu W„' are not
so large as compared with ( W'„'/W„' & 3) in the 0—10
cm impact-parameter region. So, at these impact parame-
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ters

and

W'„& W„'

P '„'(b)&P„"(b) .

(30)

(31)

I
p- l2

Ip- 13

IP-'"—

I

SI NGLE CA PTURE
0

Consequently, in the ionization of helium by the He + nu-
clei at an energy of 25 to 200 keV/amu the cross sections
o'„' and o'„' should differ, as follows from the calculations
o'„&cr'„(see Fig. 3).

The analysis and the calculations data show that the
taking account of the electron capture to the nucleus
ground state substantially affects the ionization cross sec-
tions cr'' only for collisions of He atoms with the He +

nuclei.
From the comparison of the calculation results with ex-

periment is follows that in the proton ionization of helium
at E& 10 keV and in the He ionization by the He + and
Li + nuclei at E& 200 keV/amu the calculated cross sec-
tions agree to within 15%%uo with experimental data. How-
ever, at lower energies shown, there are substantial differ-
ences between all of our calculations and observed data.
It is at these lower energies where our results based on
perturbation theory are expected to breakdown.

Single capture cross sections

IP-'5

Ip- l 6

~ Ip- l7

g Ip-l 8
l-
U
LU
(0

IP- I 9
O
(D

IX

Ip- 20

Ip-2'

Ip 22

-23

IP- 24
lpo fopp

E (keV/amu)

3+

e 2+

Wu& Wu . (32)

The inequality is strictly satisfied at low impact parame-
ters b. As the nuclei energy increases, the impact-
parameter region where W'„ is much greater than W„' be-
comes narrower at energies E& 80 keV/amu and E& 150
keV/amu in the electron capture by He + and Li + nu-

In Fig. 4, the cross sections for the one-electron capture
to the ground state of a bombarding nucleus in collisions
of helium with the H+, He +, and Li + nuclei are plotted
against the nuclei energy. As follows from the calcula-
tions, the unitarization reduces the electron-capture cross
sections by a factor of 1.1—1.15 for the He + nuclei at
E &250 keV/amu, and by a factor of 1.25—1.5 for Li +

nuclei at E & 500 keV/amu. The unitarization without
taking account of the ionization reduces the cross sections
not more than 10%%uo. Taking account of ionization
markedly affects the cross section for the electron capture
to the ground state o.~ only in collisions of helium with
the Li + nuclei at E&500 keV/amu. The maximum
reduction in the electron-capture cross sections due to the
ionization effect at the above noted Li + nuclei energies is
a factor of 1.5. In these cases in the region of the impact
parameter b providing the main contribution to the cross
section we have Wz »Wz and the probabilities Wz are
still sufficiently high. For example, at E=50 and 110
keV/amu in collisions of helium with the Li + nuclei
probabilities Wz & 0.4 in the 0—10 -cm impact-
parameter range (see Figs. 1 and 2). In collisions of heli-
urn with the protons, in spite of W~ && Wz, the ionization
weakly affects the electron-capture cross section o" ow-
ing to low probabilities W~ as compared with unity.

From (8) and (19) it follows that the unitarized single-
electron transition probabilities are

FIG. 4. Cross sections for the single-electron capture to the
ground state in the charge transfer of the H+, He +, and Li +

nuclei in helium vs nuclei energy. Theoretical curves:
c1, —c1. c1. —c1o.„; . , o „;———,o.~, ———,o. & . The cross sections

o.z' for the electron capture by protons coincide to within 5%
with o&' and for the electron capture by the He + nuclei at
E (50 keV/amu with o.z' and at E~ 50 keV/amu with o'„' and
are not given in figure. Experiment. H+: + (Ref. 22); , at
E~ 50 keV (Ref. 16) and at E& 100 keV (Ref. 21); 0 (Ref. 23);
6 (Ref. 24). He +: o (Ref. 26); Q (Ref. 27); + (Ref. 28); ~
(Ref. 25). Li +: 0 (Ref. 29).

clei, respectively. Using relations (3), (16), (27), and (32)
we obtain

P '„'(b)&P„"(b) .

