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Cross sections for one-electron transfer from a He atom into the fully stripped, hydro-
genlike, heliumlike, and lithiumlike B~+, C~+, N~+, O~+, F~+, Ne~+ ions, and also highly
stripped Se+ ions have been measured at the energy range of 1.5q —3.0q keV. The mea-
sured cross sections are nearly independent of the collision energy with a few exceptions,
and most of the cross sections measured are about (1-4))(10 "cm, but the cross sec-
tions for B +, C +, and N + ions are very small in the energy range studied. When the
cross sections measured are plotted as a function of the ionic charge q of isoelectronic pro-
jectile ions, strong oscillations in the cross sections are observed. As a first approximation,
this oscillatory behavior can be explained in terms of the classical one-electron model.

I. INTRODUCTION

The electron capture process by highly stripped
ions is currently of great importance not only in
basic atomic collision physics but also in such
diverse fields as controlled-thermonuclear-fusion
research, developments of x-ray laser devices and
astrophysics.

In particular, the electron-capture process by
highly stripped ions A~+ from atomic hydrogen at
low energies,

W&++H W'&-"++H+,

plays a key role in the energy and particle losses
from high-temperature plasmas. ' Because of a sim-
ple situation in the collision process of the fully
stripped ion, a number of theoretical calculations
have been reported. On the other hand, it is diffi-
cult to obtain highly stripped ions at low energies
and, therefore, experimental results are scarce for
the fully stripped ions. Until now, theoretical and
experimental works including partially stripped ions
have been concentrated on investigations of the
dependence of the cross sections on the ionic charge

q of the projectile ion and its nuclear charge Zi and
on the collision energy.

Most of the theories are based on the concept of
the quasimolecule (A-H)~+ during collisions. Then,
the cross sections are mainly determined by interac-
tions at the crossings between the diabatic potential
curves of the initial (A ~+-H) and the final

(A '|t "+-H+ ) states. For the high-charge states of
projectile ions, there are many curve crossings and
it is possible to model the collision processes. These
theories predicted that the cross sections change
monotonically with the ionic charge q and are pro-
portional to q, where a is equal to 1-2 dependent-
ly on the model used, and that the cross sections
are nearly independent of the collision velocity at
low and intermediate velocities (10 —10 cm/s).
Meanwhile, for the low-q states, several theories
showed that the cross sections do not scale accord-
ing to such a simple rule as q changes. Aside from
detailed calculations for the specified collision pro-
cesses, Ryufuku, Sasaki, and %atanabe (RS%)
predicted a strongly oscillatory dependence of the
cross sections on certain effective charges of projec-
tile ions at low and intermediate energies (F10
keV/amu) using a model in which the projectiles
are replaced by bare nuclei having the effective
charges. They also showed the oscillation disap-
pears at higher energies.

Experimental aspects including target atoms oth-
er than atomic hydrogen have been reviewed by
Salzborn and Miiller. Most of the data have been
obtained for partially stripped ions at energies
higher than a few keV/arnu. Almost all the experi-
mental data show the monotonic dependence of the
cross sections on q. However, there are experimen-
tal evidences that in some collisions cross sections
do not change monotonically, but some bumps or
dips exist. As for the H target atom, for example,
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++He~A '~ "++(product) (2)

at the collision energies below 3.0q keV. This is, to
our knowledge, the first systematic measurement of
the one-electron-capture cross section for highly
stripped ions with the isoelectronic sequence.

Crandall et al. ' and Gardner et al. reported that
the cross sections for C, N, 0, F, and Xe ions show
significant bumps at q =3 and 5 in the keV/amu
energy region; Phaneuf reported very recently that
the cross sections for C ions show neither monoton-
ic change with q nor uniform velocity dependence
below 500 eV/amu. Recently, Bliman et al. ' re-

ported the nonmonotonic variation of the cross sec-

tions for C, N, 0, and Ar ions incident on Dq and
Ar gas targets in the energy range of 1q-10q keV.
They concluded that such an oscillatory behavior of
the cross sections is not due to the presence of meta-
stable projectile ions but due to the electronic struc-
ture of the ions. Similar oscillations were observed

by Cocke et al. " Mann et al. ' also reported that
the cross sections for the one-electron capture by
highly stripped heavy ions change drastically in the
magnitude with the ionization potential of the tar-