From (33) it follows that
-c1+ c 1

(33)

(34)

(35)

we obtain

The calculations show that in the electron capture by the
He + nuclei at E~250 keV/amu the cross sections o'„'
are no less than 10% higher than o'„', the maximum
difference between a'„' and cr'„' being observed at E=80
keV/amu. In the electron capture by the Li + nuclei
more than 10% excess of 0'„' over o-'„' is observed within
50& E& 1000 keV/amu. In collisions of helium with the
protons, in view of Wz being small as compared with uni-
ty and
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and

P '„'(b) =P„"(b)

—c1 c1~u =Ou

(36)

(37)

DOUBL E I ON I Z ATION

i.e., the cross sections calculated with the probabilities W„
and 8'„must be close. The calculations have shown that
the relation (36) is satisfied to within 10%. In the case of
the charge transfer of protons and He + nuclei in He
atoms the discrepancy between the calculated and experi-
mental cross sections at E&300 keV/amu is not more
than 25—40%, as a rule. Higher experimental cross sec-
tions at E&700 keV/amu in the electron capture by the
Li + nuclei are likely to be due to the capture of electron
to excited states which is neglected in the present calcula-
tions.

The analysis of the single-electron ionization cross sec-
tions has revealed that the electron capture to the ground
state need be taken into account only in the unitarization
of the He +-induced ionization probabilities. Comparison
between the calculated o" and experiment shows that in
all cases in question at E & 100 keV/amu the experimen-
tal values are several times larger than the calculated
values. This suggests that the electron capture might also
be important in the unitarization of the H+- and Li +-
induced ionization probabilities. Thus, taking into ac-
count the electron capture to excited states should provide
better agreement of the calculated single-ionization cross
section with experiment.

Double-ionization and capture cross sections
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FIG. 5. Cross sections for the two-electron ionization of He
atoms by the H+, He +, and Li + nuclei vs nuclei energy.
Theoretical curves:, o'„; - -, o'„; ———,o.&. Experi-
ment. H+: O (Ref. 16); ~ (Ref. 18); 0 (Ref. 30); + (Ref. 31).
He +: ~ (Ref. 30). Li +: ~ (Ref. 30). 0 (Ref. 32).

Figures 5—7 present the calculated cross sections for
two-electron transitions in collisions of helium with H+,
He~+, and Li3+. As seen from the figures the unitariza-
tion leads to a substantial decrease of the double-
ionization cross sections for the He + and Li + nuclei at
E& 1000 and 2000 keV/amu, respectively. For example,
at E=60 keV/amu the unitarization decreases the cross
sections for He + and Li + by a factor of 2.5 and 4,
respectively. %'ith protons the unitarization is not so ef-
fective, the peak of cross sections is decreased no more
than 20% of the cross section's value. A more than 15%%uo

decreasing of the cross sections, due to the unitarization,
for two-electron capture to the ground state is observed
for He + and Li + nuclei at E& 600 and 1700 keV/amu,
respectively, and that for ionization with electron capture
is observed at energies 1.5 times higher.

This influence of unitarization upon the cross sections
for two-electron transitions induced by the He + and Li +

nuclei can be accounted for by the ionization probabilities
8'z being sufficiently high at nuclei energies of He + and
Li + E&500 and 2000 keV/amu, respectively, in the
impact-parameter region providing the main contribution
to the cross section. As a result, the probabilities 8'u' and
W„' determined by the formulas (7) and (8) strongly differ
from 8'z and 8'z in the above-noted impact-parameter
region (Figs. 1 and 2) and, so, P„' (b), P„' (b), and P„"(b)
differ from PJl (b), P~ (b), and P~'(b).

Since the probabilities P' (b), P' (b), and P"(b) are
proportional to the product of the single-electron transi-

tion probabilities W' and W', and P''(b) and P"(b) to
8" and 8", the unitarization should exert a stronger in-
fluence upon the two-electron transition cross sections
than on the single-electron ones.

Consideration of the two charge-exchange channels—
ionization and electron capture to the ground state —in
the case of collisions of helium with the H+, He +, and
Li + nuclei markedly affects the double-ionization cross
sections only in collisions of helium with He2+ and the
two-electron capture cross sections and the ionization
with electron-capture cross sections in collisions of helium
with the He + and Li + nuclei. So at E=60 keV/amu
the ratios o'„ /o'„, o'„ /o'„, and o'„'/o'„' for the He + nu-
clei are 1.25, 1.60, and 1.32, respectively. From the re-
sults obtained in the discussion of the single-electron tran-
sition probabilities, it follows that at the impact parame-
ters b providing the main contribution to the cross sec-
tion, the probabilities P '„(b) and P„' (b) should markedly
differ only in collisions of helium with the He + nuclei,
and the probabilities P'„(b) and P„' (b) and P'„'(b) and
P„"(b) in collisions of helium with He + and Li +.