get atoms.
The helium atom, among others, is an interesting

target atom, because its electronic structure is sim-

ple enough to treat theoretically, and because it is
easily prepared as a target atom in collision experi-
ments. The electron-capture process by highly
stripped ions from He atom has been studied experi-
mentally by several authors' ' . Zwally et al. ' '
measured the cross sections of one-electron capture
for C + and B + ions in the wide energy range of
0.3-40 keV. Crandall' and Gardner et al. ' mea-

sured the cross sections of one-electron capture for
the He-like and the Li-like ions such as B~+, C +,
N~+, and O~+ ions in the energy range of 6q-23q
keV, and observed the nonmonotonic variation with
the charge state q. They also measured the cross
section of two-electron capture and found that this
cross section becomes greater than that of one-
electron capture for the C + ion as the collision en-

ergy is reduced. No measurement of the cross sec-
tions, however, was reported for fully stripped ions
or the H-like ions except for B + at low energies.

The present paper describes our effort in measur-

ing the cross sections of one-electron capture for
highly stripped B, C, N, 0, F, Ne, and S ions in-
cluding the fully stripped ions in collision with heli-
um target,

II. EXPERIMENTAL TECHNIQUE

A. Ion source and experimental setup

The ion source in the present work, called
NICE-1, is an electron-beam-ion source (EBIS)
originally developed by Donets. ' The ions are pro-
duced by a high-density electron beam confined by
a strong magnetic field applied along the electron-
beam axis.

The NICE-1 has a super conducting magnet
(SCM) for generating a strong and stable magnetic
field; the solenoid made of Nb-Ti is 100 cm in
length and 10 cm in inside diameter (i.d.); the mag-
netic field can be varied up to 2 T; a persistent
current-mode operation is chosen. A surface of the
liquid-helium reservoir for the SCM works as a
cryogenic pump to reduce the background gas pres-
sure in the ionization region. An electron beam is
extracted from a thoriated tungsten hair-pin-type
gun and passes through an anode hole of 2 mm in
radius and the subsequent 14 pieces of
drift tubes of 3 cm in i.d. surrounded by the
liquid-helium reservoir. A very small amount of
gases is injected through a gap between the first and
second drift tubes. Ions produced by electron im-
pacts are trapped radially by the space-charge po-
tential of the electron beam and axially by the po-
tential barriers applied to the drift tubes. The step-
by-step ionization of the trapped ions proceeds by
successive electron bombardments. The diameter of
the electron beam was not measured directly, but is
estimated to be less than 0.5 mm. After passing
through the drift tubes, the electron beam is re-
ceived by an electron collector shielded from the
magnetic field by a soft-iron plate and a p-metal
cylinder. A typical electron current is 15 mA at 2
kV and 1.2 T. The background gas pressure mea-
sured at the vacuum vessel of the NICE-1 is usually
2&(10 ' Torr. Then the residual gas pressure in
the ionization region is expected to be much less
than 1)(10 ' Torr. Such an ultrahigh vacuum is
essentially important for producing the fully
stripped ions. For the fully stripped C +, N +, and
0 + ions, stable isotope gases ' CO, '

Nz, and '
Oz

are used to separate from impurity ions having

M/q =2. BF3, Ne, and SF6 gases are used for B,
Ne, F, and S ions.

The present experimental setup is schematically
shown in Fig. 1. Ions extracted from the source are
accelerated to a desired energy. An ion beam,
formed after passing through an einzel lens and a
pair of quadrupole lenses, is mass analyzed with a
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FIG. 1. Schematic view of the apparatus.

60' sector of 20-cm radius and injected into a col-
lision cell. The ion beam is well collimated by a
pair of beam-defining apertures of 1 mm diam A

~

and A2,. the distance between A i and A q is 5 cm and
A2 is placed 4 cm in front of the gas cell. The gas
cell is 2 cm in length and its entrance and exit aper-
tures are 0.8 and 1 mm in diameter, respectively.
Ions which pass through the cell are charge separat-
ed with a parallel plate electrostatic analyzer locat-
ed 1 cm behind the cell; the entrance and exit aper-
tures of the analyzer plate are 5 mm in width and 8
mm in height. By changing the voltage applied to
the analyzer, both the primary Aq+ ions and the
charge-changed A' "+ ions are detected with the
same microchannel plate detector (MCP, HTV
F1158) in a single-counting mode. Another detec-
tor, a continuous electron multiplier (EMT), aligned
to the ion-beam axis, is used to identify the charge
and mass of the primary ion. In order to reduce
background signals, the pressure outside the col-
lision cell is kept below 2)&10 Torr with a 500-
1/s turbomolecular pump. Figure 2 shows a typical
charge-state spectrum of ' N at the acceleration
voltage of 2.5 kV. In contrast to the ordinary EBIS
operation, ' the NICE-1 is operated in a mode
where gas atoms to be ionized and the electron
beam are continuously supplied. Therefore the
charge of ions produced is widely distributed over
from q=1 to 7 for N ions; their distribution is
strongly dependent on the gas pressure in the ion

source and the electron energy. The intensity of the
fully stripped N + ions shown in Fig. 2 is typically
2X10 counts per s (cps). Because of such a wide
charge distribution, ions with different charge state
are obtained without changing the ion source
parameters.

The He target gas is introduced through a
stainless-steel tubing from a cylinder containing He
of high purity (99.999%%uo). In order to avoid any
contamination with impurities, the tubing is care-
fully connected and preheated.

B. Measurement of cross sections

1. Determination of cross sections

Cross section for the one-electron-capture process
o.

q q i is determined by

aqSq

a, ,S,WL
'

where S is the count rate for the primary Aq+

ions, S i for the charge-changed A'q "+ ions, X
the number density of the target He atom, L the
collision-path length, and aq and aq i are the
detection efficiencies for the Aq+ and A'q "+ ions.
In the present detection system, we assumed that
the detection efficiency of the MCP is identical for
all the ions with different charge states, that is,
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FIG. 2. Typical spectrum of the charge-state distribution of "N~+ ions extracted at 2.5 kV from the NICE-1 under the
condition that the electron beam intensity is 10.5 mA at 2.5 kV. Ion detection is made by the EMT shown in Fig. 1.

aq
——aq i, because the ion impact energy on the

MCP is always higher than a few keV where the
coefficient of the secondary electron emission is

usually larger than unity.
It is found that the pulse-height distribution from

the MCP used is nearly independent of the ion im-

pact energy for all the charge states, but dependent
on the charge state and the count rate. The max-
imum of the pulse-height distribution shifts to-
wards higher values as the charge state increases,
and the pulse-height distribution becomes broader
and its maximum shifts towards lower values as the
count rate increases. Therefore, for each experi-
mental run, care is taken to minimize the counting
loss due to reduction of the pulse height by moni-

toring the pulse-height distribution from the MCP
with a multichannel pulse-height analyzer and an

oscilloscope. The count rate of the primary ion
beam is always kept less than 5)&10 cps. Spacial
detection efficiency of the MCP used is checked by
varying the analyzer voltage, and is confirmed to be
fairly uniform over the detection area within the
limits of stabilities of incident ion beams.

The target density N in the gas cell is determined

by the use of the calculated conductance of the
capillary tube and cell apertures and by measure-
ments of the pressure in the He gas reservoir with a
capacitance manometer (BAROCELL). Details of
the determination have been described in Ref. 23.
The collision-path length I. is assumed to be the
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FIG. 3. Growth-rate curve of the charge-changed N +

ion for the primary N + ion. See text for detail.

distance between the apertures of the cell which is 2
cm.

Actually, cross sections for the one-electron-
capture process are determined through the initial
growth of the charge-changed A'q "+ ions. This
procedure is illustrated in Fig. 3 as an example,
which shows the count rate for the primary N +

ions and charge-changed N + ions as a function of
the target thickness NL. At first, the analyzer volt-

age is set for the primary ions to impact on the
MCP while the collision cell is evacuated, and then
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the target He gas is introduced into the cell until a
few % reduction of the count rate of the primary
ions is observed [part (a) in Fig. 3]. Secondly, the

analyzer voltage is set for the charge-changed ions

and the target gas pressure is reduced continuously

[part (b) in Fig. 3]. Finally, the analyzer voltage is

returned for the primary ions in order to check the

reproducibility of the count rate of the primary ions

[part (c) in Fig. 3]. Then the cross section can be

determined from the slope of the growth-rate curve.
This procedure has four advantages at least. First,
it is easy and sure to check for single-collision con-

ditions, which are necessary to apply Eq. (3), by
directly observing the linearity of the growth-rate
curve. Second, background noise signals are readily

subtracted from the count rate of the charge-

changed ions Sq &
which is usually several tens cps

when Sq is of the order of 10 cps. Third, it is very

useful to reduce statistical errors, because the con-

tinuous variation of the target thickness corre-

sponds to average out a lot of point-to-point mea-

surements. Fourth, the identification of the pri-

mary ions, which is usually not so easy because of
the presence of impurity ions in the primary beam,
can be reconfirmed by the analyzer potentials to be

applied for the Aq+ and A'q "+ ions.