The comparison of the calculated double-ionization
cross sections with experiment shows that at E~100
keV/amu the calculated values are much higher. At
E~ 150 keV/amu the relation between the calculations
and experiment is much better. At these energies the
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FIG. 6. Cross sections for the two-electron capture to the
ground state in the charge transfer of the H+, He +, and Li +

nuclei in helium vs nuclei energy. Theoretical curves:o'„;,a'„; ———,o~ . Experiment. H+: 0 (Ref. 33); ~
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FIG. 7. Cross sections for the ionization of helium with the
simultaneous electron capture to the ground state of nuclei in
collisions of He atoms with the H+, He +, and Li + nuclei vs
nuclei energy. Theoretical curves;, o'„'; . . . , o'„';

Experiment. H+: + (Ref. 16). He +: (Ref. 15).

cross sections calculated with the unitarized single-
electron transition probabilities are in a little closer agree-
ment with experiment than the ones calculated with the
Born probabilities. The deviation of the calculated o'
from experiment at E & 500—600 keV/amu is, seemingly,
due to the neglect of the correlation effects (cf. Refs. 1

and 37).
At present the experimental data on the two-electron

capture in collisions of He atoms with the He + and Li +
are available only for E &300 keV/amu (see Fig. 6). As
already noted, the electron capture is excited states is
essential in this energy region and therefore the present
calculations of the two-electron capture cross sections
cannot be expected to agree quantitatively with the avail-
able experimental data. For collisions of helium with the
protons at proton energies E& 100 keV there is only qual-
itative agreement between the calculations and experi-
ment. The calculated values are much higher than the ex-
perimental ones which may be due to an inadequate
choice of the electron wave functions for the negative hy-
drogen ion.

Simultaneous ionization and capture cross sections

Figure 7 illustrates the calculations of the cross sections
for ionization of He atoms with the simultaneous capture

of the second electron to the ground state of a bombarding
nucleus. Also given here are the available experimental
data in collisions of helium with the H+ and He + nuclei
at nuclei energies E &50 keV/amu. ' ' The comparison
shows good qualitative agreement of the calculated results
and experiment and also quantitative agreement in col-
lisions of helium with the He + nuclei. However, the
quantitative agreement in this case can be explained only
by mutual cancellation of the errors arising in the present
study of ionization and electron capture.

CONCLUSION

In the present work the cross sections for single and
double ionization, single- and two-electron capture to the
ground state, and the cross sections for ionization with the
simultaneous capture of the other electron to the ground
state in collisions of helium with the H+, He +, and Li +

nuclei are calculated in the independent-electron approxi-
mation.

The results show that the unitarization decreases the
values of o" and o' for varying nuclei, the difference be-
tween the unitarized and Born cross sections being larger
the greater the nuclear charge. In collisions of helium
atoms with the protons, the cr'oss sections of all five pro-
cesses calculated with the unitarized probabilities 8'" and
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W„' agree, to within 15—20%, with the corresponding
cross sections calculated with nonunitarized probabilities
W~ and 8'~ over the entire energy region involved. In
collisions of helium with the He + and Li + nuclei not
more than the 15% discrepancy between the cross sections
calculated with unitarized and nonunitarized probabilities
is observed only at E& 900 and 2500 keV/amu for He~+

and Li + nuclei, respectively.
In the energy ranges within 30—250 keV/amu and

25—150 keV/amu for He + and Li + nuclei, respectively,
including ionization and electron capture leads to a sub-
stantial decreasing of all processes examined. The single-
and two-electron transition cross sections decrease, at
most, by a factor of 1.3—2 and 2.5—4, respectively, at en-
ergies corresponding to the maximum cross-sectional
value.

At higher energies the calculated cross sections agree

with experiment within 15% for single-electron ionization
of helium by the H+, He, and Li + nuclei for E&200
keV/amu, and within 40% for single-electron capture
from helium to H+ and He + nuclei for E& 300
keV/amu. At these higher energies double-ionization and
capture calculations are about twice as far from observa-
tion as single ionization and capture, as expected from the
independent-electron approximation. At lower energies,
while unitarization helps, agreement between our first-
order calculations and observed data is not as good, with
the exception of simultaneous ionization and capture
where the agreement is surprisingly good.
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