2. Uncertainties

Most of uncertainties come from the stability of
the primary ion beam, determination of the slope of
the growth-rate curve and of the target thickness.
The uncertainty in the stability of the primary ion
beam is estimated to be less than +8%. The uncer-

tainty associated with determination of the slope of
the growth-rate curve is less than +20%. Deter-
mination of the target thickness involves about
+10% uncertainty as estimated in the previous
work. Further uncertainty arises from the depen-
dence of counting efficiency of the detector on the
ionic charge state and count rate. This uncertainty,
however, is elaborately reduced as mentioned in Sec.
II B, and estimated at +5%. The total uncertainty
for the absolute value of the cross section therefore
is estimated to be about +30% in quadrature sum

except for the uncertainty in the primary ion-beam

purity. All ions studied are completely separated
and well identified by the use of stable isotopes.
However, we cannot say whether the primary ions
are extracted in their ground state although it is
said that an EBIS-type ion source produces few ions
in the metastable states.

III. RESULTS AND DISCUSSION

A. General results and comparison with others

Table I presents the measured cross sections for
the one-electron capture by highly stripped B, C, N,
0, F, Ne, and S ions together with total uncertain-
ties. In general, most of the cross sections measured

are about 1-4)(10 ' cm in the collision energy

range of 1.5q-3.0q keV investigated in the present
work. However, it is quite remarkable that the
cross sections obtained for B +, C +, and N + ions
are anomalously small. The measured cross sec-
tions are nearly independent of the collision energy,
though the present energy range is rather narrow.
Some cross sections, however, increase with the col-
lision energy in such collisions as B +-, C +-, F +-,
Ne +-, and S' +-He systems.

There are several groups which have studied ex-

perimentally the A q+-He system. All of the present
data are illustrated in Figs. 4(a) —4(g) for compar-
ison with others. Owing to the different energy
range studied, the present data cannot be compared
directly to others except for the data of Zwally
et al. Nikolaev et al. ' reported the cross sections
o ~, for the fully stripped 8~+ ion, the H-like
8 + and N + ions, the He-like 8 +, C + N +, and

0 + ions, and the Li-like B +, C +, N +, and 0 +

ions. Their data, however', were obtained in the en-

ergy range about 100 times as high as the present
ones; in their energy range uq q ~ sharply decreases
with the collision energy; their data are not shown
in Fig. 4. Crandall' and Gardner et al. ' obtained
their data at energies a few times as high as the
present ones. In their energy range, most of the
cross sections are nearly independent of energy. As
seen in Figs. 4(a) —4(d), rough extrapolation of their
data indicates that the present data seem to be in

fairly good agreement with theirs for the B '"+,
C ' +, N ' +, and 0 ' + ions which are the only
ionic species available for comparison. Data of
Zwally and Koopman' for the C + ion and of
Zwally and Cable' for the B + ion, which can be

directly compared with ours, are in good agreement
with the present data as seen in Figs. 4(a) and 4(b).
As for the fully stripped C +, N +, and 0 + ions,

the present data are compared with the results of
Afrosimov et al. Though the collision energy

range tested is different, both data seem to be

smoothly connected with each other.
It is found from the present data that the cross

sections oq q &
vary with the ionic charge q drasti-

cally and also with nuclear charge Z& of projectile
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TABLE I. One-electron-capture cross sections o.
q q 1 for the highly stripped ion from He at collision energy E.

Ion (keV/amu)
&q,q —i

(10 ' cm) Ion
E

(keV/amu)
+q.q —1

(10 ' cm)

B+

B +

c'+

c'+

c'+

13C6+

0.44
0.55
0.68
0.82

0.58
0.73
0.91
1.09

0.73
0.91
1.14
1.36

0.38
0.50
0.63

0.50
0.67
0.83

0.63
0.83
1.04

0.69
0.92
1.15

12.2 +2.4
17.3 +3.5
13.2 +2.6
14.6 +2.9

0.92+0.28
1.36+0.41
1.53+0.47
2.87+0.86

8.4 +1.7
8.3 +1.7

11.6 +2.3
9.2 +1.8

14.7 +2.9
18.8 +2.9
22.5 +4.5

0.85+0.26
1.72+0.52
1 ~ 16+0.35

15.2 +3.0
14.8 +3.0
14.2 +2.8

9.0 +1.8
7.9 +1.6

13.2 +2.6

OS+

O6+

18O7+

16p7+

18p8+

F +

F8+

"Ne'+
22N 7+

0.47
0.63
0.78

0.56
0.75
0.94

0.58
0.66
0.88
1.09

0.76
0.89
1.11

0.54
0.63
0.79

0.63
0.74
0.92

0.72
0.84
1.05

0.53
0.64
0.80

22.7
25.1

23.9

9.0
1 1.6
12.1

12.3
13.6
12.8
14.6

27.3
30.6
34.4

18.5
18.8
19.4

16.2
17.6
21.7

26.7
30.4
34.5

30.4
30.4
32.2

+4.5

+5.0
+4.8

+1.8
+2.3
+2.4

+2.5

+27
+2.6
+2.9

+5.5
+6. 1

+6.9

+37
+3.8
+3.9

+32
+3.5
+4.3

+5.3
+6. 1

+6.9

+6. 1

+6.1

+6.4

N4+

1SN6+

1SN7+

0.43
0.57
0.71

0.54
0.71
0.89

0.68
0.80
1.00

0.78
0.93
1.17

3.0 +0.9
3.7 +1.1

3.5 +1.1

13.4 +2.7
16.8 +3.4
14.4 +2.9

14.2 +2.8

15.5 +3.1

15.0 +3.0

10.5 +2. 1

10.9 +2.2
11.9 +2.4

Ne+
22N 8+

20N 9+

Sl 1+

S13+

0.60
0.73
0.91

0.77
0.90
1.13

0.58
0.69
0.86

0.69
0.81
1.02

28.0
30.6
33.9

18.1
20.1

19.3

40.2
37.7
37.5

44.8
45.3
50.5

+5.6
+6. 1

+6.8

+3.6
+4.0
+3.9

+8.0
+7.5
+7.5

+9.0
+9. 1

+10.1

ions at the present energy range. The variation of
the cross sections is enhanced for highly stripped

low-Z& ions and is not simple and monotonic as q
changes, but really depends on both q and Z &.



26 CROSS SECTIONS FOR ONE-ELECTRON CAPTURE BY HIGHLY. . .

8. Ionic charge dependence

In Fig. 5 are shown the cross sections reasonably
interpolated at 0.8 keV/amu as a function of the in-

itial charge state q for all ions investigated. The
lines are drawn to connect data for ions having the
same isoelectronic sequences such as fully stripped,
H-like, He-like, and Li-like ions. As seen in Fig. 5,
the cross sections oscillate strongly with q for all
ions. These oscillations are particularly significant
at low q. For example, the cross sections for q =3
and 5 are almost one order of magnitude larger than
those for q =4. Furthermore, for the same q, the
cross sections depend on the atomic number Z~ of

the projectile ions. These oscillations with q and
variations with Z& tend to disappear with increasing

q and Z&. In fact, when the oscillation of the mea-
sured cross sections in the present work is smoothed
out, the q dependence is quite similar to that ob-
tained from an empirical formula of Mu11er and
Salzborn, which is shown as a dotted line in Fig.
5.

C. Classical one-electron model
with effective charge

Few theoretical studies have been made on the
electron-capture process for A &+-He collisions.
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Afrosimov et al. (Ref. 20). (e) Cross sections of one-electron capture by F +, F +, and F'+ ions incident on He. (f) Cross
sections of one-electron capture by Ne +, Ne'+, and Ne + ions incident on He. (g) Cross sections of one-electron capture
by S"+ and S'3+ ions incident on He.



112

30
l5 g7+

IO

(c)
X

x-
40 - lepe+

20- x x
X

IO

O. I

)I)
C
O

O
)))

(f)

20

IO-

O. l

b~ 20
l5N6&

N5+

05 IO

I I ~ ~ I I

0.5 1.0

I ~ I ~ s ~ ~

5 10

) ) I I \ I

5 IO

~-

)

b
AJ

E
O

'0
U)
C0
O

U)

IO
O. I

20

IO

O. l

20

Io

s I. . . I

0.5

p7+

I . ) . I I, l

0.5 I.O

p6+

a a I a isa
5 IO

I

5 Io

I ~ I ~ a ~ s I ) I I I I I

)I)
)I)
O

O. l

5
0.5 I.o 5 IO 5

0.1

30
20—

I a I ~ i, I

0.5 I.O

) s ~ i ~

5 I.O

I

O. I

I ~ I I & ) s s I ~ i ) I

0.5 I.O 5 10

Collision Energy (keV/omu)

IO
O. I

I ~ a ) a a ) g l ~ l a ) ) )

zo ")0: Ne ~
~

I ~
I ~

22
N

I ) I

0.5 I.O 5 I.O

Collision Energy (keV/omu)

I

CF

b

E

)0

C
O

CP
07

V)

4Q

35
30
25

20
0.4

)
I

I I
)

0
0

I ) I )

0.6 0.8

0

19 8+

I ) I

I.p I.2

25

20
l5 0 0

I0
19F7&

Ip I I I I

0.4 0.6 0.8
I ) I

I.O l.2

25
20 00
I5

l9F6+

Ip
0.4

I ) I )

06 0.8
) I

l.p l.2

Collision Energy (keV/amu)

I

b

E
~O
'0

ID
C
O

~~
O
0)

V)

25

20
I5-
IP

04

9+
Ne 0 0

I ) I

I.O l.2

4p

35
30
25

04

I ' I ' I ' I

0
0

Ne

I ) I

0.6 0.8 I.P I.2

4Q

35
30- 0 ~

1
I

~

Ne
7+

25
0.4 0.6 0.8

I ) I

I.p I.2

Collision Energy (keV/amu)

(g)60 '
~ I ) I ) I r

I
CT

b
C)4

E
O

CD

l~

50—

40
p4

50

32S IS+

0
) I ) I ) I I I

0.6 0.8 l.p I.2

~ I ~
I

r I r

C,0
O
4P

V)
40, — 0 32 I I+—

30
0.4

I i I

0.6 0.8
I ) I

I.P I.2

Collision Energy (keV/Omu)

FIG. 4. (Continued. )



CROSS SECTIONS FOR ONE-ELECTRON CAPTURE BY HIGHLY. . . 113

100 I I I
1

I I I
1

I I I

E

10

....-0"
S I 3+

- ~ Sll t

o

O

O
C7

V)
Q.8 keV/amu

I
I

I 2

+ (F.S.):
o (H)
~ (He):
o (Lj )

x (B )

I

3 4 5
B

B C

B C N

C N 0

Charge State q
I l i )

6 7 8 9 1011 12 1314
C N 0
N 0 F Ne

0 F Ne

F Ne S

FIG. 5. Measured cross sections crq & ~ at 0.8
keV/amu as a function of the ionic charge q of projectile
ions. The dotted line is obtained from the empirical for-
mula of Muller and Salzborn (Ref. 25).

Shipsey et al. calculated the cross sections for
B +- and C +-He collisions by the use of the
molecular-orbital method, and their results for the
one-electron-capture process are shown as dashed
lines in Figs. 4(a) and 4(b). Their results agree with
the present data and those of Zwally and Cable'
for B + ions, but their cross sections are somewhat
smaller than the experimental results for C + ions.
Except for their calcula'. .ions, there has been neither
detailed calculation of individual collision processes
nor overall treatment for better understanding of
the A ~+-He collision systems systematically.

As mentioned in Sec. I, similar oscillations of the
cross sections were predicted by RSW as a func-
tion of the effective charge of projectiles for the
A~+-H collisions. Their calculation is based upon
the unitarized-distorted-wave approximation
(UDWA), but they also showed that the UDWA
treatment becomes equivalent to the classical treat-
ment at low energies. Hence, as a first approxima-
tion, we adopt a classical one-electron model in the
sense of RSW in order to understand the oscillation
phenomena observed in the present work.

In the classical one-electron model, the projectile
ions are replaced by bare nuclei having the effective
charge Z& and the He atom is replaced by the sys-

tem of a bare nucleus having the effective charge
Z2 plus one electron which is to be transferred into
the projectile ion. Such a bare nucleus plus one-

2—(Z~) —Ig~g

2n (2n IH)
(5)

According to the classical one-electron model, the
electron transfer from He atom to projectile ions oc-
curs when the energy levels of the collision system
before and after collision coincide diabatically with
each other, that is, the quasiresonance condition is
fulfilled:

—Z', (Z', )' —(Z', )' Z*,

R 2g~ 2g& R
(6)

where R is the internuclear distance between projec-
tile ion and the target He atom. The left-hand side
of Eq. (6) corresponds to the diabatic potential ener-

gy of the n2 state of the target He atom perturbed
by the Coulomb potential of the projectile ion be-
fore collision, and the right-hand side of Eq. (6)
does to that of the n i state of the projectile ion plus
one electron perturbed by the Coulomb potential of
the He+ ion after collision. In the present case,
n2 ——1 since the electron is in the ground state of the
He atom.

The solution R in Eq. (6) gives the crossing point
of the two diabatic potential curves. There are
many possible crossing points corresponding to
many different ni states into which the electron is
to be transferred. According to the classical model,
however, the electron transfer becomes possible
when the diabatic potential energy before collision
exceeds the maximum value of the potential barrier
—V formed between the projectile ion and the tar-
get atom:

and

—ZI (Z2)
R 2n2

& —V (7)

V [(Z+ )I/2+(Z+ )I/2]2/g

From Eqs. (6) and (7), the integer n corresponding
to the state where the electron can be transferred is

electron system behaves hydrogenically, that is, its
energy level is given by —(Z~) /2n, where n is the
principal quantum number of the level concerned.
The effective charge Z~ is determined from the ion-
ization potential Ig of the ground state (ng) of the
system

Z* =ng(Ig/IH )' (4)

where IH is the ionization potential of the H atom.
As the ionization potential Ig, empirical values of
Lotz are used. Then, the energy level of the excit-
ed state (n) is calculated by
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determined as follows:

n(ni,
where

z', [z', +z(z;z; )'"] (10)

2
crq q i

——( —,)mR„.

D. Comparison between the measured
cross sections and the classical model

(12)

Figure 6 shows the measured cross sections at 0.8
keV/amu plotted as a function of the effective
charge Z& derived from Eq. (4) together with those
calculated from Eq. (12) based on the classical one-
electron model (dotted curve). The number of n in
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FIG. 6. Comparison of the measured cross sections at
0.8 keV/amu with the cross sections calculated in terms
of the classical one-electron model shown as the dotted
curve. Cross sections are plotted as a function of the ef-
fective charge Z I of projectile ions.

Then the distance R„where one-electron transfer
takes place is given by

(z*, —z', )R„=
[(Z) ) /2n' —(Zp) /2n2]

Assuming the probability of one-electron transfer to
be —,, the classical cross section oq q &

is given as

Fig. 6 represents the principal quantum number of
the level of the ion (projectile plus one electron) into
which the electron is captured. It is noted that al-
most all the measured cross sections come together
on a single curve. The oscillation is enhanced for
low-Z& ions and tends to vanish for high-Z~ ions.
This oscillatory behavior is similar to the calculated
one, though the agreement in the phase of the oscil-
lation is not so good. Since the present calculation
based on the classical model is very crude, the poor
agreement between the calculation and the experi-
mental results is not surprising. The discrepancy is
partly due to neglect of the tunnel effect, neglect of
the polarization effect, and so on.

In essence, however, the oscillatory behavior of
the cross sections observed in the present work is a
good indication that in highly stripped ion col-
lisions at low energies, the electron is captured
selectively into the level with a particular quantum
number n in the collision system. The observed os-
cillation is significant for low-Z& ions. For low-Z~
ions, the energy level into which the electron is
transferred has a small value of n, and then its adja-
cent levels are largely separated. This causes a sig-
nificant change in the cross section if the n value
changes from n to n+1. On the other hand, for
high-Zi ions, the electron is captured into a level
having a large n around which a number of energy
levels are densely located. This gives rise to a minor
change in the cross section if n is changed by one,
and more than a single level may have a chance to
capture one electron from the target atom. These
should be reasons why the amplitude of the oscilla-
tion in the cross section tends to diminish towards
higher-Z

~ ions.
Such an oscillatory behavior should be dependent

on the collision energy. The data of Gardner
et al. ,

' which were obtained at energies a few times
as high as the present energy range, show oscilla-
tions around q =4 for Bq+, Cq+, and N + ions, but
the amplitude of their oscillation is smaller than the
present one. The present classical model is essen-
tially independent of energy. More sophisticated
calculations would be desired.
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